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Preface

This second edition confirms that in an active field like the interaction of plastic
packaging with food and pharmaceuticals such a book can only be a work in
progress. In just seven years after the first edition was published enough significant
new research and learning has taken place to necessitate an update. Most chapters in
the second edition have been rewritten to reflect advances in the estimation of
physical and chemical interaction parameters like diffusion and partition coeffi-
cients as well as new developments and methods for estimating diffusion and
migration with user friendly software. We have also incorporated new state of the
art material on permeation, migration testing, regulatory development and off-
flavors.
The goal of the second edition remains to provide a practical and accessible

treatment of plastic packaging interactions with food and pharmaceuticals that fills
the gap between the many general food packaging books and ones that are very
mathematical and theoretical.
The interaction between plastics and foods and pharmaceuticals remains a very

active field and recent trends continue to shape research and development in this
area. This makes it more important than ever to understand the interactions
between food/pharmaceuticals and plastic packaging as plastic packaging usage
and range of application continues to expand every year.
At the same time more plastics are being used there is increased regulatory

scrutiny of all chemicals in general including those used in food packaging. No
longer are chemicals being monitored and regulated just on the bases of their acute
and chronic toxicities but also their environmental and endocrine disruption activ-
ities at trace levels far below those previously evaluated. Regulatory activity and
chemical monitoring has been made easier and more widely available by affordable
and increasingly powerful analytical techniques with the ability to detect ever lower
levels of substances. These factors amount tomore stringent control andmonitoring
of potential migration of substances from plastic packaging into foods and pharma-
ceuticals. Economic trends such as the growing global trade in packaging where
some packaging is coming from markets with little food packaging chemical safety
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regulation and/or enforcement requires increased vigilance and monitoring of
packaging sourced from these areas.
All these regulatory and economic trends are against a backdrop of increasing

environmental, health and safety awareness amongmedia savvy consumers. Today’s
consumers have many product choices available to them and consumer product
companies must ensure the quality and safety of their food products or risk losing
their business. Finally, there is an increasing desire for companies and consumers
alike to operate and live in a more sustainable manner so that both are looking for
ways to reduce, recycle and reuse plastic packaging and to substitute traditional
petrochemical based plastics with newer biopolymer based plastics. All of these
trends make an understanding of the interactions between plastics and food and
pharmaceuticals critical to their optimal use and safety as packaging materials.
This book is surely not the last word on the subject of plastic packaging interaction

and largely reflects the point of view of its authors. We do hope that this work will be
of practical use to people concerned with plastic packaging interactions as well as
providing a starting point and stimulation for continued research in this field.

December 2007

A. L. Baner O. G. Piringer
St. Louis, MO (USA) Munich, Germany
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1
Preservation of Quality Through Packaging
Albert Baner and Otto Piringer

Plastics are defined as processablematerials based on polymers. Thesematerials can
be transformed into finished products, such as bottles, containers, films, hoses,
coatings, lacquers, etc. As a result of today�smultitude of plastic applications there is a
corresponding enormous variety of plastic materials. The polymer matrix as well as
the incorporated plastic additives can bemade to differ in such a variety of ways with
respect to their chemical composition and structure that one finds or can develop a
tailor made product for every application.
Packaging is onemajorfield of application for plasticmaterials. The development of

self-service stores with their large variety of products is unimaginable without plastics.
The most important function of a packaging material is the quality preservation of
the packed goods. Among these goods, foods hold a place of special importance due to
their principal chemical instability. This instability is also the characteristic for other
products containing active substances, in particular pharmaceuticals.
In order to fulfill the task of quality assurance of the packed product with minimal

impact both on the product and on the environment, the packaging must be
optimized by taking into consideration various criteria. This book provides assistance
in package optimization functions. Special emphasis is given for mass transport
betweenplasticmaterials andpacked goods and the consequences of such interaction
for quality assurance and legislation.

1.1
Quality and Shelf-Life

Productsbeingofferedon themarket can, thanks to the currently availablemanufactur-
ing and preservationmethods as well as the various transportationmodes, come from
all regions of the country, continent and other continents together.
Many products consist of numerous ingredients which have a relatively low

chemical stability. Such labile goods are exposed to numerous spoilage possibilities
and one of themost important factors leading to longer shelf-lives is their packaging.
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In order to describe what a product shelf-life is or what it means in terms of quality
retention andmeasurement, the word �quality� must be defined.Whatever from a legal
standpoint in different countries is used as definition, the quality (Q) determining
properties of a product are in principle based on the product�s components. ThusQ can
be described as a function of the chemical composition of the product:

Q ¼ f ðc1; c2; . . . ; ci; . . . ; cnÞ ð1:1Þ
Let ci designate the concentration of a specific component i in the product and n the

number of different components. If Qi is defined as a function of the concentration of
component i, then thechange inqualityDQiover the time intervalDtbecomesa function
of the concentration change Dci in this time interval. In this case it is not necessary to
know the change in concentration of all n ingredients and their change with time. If for
example the change in concentration with time of ingredient i can be measured, then
maybe this variation can be correlatedwith a quality change (Figure 1.1). Even though at
constant concentrations (curve 1) there isnoquality change takingplacewith respect to i,
an increase in concentration (curve 2), for example resulting from mass transport of a
plastic component into the product, leads to quality loss. There are of course cases
where an increase in ingredient concentration during storage can lead to improvement
in quality, for example, during the ripening processes of cheeses or alcoholic beverages.
A reduction in quality also takes place through the loss of an ingredient (curve 3), for
example diffusion of aromatic compounds through the packaging and into the
atmosphere.
For various product ingredients or undesirable foreign substances, limits can be

assigned (shadedfield in Figure 1.1) outsidewhich a significant quality reduction can
occur compared to the initial quality. The importance of individual ingredients for
product quality can vary considerably and therefore also the width of the allowable
concentration. The importance and allowable concentration range are determined by
the component�s chemical structure.

Figure 1.1 Concentration variation with time of food ingredients.
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Quality preservation through packaging means therefore to maintain as long as
possible a particular concentration ci within a certain value range. The time interval
within which the product quality remains completely unchanged can be very short. It
is therefore more important in practice to define the shelf-life over a time interval up
until the limit where the most important product quality characteristics just still
remain. This means, amongst other things, that during this time in the product
neither undesirable compounds that have health significance nor odor or taste is
allowed to occur. This requirement has two important consequences: first, the
necessity of an objective quality evaluation for changes in quality and second,
the adaptation of packaging to this requirement resulting from the product shelf-life.
The solution of both problems has to meet the legal requirements.
The quality requirements aswell as requirements derived from themare subject to

change over time. Besides objective criteria that result from technical advances there
are also subjective, political, and media generated emotional criteria that also play
important roles.
One goal of the present technological development is the production of food that

still possesses asmany quality attributes of the rawmaterials as possible. This leads to
products which may still contain many naturally occurring, chemically unstable
materials that are preserved by gentle processing methods. These types of product
require a much higher initial quality compared to other foods manufactured or
treated under harsher processing conditions.One consequence is that it is possible to
have a more rapid quality decrease for the product with high initial value (1) than for
the product with lower initial quality (2), both having ideal packaging (Figure 1.2).
Qmin designates theminimal acceptable qualitywhere sufficient or adequate product-
specific characteristics are still maintained.
Unpackaged products show a faster time-related quality decrease (left sides of the

hatched triangles) than ideally packaged products (right sides of triangles). The area

Figure 1.2 Quality loss over time of two foods (1 and 2) each
having different initial quality. The left straight line shows the
unpackaged and the right one an ideally packaged condition.
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that can be influenced by packaging lies inside the hatched field for a given product.
The straight line representation is a simplification because quality losses do not
necessarily have to be linear. The conclusions are thus in some cases foods having
high initial quality but shorter shelf-life can use lower quality packaging than
products with lower initial quality and longer shelf-lives.
The shelf-life ofmilk is givenhere as an example. For the 6- to 7-day stability of high

quality fresh pasteurizedmilk a relatively simple polyethylene coated carton package
is satisfactory. However, the much longer stability of a lower quality aseptic milk
requires a sophisticated package that includes for example an additional barrier layer.
There are of course areas in which a very long shelf-life is preferred over a high initial

quality product. Examples of this are the establishment andmaintenance of emergency
reserves and the supplying of remote regions, someofwhichhaving high temperatures.
The packaging requirements for these cases are particularly high. In general however,
the trend today arising fromhigher product quality consciousness is away fromproduct
�mummification� and toward �fresh� appealing goods.

1.2
Physical and Chemical Interactions Between Plastics and Food or Pharmaceuticals

If one has knowledge of specific sensitivities of a food or the properties of another
product, one can derive the necessary packaging requirements. The most essential
requirement today compared to previous requirements is the simultaneous optimi-
zation with respect to several criteria. For example, these optimization criteria could
include a protective function,material and energy expenditures duringmanufacture,
aswell as disposability and other environmental considerations. Such optimization is
always a compromise between different solutionswhich can lead to the appearance of
new problems. With reference to several criteria, optimization generally means
the reduction of safety margins in reference to a certain criterion. Fulfilling for
example the criterion of packagingminimization, the permeability is increased to the
allowable maximum, that may mean that exceeding or falling short of a packaging
specification value by even a small amount might lead to a significant change in the
quality of a packaged product.
In future package development, optimization from an ecological viewpoint will

play an especially important role and minimization of packaging will help make this
possible. One should never forget however that quality assurance of the packaged
product and therefore the guarantee of consumer safety will always have priority and
must remain the most important criterion for optimization. The fulfillment of these
requirements assumes complete knowledge of possible interactions between pack-
aging and product during their contact time. In this respect the properties of both
parts of package, the packaging material and the product, must be coordinated with
one another. Here possible interactions between the two parts play an important role
in the quality assurance of the product.
The term interaction encompasses the sum of all mass transports from the package

into the product as well as mass transport in the opposite direction (Figure 1.3). The
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mass transfers, often coupledwith chemical reactions, lead toquality,Q, changes in the
product and packaging material.
Mass transport is understood to mean the molecular diffusion in, out and through

plastic materials like that shown schematically in Figure 1.3. This figure represents
most applications where there is a layer of plastic material separating an external
environmental medium from an inner product medium. The product can be a
sensitive medium with a complex chemical composition, e.g., food, that must be
protected from external influences such as oxygen and contaminants. It can also be
an aggressive chemical that must not escape into the surrounding environment.
Because this plastic material barrier layer usually includes low molecular weight
substances incorporated into the polymermatrix, there aremany applications inwhich
the transport of these substances into the product and environment must be
minimized.
The mass transport of package components to the product is known as migration,

and the mass transport of product components to the package is known as scalping.
Permeation means the mass transport of components through the package in both
directions.

1.3
The Organization of this Book

Chapter 2

The goal of Chapter 2 is to draw the attention of the reader to the enormous variety of
plastic materials which results from their different chemical structures, synthetic
routes, and contents of additives. The permeability of plastics to low molecular
compounds is often uniquely obtained via specific processing routes. In order to

Figure 1.3 Mass transports in the packaged food. mE and mP

represent the mass transport from the environment E of the
package P and from P into the food F. mF represents the mass
transfer from F into P and E.
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select the appropriate material for specific applications some knowledge about the
chemical composition, structure, and corresponding properties of the plastics is
necessary. Knowledge of composition is also an indispensable requirement for
successful search of potential migrants from plastic materials into a product with
the aim of its quality assurance. The many chemical compounds mentioned in this
chapter may help to identify an analytically separated compound as a rest monomer,
oligomer, degradation product, or impurity of the investigated plastic.
From a short overview of the principal manufacturing procedures, the raw

materials and processing aids, much useful information can be obtained especially
concerning the permeability (functional barrier properties) of the plastic and
potential migrants having relevant toxicological or sensorial properties.
Despite the enormous number of potential starting substances in practice only a

finite number of basic polymeric structures with well-defined interaction and
transport processes form the majority of practical applications. This is of great help
for making theoretical estimations of transport properties. Nevertheless, it must not
be forgotten that even for well-defined basic structures, e.g. polyethylene, there are
hundreds of grades of polyethylenes available which differ more or less in their
composition and structure. As a consequence the transport properties (diffusion
coefficients of low molecular components) tend to scatter around an average value
even for a well-defined plastic material over amore or less wide range, as can be seen
from the values listed in Appendix I. This means one can predict transport processes
and partition behaviors of suchmaterials onlywithin a limited range of precision. But
this precision improves rapidly as more details about the composition and structure
of the materials are known.

Chapter 3

The characteristic functions and the representative structures of plastic additives
used to make marketable and durable materials are included in this chapter.
In comparison to the polymeric matrix, the additives are in general low mole-
cular compounds and the stabilizers in particular are much more reactive than
polymers.
Due to the high reactivity of the important category of stabilizers, many reactions

can occur in the polymeric matrix. As a result a variety of degradation products
appear, a fraction of which are able to migrate into the product in contact with plastic
while a fraction can remain immobilized in the polymer matrix. Both the chemical
nature of the degradation products and their concentrations are of great importance
for the quality assurance of the product in contact with plastic. Estimation of
migration of the additives themselves or their degradation products is possible only
if the mass balance of these products can be predicted or measured and their
chemical nature known.
The formation of various transformation products from the stabilizers cannot

be avoided. The sacrificial fate of stabilizers is part of their activity mechanismwhich
is providing protection to plastics against degradation. In elucidating transport
phenomena in commodity polymers, the presence of combinations of stabilizers
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along with varying amounts of their transformation products with sometimes very
different molecular parameters, has to be taken into account.

Chapter 4

One of the two fundamental material constants which govern the mass transfer of a
compound between two contacting phases, e.g., a plastic P in the liquid L or gas G, is
the partition coefficient of the compound between the two phases. This chapter deals
with the thermodynamic basis fundamentals of partition and some of the methods
that can be used to estimate its magnitude.
Different estimation methods based on additive molecular properties are

described. The oldest and best known treatment is based on the so-called regular
solution theory. This method although widely used qualitatively has a very limited
application range for quantitative calculations. Methods for estimating partitioning
of almost any chemical structure based on structural increments (group contribu-
tions) are commonly used in chemical engineering. UNIFAC, one of the oldest and
most comprehensive methods that can be used for polymers, is presented here as a
typical example. Due in part to the extremely large variation range of partition values
extending over many orders of magnitude, the precision of estimation with the
UNIFACmethod is in general within one order of magnitude which is sufficient for
most practical applications. A serious drawback of the method is its rather compli-
cated handling requiring programmable calculators or computer programs.
Estimation using quantitative structure activity relationship (QSAR) and quanti-

tative structure property relationship (QSPR) is a field of computational chemistry.
In order to offer a simple procedure for practical applications an additional new

method, the vapor-pressure-index (VPI) estimation method, is introduced. This
method is easy to use and with the linear relationships and data from Appendices II
and III the partition coefficients, especially between ethanol/water mixtures and
polyolefins, can be estimated with reasonable agreement with experimental values.

Chapter 5

In addition to the partition coefficients discussed in the preceding chapter, the second
fundamentalmaterial constant which governs themass transfer of a compound i from
a plastic P into a liquid L or gas G is the diffusion coefficientDP,i of i in thematrix of P.
Abrief review of themost frequently cited andusedmodels for diffusion inpolymers is
presented in this chapter. The chapter discusses some �classical� approaches for
analyzing and quantifying diffusion processes in polymers. It is pointed out that
although some of these models can lead to quite remarkable agreements between
theory and experiment, none of them is a truly predictive diffusion model.
A review is given of the more recent computational approaches describing the

process of diffusion in polymers and the DP,i values estimated from them.
These approaches have a true ab initio predictive character. At the same time these
models are not yet capable of estimating diffusion coefficients for the complex
polymer–migrant systems usually found in food packaging applications.
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Chapter 6

An original deduction of an equation for diffusion coefficients of substances in plastic
materials is presented in this chapter. The development uses a uniformmodelwhich is
applicable to all aggregation states. One goal of this chapter is to demonstrate the
reasonable agreement between calculated and measured diffusion coefficients in
gases, liquids, and solids, with special emphasis of plastics. The model is based on
assumptions about interaction of themolecules in amacroscopic system, starting in its
critical state. The only needed parameters for estimations are the critical temperature,
critical volume, and critical pressure of the compounds involved, as well as the glass
and melting temperatures and molecular weights of the plastic matrices.

Chapter 7

The starting point for a mathematical treatment of all specific cases of interactions
between packaging and product is a general mass transport equation. This partial
differential equation has analytical solutions only for special cases. For solutions
involving complicated cases, simplifying approximations are used or numerical
solutions are carried out.
In order to understand the literature on this subject it is necessary to knowhow the

most important solutions are arrived at, so that the different assumptions affecting
the derivation of the solutions can be critically evaluated.
The selection of different equation solutions included here are diffusion from

films or sheets (hollow bodies) into liquids and solids as well as diffusion in the
reverse direction, diffusion controlled evaporation from a surface, influence of
barrier layers and diffusion through laminates, influence of swelling and heteroge-
neity of packaging materials, coupling of diffusion and chemical reactions in filled
products as well as permeation through packaging.
Despite the large number of analytical solutions available for the diffusion equation,

their usefulness is restricted to simple geometries and constant diffusion coefficients.
However, there aremany cases of practical interest where the simplifying assumptions
are introduced when deriving analytical solutions are unacceptable. This chapter also
gives an overview of the most powerful numerical methods used at present for
solutions of the diffusion equation.

Chapter 8

The principles of a numericalmethod to solve the diffusion equation for amonolayer
packaging in contact with a liquid Fare presented in Section 7.2. In the following this
topic will be extended to the one-dimensional (1D) diffusion problem for multilayer
(ML) materials in contact with various types of foods. In this respect a brief
presentation of themain numerical approaches developed to solve thismass transfer
problemwill be made. Then the presentation will be focused on a numerical method
developed to solve the transport equations for aMLpackaging in contactwith any type
of homogenous foodstuffs, F. This method is based on a finite difference technique
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and was developed in 1D for the general case in which the transport processes are
controlled not only by the diffusion coefficients (Di) in the packaging and foodstuff
(DF) but also by partition coefficients (Kij) between any two adjacent layers i and j
of the packaging as well as partition coefficients between the packaging and foodstuff
(Kpf). The numerical algorithms of this FD method were then implemented into a
computer program which can be run on a regular PC. A major concern with this
computer program was to check if it produces correct results. For this a series of test
were designed/conducted and the results are presented.

Chapter 9

The application of the methods described in Chapters 7 and 8 in practice needs
the use of adequate computer programs (software). Two user-friendly programs
developed by FABES GmbH are described in this chapter.
The aim in developing MIGRATEST�Lite was to provide to a large spectrum of

potential users from industry and research and development as well as from the
enforcement laboratories a user-friendly tool for a quick and easy estimation of
migration of substances fromplastic (polymeric)films into foods and food simulants.
A special emphasis was to conceive the software in such a manner to include the
actual aspects and data from the EU documents related to migration regulation.
The second program for migration estimations is MIGRATEST�EXP. This user-

friendly software is based on a numerical solution of the differential migration
equation as described in Chapter 8. A series of examples from practice are described
together with the principal operation steps. This program is especially adapted for
multilayer plastics in contact with liquid, highly viscous and solid products.

Chapter 10

Sensitive foods and encapsulated technical products are generally sensitive to their
surroundings, in particular to oxygen and water vapor. As the permeabilities of
favorably priced commodity polymers (for food packaging) and also more expensive
specialty polymers (for encapsulation of technical devices) towater vapor, oxygen, and
other substances are far too high for most applications, a thorough understanding of
the permeation processes is essential. To improve the barrier properties of single
polymers, the following strategies are pursued: production of polymericmultilayered
structures under inclusion of barrier polymers, multilayered structures which
incorporate one, sometimes even several inorganic layers and hybrid structures
where polymeric matrices are filled with inorganic particles.
For purely polymericmonolayer andmultilayer structures, the permeation process

can be represented mathematically via the one-dimensional form of the related
transport equations.
In the case of nontrivially shaped inorganic particles, single or multiple thin

inorganic layers and even thicker inorganic foils, all of them embedded in polymeric
matrices, the whole three-dimensional geometry of the samples has to be taken into
account on the microscopic scale: for particles incorporated in polymers, their size,

1.3 The Organization of this Book j9



shape and orientation have to be regarded. For inorganic layers, numbers of
inevitable defects and their size distribution play the decisive role.
All these parameters can be combined to specific geometry factors, which, in

combinationwith the coefficients of diffusion and solution of the polymericmatrix or
of the polymeric substrate film and optional further polymeric top layers, determine
the final permeation properties. This concept has been verified in many different
cases, mostly for oxygen as the permeating substance.
An exception from this concept occurs when the permeation of condensable

substances such as water vapor or flavors is involved. In such cases, much higher
values of permeability are often observed than to be expected from the considerations
mentioned above. It is to be expected – although it has still not been proven
unambiguously – that substances may condense in inorganic structures, leading to
much higher local concentrations and thus to a higher permeability.
In most technically relevant cases, however, especially in the case of the favored

polymeric multilayers, the concept described in this chapter gives a sufficiently
accurate quantitative description of the transport phenomena.

Chapter 11

This chapter provides a critical review ofmodern food packagingmigration testing by
addressing both the test requirements and their availability and the practicality of
different migration assessment schemes and analytical methods. In order to enable
the reader to select and tailor his own specificmigration test approach thefirst section
ofChapter 11 startswith an introduction to the principles ofmigration testing and the
primary factors controllingmigration processes. After that an efficient schematic for
food law compliance testing is presented covering modern indirect, semidirect, and
direct migration tests. A major focus in the second section is given to the analytical
aspects of specificmigration testing. After discussion of the general requirements for
analysismethods, detailed andpractical guidance is given onhow todevelop, validate,
and document analytical methods that are suitable for compliance testing that fulfills
food contact material legal requirements. An overview of existing methods currently
used in Europe provides the necessary information to complete this topic. Addition-
ally, practical examples of specific migration test methods are given along with their
related difficulties and specific problems.
An important aspect discussed in this chapter is the recent results obtainedwith an

EU project concerning migration into food.

Chapter 12

During the past decade regulatory processes in the United States have changed
significantly with regard to components of food contact materials, allowing industry
a variety of options for obtaining authorization for their safe use. A thorough
understanding of the US regulatory processes for the substances, presently referred
to as food contact substances (FCS), allows industry to determine the most
appropriate regulatory option based on the intended use. In this chapter the US
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Food and Drug Administration�s (FDA) regulatory authority and premarket safety
evaluation of FCS is discussed.
FDA�s safety assessment relies on evaluating probable consumer exposure to an

FCS, including all constituents or impurities, as a result of the proposed use and other
authorized uses, and ensuring that such exposures are supported by the available
toxicological information. A general discussion of the recommended chemistry,
toxicology, andenvironmental information fora submissionrelating toanFCSfollows.
FDA�s approach to the safety assessment of the substances is exposure driven, in

that it is specific to the intended use and the resultant dietary exposure, which
determines the amount of toxicological data consistent with the tiered requirements.

Chapter 13

In order to harmonize the legislation in the European Community a broad program
of action started in 1972. The Community legislation has established rules for
the most complex and important area of packaging, that of plastic materials. The
Commission of the Community is currently preparing a series of texts which should
make it possible for legislation on plastics to be fully harmonized at the Community
level by the year 2010.
This chapter describes the main aspects of current Community legislation on

materials and articles intended to come into contact with foodstuffs.

Chapter 14

Off-flavors represent one of the major quality issues in the food industry and can
result in significant economic damage to a company. Even if they may not represent
any health risk, they can seriously damage the quality image of a brand, and the
confidence that the consumer has in it. By law, for example in the EuropeanUnion as
well in the United States, packaging materials or substances transferring from the
package to the foodstuff are not allowed to impart unacceptable changes to
the organoleptic characteristics of the packed foodstuffs.
This chapter focuses on the off-flavors which are associated with packaging

materials. Because of the number of raw materials, additives, adhesives, inks,
solvents, and other chemicals used in the food packaging industry, and the number
of suppliers/converters implicated in the manufacture of finished printed materials,
many different sources of contamination are possible. The origin of the problems can
be divided into threemain categories:migration of odorous substances frompackage
to food and to package headspace; inadequate protection of food from environmental
influences; reaction of substances in packagingmaterial with each other or with food
components.
Sensory evaluation remains the most widely used method to assess the sensory

quality of packaging materials. It represents the starting point in off-flavor
investigations.
Sensory analysis is also a starting point for subsequent analytical work to identify

the cause of the off-flavor and for taking corrective action. Since many different
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types of off-flavor contamination exist, specific and accurate descriptors are needed
to characterize the problem with precision at an early stage of the off-flavor
investigation.

Chapter 15

Worldwide investigations over the last 50 years have demonstrated that interactions
between plastics and foodstuffs or other products occur as foreseeable physical
processes. Standardization of migration measurements is based on this knowledge.
However, the variety of substances occurring in interaction processes and the
necessary time and cost requirements to carry out all the analysis for a complete
quality assurance for consumer safety necessitate additional tools in order to fulfill
this task. Such a tool is a recently finished EU Project for evaluation of migration
models in support of Directive 2002/72/EC.
Beyond the characterization of the polymer and food (simulant), the key input

parameters for the use of a migration model are the diffusion coefficient, DP, of the
migrant in the plastic material P, as well as the partition coefficient, KP/L, of
the migrant between P and the product (e.g. food, liquid) L. As already shown in
Chapter 6 a considerable improved estimation of diffusion coefficients is now
possible.
An improved estimation method for partition coefficients described in Chapter 4

has been found especially useful for migration modeling of additives from plastics
into various products. The use of certain solvents as food simulants for controlling
migration from plastics is widely practiced and allowed by food regulations. Never-
theless, there is a real danger in some caseswhen the food simulant has a significantly
lower migration value compared to the food. Finding the correct food simulant is of
great practical importance. In principle, ethanol/water mixtures are very appropriate
for this application.
Possibilities and limitations of the actual knowledge in these fields are discussed.
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2
Characteristics of Plastic Materials
Johannes Brandsch and Otto Piringer

2.1
Classification, Manufacture, and Processing Aids

A common feature of all plastic materials is their backbone made of polymers that
means natural or synthetic macromolecules composed of thousands of atoms and
having correspondingly high molecular masses. A polymer molecule is built up by
repetitionof small, simple chemical unitswhich are connectedwith covalent bonds. In
addition to the primary structure of the polymer, determined by the strong intramo-
lecular covalent bonds, there areweak intermolecular interactionsof secondaryvander
Waals and/or hydrogen bonds which are responsible for the high variety of materials
obtained after compounding and processing polymers to plastics. Thesematerials are
examples where neither the primary chemical structure nor the technological design
solely determines theproduct�s properties.As a consequence, inplastic technology the
complete chainof knowledge is explored, frompure synthesis inorganic chemistry, via
catalysis, chemical engineering, and polymer design, to the development of new
polymeric systems and the final mechanical engineering steps for product design.
Only the organic nature, also built up from polymers, uses much more advanced
synthesis routes with enzymes as catalysts, ismainly based on hydrogen bonding, and
makes maximum use of the self-organizing possibilities of macromolecules.
A new polymer which cannot be processed is only of a limited value. During

processing most of the final material properties are obtained, or the materials
themselves can be polymerized, given the large flexibility of the intermediate fluid
state of matter that is often present at intermediate temperatures during processing
(Meijer 2005). The ultimate properties of polymers in terms of modulus, strength,
impact resistance and, last but not the least, their permeability to low molecular
compounds are often uniquely obtained via specific processing routes, and clearly
illustrate this particular behavior and the opportunities that polymers provide.
Plastics are a twentieth-century discovery, thefirst plastics being derived fromhigh

molecular weight natural rawmaterials, e.g., regenerated cellulose (cellophane) from
cellulose around 1910. Plastics were first seen as replacements for natural raw
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materials during times of shortage, e.g., synthetic rubber during the FirstWorldWar.
However, since the Second World War a new class of useful materials has been
developed whose properties can be tailored through control of their syntheses and
processing to fit every desired application. With a yearly production of over 200
million tons, plastics form a pillar of the economy without which today�s standard of
living would not be attainable.
The importance of plastics is attested by the abundance of scientific and technical

literature on the subject. For several reasons a short discussion on the manufacture,
structure, and properties of plastics is necessarily a brief introduction to the following
problems treated in the other chapters in this book:

1. Measurable residual amounts or conversion products from the many different
raw materials and processing aids used in various plastic synthesis processes can
remain in thefinishedmaterial. Knowledge of thesematerials is indispensable for
the toxicological evaluation of the plastics and their analysis. The same applies for
the many chemically different additives which are incorporated into the polymer
matrix to allow better processing, to increase stability, and to givematerial-specific
properties.

2. The rate of migration of low molecular weight molecules from plastics into foods
or other products and interactions of the plastics with product components
depends on the molecular structure and the macroscopic (aggregate) nature of
the plastic material. In order to perform useful estimations of mass transfers, for
example from plastic into its environment, a basic knowledge of the structure of
the plastic components and their influences on this phenomenon is necessary.

In view of the enormous abundance of data and knowledge about plastics, only a
few representative examples from a multitude are presented in the following. When
searching for solutions to special cases of interaction, one should always try to learn
as much as possible about the manufacture, composition, and properties of the
packaging as well as about their environment. This is necessary in order to evaluate
the possible reactions that could occur, to make estimations of migration, and to
make comparisons with the actual interaction problem at hand.

2.1.1
Classification and Manufacture of Plastics

Plastics can be classified according to whether they are made from converted natural
products (regenerated cellulose) or from completely synthetic products. They can
then be further classified according to their manufacturing method in terms of their
polymerization reactions, either condensation or addition reactions. They are then
further divided, according to their physical properties, into thermoplastics, elasto-
mers, and thermosets.
The combining of carbon atoms in an unlimited number through covalent

bonding leads to the synthesis of macromolecules. Depending on the way that
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covalent bonding occurs, heteroatoms besides carbon such as oxygen, nitrogen, and
sulfur can be included.
Thermoplastics are composed of threadlike chainmolecules tangled together. This

group of plastics takes its name from the properties resulting from such structures.
Thermoplastics soften with increasing temperature, which allows them to be formed
and then become hard again as they cool. A network of covalent bonds crosslinking
the polymer chains leads to the formation of elastomers. Thermosets are composed
of networks of primary valence covalently crosslinked molecular structures. The
crosslinking step occurs during forming, and afterward the plastics are heat stable
(not thermoplastic).
Thermoplastics are delivered in the form of granules and powders to production

sites that are separated from the polymer synthesis. After the addition of the
necessary additives, e.g., plasticizers, and after additional processing steps, the final
material is referred to as a plastic.
The synthesis steps that occur, for example in forming the thermoset coatings used

in food contact materials and articles, takes place in the final production phases. This
difference in processing compared to the processing of thermoplastics is not
insignificant with regard to quality considerations of the finished products when
one considers the possible interactions from a food regulation viewpoint. The
following synthesis paths deal mainly with thermoplastics, but apply as well to the
preliminary steps in thermoset production. The thermosets are then crosslinked or
hardened at their point of application. Themost important crosslinking reactionswill
be briefly discussed at the end of this section.
The simplest chemical compounds used directly in synthesis reactions and which

are incorporated into the macromolecular chain as a structure sequence are called
monomers. Monomers are either unsaturated, that is, they have one or more double
bonds, or are bifunctional compounds. The corresponding polymer is produced by a
technical polymerization reaction of either a free radical chain reaction (unsaturated
monomers) or an intermolecular condensation reaction (bifunctional).

2.1.1.1 Raw Materials and Polymerization Processes
Fossil-based raw materials, mainly oil, gas, and occasionally coal, are used almost
exclusively for the manufacture of monomers. Plant materials, the so-called renew-
able resources, have been used earlier and can becomemore significant once again in
the future. Although the plastics in these cases are obtained by direct polymerization
of theirmonomers, the synthesis of themonomers themselves often requires several
intermediate steps. The multifunctional multiple intermediate compounds in the
plastic synthesis steps cannot be clearly defined as monomers in every case. The
polycondensation reaction of terephthalic acid with ethylene glycol, for example,
leads directly to polyethylene (PE) terephthalate. However, the reactions of the well-
defined chlorosilanes require several intermediate steps to form silicon polymers.
The chlorosilanes which can be recognized as forming repeating segments in the
silicon chain fulfill the above definition formonomers. In general, the corresponding
residual monomers can be found in the finished polymer material. However, in the
case of silicon no chlorosilanes or residuals from the intermediate steps can be found
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in the finished material. The chlorosilanes themselves are not directly used in the
synthesis of silicon, but rather the siloxanes from the intermediate step.
To avoid anymisunderstanding in the definition of amonomer, the substances that

are used directly in the synthesis of plastics are designated here as starting
materials. These starting materials can be �real� monomers, e.g., ethylene, or a
mixture of intermediates, e.g., siloxanes.Whereas it is assumed that residual starting
materials will remain in the finished plastic, the raw materials of the starting
materials are assumed to be completely converted, i.e., decomposed, so that they
are not detectable.

2.1.1.2 Addition Polymerization
The most important bulk plastics, e.g., the polyolefins, are produced using addition
polymerization processes. The molecules of the starting materials contain double
bonds which are broken with the help of initiators or catalysts. The resulting free
radicals thenundergo a chain reaction to formamacromolecule. Inpractice, there are
numerous processes with different reaction conditions. The start of chain reactions
requires a radical produced as a rule by the disintegration of initiator substances,
usually peroxide.
The finished plastic, usually in the form of granules, can contain small amounts of

undestroyed residual initiator and/or other disintegration products, residual mono-
mers, and low molecular weight polymerization products (oligomers) as well as
residuals of other processing aids. Oxidation reactions resulting from traces of
unsaturated compounds, present during the processing of the plastic material, can
lead to the formation of sensory active compounds. Some of the necessary additives
for further converting to the packaging material may already be added to the plastic
granules (see Chapter 3).
If it is possible to trace the nature of the plastic and some of the substances

contained in it back to themanufacturing process, then this can be useful for solving
product problems related tomigration or the formation of off-odors (see Chapter 14).
The same goes for the knowledge of package material converting processes and the
additives used in them.
The monomer can be polymerized either directly, that is undiluted (block or

substance polymerization), or in the presence of a nonpolymerizable solvent (solvent
polymerization). In the first case, there is a problem with dissipating the localized
heat of a reaction (traces of decomposition products result from overheating) and, in
the second case, the solvent must be completely removed. Other possibilities are to
suspend the monomers in dispersions, e.g., in water (suspension or pearl polymeri-
zation), or eventually to use an emulsifier (emulsion polymerization). Emulsifiers
and dispersants are considered to be processing aids for the production of polymers.
In addition to the use of radical-producing initiators, other catalysts can also be

used for ionic addition polymerization reactions. Compared to low density polyeth-
ylene (LDPE) produced by radical polymerization, the use of metal oxide catalysts
produces higher density PEs. A further possibility for the synthesis of such a high
density polyethylene (HDPE) is metal complex polymerization with coordination or
Ziegler–Natta catalysts (metal alkyl–metal halide catalysts) under low pressure. This
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type of polymerization is particularly important because it is stereo selective (see
polypropylene). In this connection, the metallocene catalyst systems must be
mentioned. These systems have high activities and polymerization rates, and the
level of isotacticity can be controlled.
Another plastic addition polymerization synthesis possibility is ionic polymeriza-

tion (cationic and anionic).

2.1.1.3 Condensation Polymerization
Starting materials with two different reactive functional groups can polymerize
without any further external assistance with the help of an initiator or a catalyst.
Another direct polymerization possibility exists between two different starting
materials (monomers), having each two identical functional groups. These reactions
are usually subdivided into three groups: polycondensation, polyaddition (not to be
confused with radical addition polymerization), and ring opening reactions.
A typical example of a condensation polymerization reaction is the reaction

between poly functional alcohol (e.g., glycol) and dicarboxylic acid (e.g., terephthalic
acid).
Condensation polymerizations are equilibrium reactions, which means they

eventually stop reacting when small molecular weight reaction products like water
are no longer removed from the system. These characteristics of the condensation
polymerization reaction also have an effect on the chemical properties of such
plastics. In the presence of water, particularly at high temperatures, PE terephthalate
begins to hydrolyze and lowmolecular weight oligomers are produced which can be
transferred into food in contact with the plastic.

2.1.1.4 Synthesis of Copolymers, Block, and Graft Copolymers
Polymerization involving a single type of monomer produces a homopolymer
(Figure 2.1(a)), while a mixture of different monomers leads to a mixed polymer
or copolymer. Copolymerization offers the possibility to tailor-make a number of
different structures which differ from one another in terms of solubility, reactivity,
and many other properties. The different monomers can alternate with one another
in the polymer chain (Figure 2.1(b)) or be randomly distributed (random copolymer,
Figure 2.1(c)). Random copolymers are obtained by radical addition polymerization
whereby the statistical distribution of themedium length chains of a givenmonomer
is relatively short. This means a given sequence in a random copolymer consists of
1–10 monomer units. For polymerization degrees ranging from 1000 10 000, these
sequences alternate with one another up to 100–1000 times.
In block copolymers (BCPs), a targeted distribution of the different monomers

leads to sequences containing many monomers of a single type (Figure 2.1(d)). A
magnitude of 100 to 1000 monomer molecules per chain means the polymer chain
contains only two to four sequences. Graft copolymers (GCP) are relatively the same
only where the sequences of one monomer are attached to a chain made up of the
other monomers (Figure 2.1(e)).
Block copolymers are fundamentally different from polymermixtures in that they

comprise only one type of molecule containing sequences of unlike monomer units
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covalently bonded together. When a homogeneous melt of BCPs is cooled, unlike
interactions will become unfavorable and unlike monomer units will try to segre-
gate so that an apparent upper-critical solution point is observed. Phase separation
per se is impossible and a local ordering process will occur. A typical example is the
polyolefin BCP which has alternating polystyrene-polybutadiene blocks.

2.1.1.5 Polymer Reactions
In order to obtain materials with certain properties, polymers can be modified using
different types of chemical reactions. The crosslinking reactions used for the
manufacture of elastomers and thermosets referred to earlier are themost important
types of chemical reaction. Preformed polymer chains are bound together at a later
time using a built-in reactive functional group that is activated, for example, through
heating. An example of such a process is the epoxy lacquers. Through an addition
reaction between a diphenol (bisphenol A) and epichlorohydrin, an intermediate for
the following crosslinking step is formed. In the intermediate step, for example
bisphenol-A-diglycidyl ether (BADGE) as well as polycondensation, high molecular
weight products based on BADGE are formed. Following the addition of a hardener,
e.g., polyamine, the crosslinking reaction leading to the formation of the three-
dimensional thermoset takes place.
Other substances are also used as polymerization processing aids, like solvents

(e.g., benzyl alcohol) and accelerators (e.g., nonylphenol). These processing aids
are not significantly or not to a measurable degree chemically incorporated into
the crosslinked polymer. Under the conditions of the epoxy thermoset reaction
the epichlorohydrin, for example, is completely decomposed. Under the current,
state-of-the-art hardening technology, practically no epichlorohydrin can be detected
in the finished product.

Figure 2.1 (a) Homopolymer, (b) and (c) copolymer, (d) block
copolymer, (e) graft copolymer.
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It is especially difficult to make a definitive comprehensive list of all starting
materials (positive list)used tomakepolymericpackagematerialsby three-dimensional
crosslinking, which could be transferred into a product. In addition to the numerous
oligomers coming from the combined intermediate steps, there is a variety of combi-
nation possibilities and mixtures of polymer starting materials, together with the
corresponding processing aids (catalysts, crosslinkers) and additives (stabilizers, plas-
ticizers), which further complicate the inclusion of all these compounds into food
regulations and quality analysis systems (see Chapters 11–13 and 15).
Crosslinked polymers or polymer networks include a wide range of polymeric

materials with specific processing andmaterial properties. The crosslinkedmaterials
range from vulcanized elastomers to thermosetting materials, and a considerable
number of adhesives and coatings, soft gels, etc. The advantages of crosslinked
polymers are dimensional stability, higher thermal and chemical resistance, revers-
ible rubber elasticity, and generally their ability to store information characterizing
their birth and growth processes. Almost all reactions between groups producing
bonds can be used for the preparation of polymer networks. The condition is that
some of the constituent units must participate in three or more bonds by which they
are linked to neighboring units. A few examples are as follows.

Polyester networks. Triol or tetrol (e.g., trimethylolpropane or pentaerythritol) are
added as branching agents.

Polyurethane networks. It includes a variety of systems obtained by reactions of
polyisocyanate compounds. The urethane, urea, and isocyanurate groups are the
most frequent types of stable bonds used in network formation.

Cured epoxy resins. Networks prepared by the reaction of polyepoxides with
polyamines represent the most important group of cured epoxy resins.

Network involving silicon-containing groups. Poly(dimethylsiloxane) networks have
been one of the most frequently studied model networks. One main reaction
involves the formation of �Si�O�Si� bond by crosslinking hydroxy-termi-
nated poly(dimethylsiloxanes) with polyfunctional alkoxysilanes, e.g., with
tetraethoxysilane (Dusek, 2005).

The reactive processing of polymers and composites involves the simultaneous
development of the polymer structure and materials shaping to produce polymer
artifacts with final properties suitable for particular applications. The methods used
in reactive processing come under the general headings of casting, coating, and
molding, and involve the use of viscous (as opposed to viscoelastic) materials, which
include liquid monomers, prepolymers, polymer solutions, dispersions, and (low
molar mass) polymer powders.
The simplest reactive polymer process is perhapsmonomer casting, and examples

include monomers such as methylmethacrylate, styrene, caprolactame, and N-vinyl
carbazole.
Coating is a surface modification method. Reactive molding processes include

compression (CM), resin transfer (RTM), and reaction injection molding (RIM)
(Stanford et al. 2005).
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2.1.1.6 Plastic Processing

Melt Blending In polymer processing, for example,melt blending of homopolymers
is a common route towardmaterials with specific properties that are superior to those
of the constituents. Most polymers are thermodynamically immiscible in themolten
state. Hence, the blending process yields a heterogeneous morphology that is
characterized by the shape, size, and distribution of the constituting domains. At
the end of the melt blending process, the morphology is frozen-in in the solid state
(Janssen, 2005).

Structure Formation by Orientation Phenomena Long chain molecules lend them-
selves to the attainment of oriented products with associated advantageous proper-
ties. There are principally two different routes toward this goal: (1) to draw or to
otherwise orient an initially random crystalline solid and (2) to orient chains in their
random state (solution or melt) first and �set� this orientation by subsequent
crystallization. In this respect, a distinction needs to be made between rigid rod
molecules and flexible chains. To achieve orientation, rigid rods only need to be
aligned, while flexible chains need both extending and aligning, the two occurring
simultaneously in the course of a normal orientation process (Keller 2005).

Reactive Extrusion For years, both chemistry and engineering practice involving
polymer systems used inert liquid carriers to avoid complications caused by the
high viscosity of undiluted bulk systems; these systems are otherwise difficult
to handle in classical reactors of a stirred-port version, such as beakers and tanks.
When a polymeric system was too viscous, it was simply diluted with more liquid
effluents.
During the last three decades and due to ever-increasing concerns and tougher

government regulations about the excessive use of solvents, reactions havemore and
more been run in solventless polymer melts using polymer processing machines as
chemical reactors, e.g., batch mixers and screw extruders. However, the absence of a
solvent may raise other complications: high temperature, heterogeneity of the
reacting media, low mass and heat transfer, low polarity, etc., rendering the proper
control of the selectivity and the rate of the reaction difficult. Resin suppliers,
specialty compounders, and even end-product users are now trying to diversify the
existing polymers by chemicallymodifying or reactively blending them inside a screw
extruder. Reactive extrusion (REX) may be defined as a manufacturing process that
combines the traditionally separated polymer chemistry (polymerization or chemical
modification) and extrusion (blending, compounding, structuring, devolatilization,
and shaping) into a single process carried out in a screw extruder. Adisadvantagemay
be possible side reactions which are difficult to control (Hu and Lambla 2005).

Compatibilization Processes Most polymer blends are phase-separated systems
with some dispersion of one polymer in the other. The properties of the polymer
blends deeply depend on the morphology. Generally, some 1mm or even smaller
particles are required to get good synergy of the properties of the component
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polymers. The mean particle size in polymer blends is the result of a balance
between mechanical and interfacial forces: the lower the interfacial torsion, the
smaller the particles. A fine and stable morphology and good interfacial adhesion
can be reached by effective control of the interfacial properties through adequate
interfacial modification. These processes of interfacial modification resulting in
lower interfacial tension, inhibited coalescence, and improved adhesion are
generally allied �compatibilization processes.� Interfacial modification can be
brought about by the addition of a BCP or GCP at the interface. However, the
synthesis of premade BCP is often difficult and/or expensive. Therefore, in many
cases, the BCP or GCP is produced in situ by blending reactive materials (Inoue
and Marechal 2005).

2.1.2
Processing Aids

The processing aids necessary for polymerization can be divided into two groups:
substances which directly influence the manufacturing process and substances
which provide an adequate medium for the polymerization process to take place
(e.g. solvents and emulsifiers).
Even though some processing aids could be chemically incorporated into the

polymer, they do not appear systematically in the repeating units of the polymer
chains and therefore cannot be considered to be monomers or starting materials. In
general, processing aids are used only in small amounts and after the synthesis is
completed they practically exert no influence on the finished polymer. Thus, they are
very different in nature from additives which are also often used sparingly but which
exert a much greater influence in the finished plastic.
Processing aids are used to directly influence the synthesis process function as

reaction controllers. Depending on their chemical state they can function as reaction
accelerators (the actual catalysts and starters or initiator substances), crosslinkers
and/or hardeners, reaction inhibitors or catalyst deactivators, molecular weight
controllers, chain splitters, or lengtheners. From a chemical standpoint (structure
andmethod of function) the radical builders, mainly peroxides and azo compounds,
are treated separately from the catalysts which are mainly metals, metal oxides, salts
(redox systems), and organo-metal compounds. The carrier substances, promoters,
and deactivators are placed in the catalyst class of substances.
The second category of processing aids contains substances which function as

working media to assist initiators and catalysts. These medium-forming substances
are, in general, much less reactive or are nonreactive compounds, most of which can
be found as additives in further converting and polymer use applications. These
processing aids aremainly solvents, dispersants, emulsifiers, precipitants, antifoam-
ing and degassing agents, pH controllers, stabilizers, germinating agents, blowing
agents for foams, and others.
Substances that are also used as additives for plastic processing and applications

will be treated in Chapter 3. In the following, the two most important substance
classes in the first category are discussed.
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2.1.2.1 Initiators and Crosslinkers
Organic peroxides are used as initiators or starter substances for many polymeriza-
tion reactions because they easily decompose to form radicals. There are presently
about 50 technically important organic peroxides. These can be formally described as
derivatives of hydrogenperoxide (HOOH). Through substitution of one or both of the
hydrogen atoms by alkyl, aralkyl, or acyl groups, a series of compound classes is
obtained whose reactivity is heavily structure dependent (Table 2.1). The stability of
the peroxide in every substance class increases with the number of carbon atoms.
Alongwith radical formation, oxidation is the other important peroxide property. The
oxidation potential decreases according to the order: peroxy carbonic acid
hydroperoxide> diacylperoxide> peroxy carbonic acid esters> dialkylperoxide.
Some of the alkylhydroperoxides, e.g., cumylhydroperoxide, are used for the

polymerization of diolefin (butadiene) with comonomers (e.g., styrene) at low
temperatures (5–20�C).
Alkylhydroperoxides are also interesting because of their formation in natural

products. Unsaturated fatty acids and their esters (plant oils) are oxidized in air to
peroxides (autooxidation). This leads to a stepwise breaking of the double bonds
leading to the formation of aldehydes, ketones, and fatty acids, all of whichmake their
presence known through their strong odor intensities (e.g., rancid oil).
Dialkylperoxides are used as high temperature catalysts for suspension and bulk

polymerization as well as hardeners for unsaturated polyester resins and for cross-
linking polymers because of their good thermal stability. While the liquid di-tert-
butylperoxide is relatively volatile at application temperatures, dicumylperoxide is
much less volatile and has the disadvantage of forming decomposition products with
intense odors (acetophenone) (Chapter 14).
Diacylperoxide is used mainly as an initiator for radical polymerizations as well as

for hardening and crosslinking polyester resins as a result of its ability to easily
thermally decompose.
It can be helpful to consider the reaction products of the peroxides used in terms of

their eventual interactions between the plastic and the filled product.
Peroxycarbonic acid esters play the most important role in vinyl, ethylene, and

styrene polymerizations. In particular, mixtures of the tert-butylesters of the peroxy-
benzoic acids and the peroxyaliphatic fatty acids are used.
In addition to the above-mentioned homolysis, peroxides can also be ionically

decomposed leaving behind by-products. Primary and secondary peroxyesters

Table 2.1 Classes of organic peroxides.

Alkylhydroperoxide
Dialkylperoxide
Peroxy carbonic acid
Diacylperoxide
Peroxy carbonic acid ester
a-Oxyperoxide
a-Aminoperoxide
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decompose into the corresponding carbonic acids and carbonyl compounds.
a-Oxyperoxides are used as crosslinkers and hardeners. Adding transition metal
salts, a wider useable temperature range can be achieved for warm hardening of
polyester resins.
In order to distribute initiators, which are often solids, throughout the reaction

medium, nonreactive processing aids such as phthalates are often used.
Inhibitors,whichact as radical absorbers, areused to slowdownperoxide-controlled

polymerizations. Most of these compounds are chinones, aromatic nitrogen com-
pounds, or aromatic amines. Impurities can lead to lengthened inhibition times and
subsequently an uncontrolled course of polymerization so that only the highest purity
starting materials are used in the polymerization.
Along with the peroxides, other compounds are used as radical formers. The azo-

fatty acid nitriles play an important role here. Azo-isobutyric acid nitrile or 2,20-azo bis
(2-methylpropionitrile) decomposes under heat to nitrogen and two radicals, which
can start a polymerization chain reaction.
Finished products are not allowed to show any positive reactions for peroxide on

their surfaces.

2.1.2.2 Catalysts
Substances which increase the rate of a chemical reaction without themselves being
used up or incorporated into the finished product are called catalysts. In heteroge-
neous catalysts, the reaction takes place on the surface of a solid support. The activity
of the catalyst in this case is determined by the structure and size of the surface area as
well as by theway the catalyst is produced. Catalysts are not limited to immobilization
on solids; they can also be introduced as homogeneous catalysts in the solution.
Between heterogeneous and homogeneous catalysts, there is a possibility of evenly
distributing small particles (dispersions) of the catalyst in a liquid phase.
Heterogeneous catalysts are mostly metals or metal oxides. They can be used as

they are or together with inert carriers, which themselves are usually metal oxides.
Homogeneous catalysts are as rule cations of certain metals or complexes of metal
atoms with an organic molecule (ligands).
With regard to the possibility of a residual catalyst in the plastic being transferred

into the filled product, the following can be said from the above considerations:
residual immobilized solid heterogeneous catalysts, provided that they cannot be
separated from the polymer, can only play an interactive role on the surface of the
material in contact with the filled product. The migration of metals and metal oxides
from within the plastic has practically no significance because compared to organic
compounds they are not dissolved in the plastic and therefore are not subject to
diffusion in the form ofmolecules and ions.However, cases where traces of a catalyst
have some residual activity can have negative effects on the properties and stability of
the plastic over a period of time. This can happen when reactions occur with
substances diffusing through the plastic, e.g., oxygen, that subsequently lead to the
decomposition of the plastic structure.
When dispersion systems are used, some residual dispersants can remain in the

plastic and then migrate out. In the case of homogeneous catalysts, migration can
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also occur. In particular, this applies to the residual organic parts of the organo-metal
compounds which remain as breakdown products in the plastic after completion of
polymer synthesis and destruction of the catalyst. This also applies to residual
solvents that are not fully evaporated.
The heterogeneous catalyst systems containing a mixture of the elements Ca, Mg,

Al, Si, Ti, Cr, V, and Zr are most important for polymer synthesis.
Polymerizates intended for use as food contact materials may not contain a total of

more than 0.1% of these catalysts in the form of oxides.
Further residual metal oxides from catalysts used for polymer synthesis, e.g.,

polyterephthalic acid diol ester, are oxides of antimony, gallium, germanium, cobalt,
manganese, zinc, and titanium. Residual amounts of these oxides in the polymer are
also restricted.

2.2
Structure and States of Aggregation in Polymers

2.2.1
Structure

The overall nature and properties of plastic are determined by its chemical structure,
macromolecule mass, and the additives compounded into it.
The polymer molecular chains form the backbone of the thermoplastics� polymer

structure. The nature and orientation of the monomer units in the chain determine
the primary structure of the polymer. This primary structure of the chain can be
differentiated into three groups as follows.

1. Pure carbon chains. The chains can be unsubstituted (e.g., PE) or contain single or
multiple substitutions (polyvinyl compounds).

2. Chains that in addition to carbon contain heteroatoms such as O, N, P, or S. Here
the nature of the segment, R, can vary as well as the nature of the bound hetero
groups, X, in the segment: �R�X�R�X�R�X�R�X�.

3. Chains that are exclusively composed of heteroatoms. The most important
representatives of this group are the silicons.

The nature of the elements found in the polymer chain and the covalent bonds that
exist between them allow one to predict the properties of the corresponding
thermoplastic. The primary valence bonds determine the secondary valence bonds
such as the van der Waals forces, polar bonds, and hydrogen bonds occurring
between the polymer chains. The intermolecular forces existing in thermoplastics
composed of carbon and hydrogen are due to weak van der Waals attractions. These
forces rapidly decrease with increasing temperature. The thermoplastics containing
heteroatomshave comparativelymuch stronger polar attractions. Atoms such asCl, F
and the atomic groups OH, CN and COOR create dipoles, which increase the
attractive forces between the chainmolecules and cause the thermoplastic to bemuch
stronger. One type of dipole attraction that is particularly strong is the hydrogen bond
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such as occurs between OH and NH groups and O atoms on other chains. The hydro-
genbonds are responsible for thestrength andstiffness of polymers like polyamides for
example, as well as their normally undesirable affinity for absorbing water.
Unsubstituted polymer chains cannot form different stereo isomers, while substi-

tuted polymers can have a large number of different possible isomeric forms. As a
result, it is possible to have various configurations for substituted polymers. For
example, polystyrene produced by radical polymerization is atactic, whichmeans the
phenyl groups bound to every second C-atom are randomly distributed on both sides
of the polymer chain. Polymers produced using Ziegler catalysts, made from
monomers such as styrene, propene, and others, are isotactic and/or syndiotactic
(Figure 2.2):
The regularity of the polymer chain structural group locations is an ideal repre-

sentation. In practice, the chains can have more or less branching depending on the
manufacturing process. As an example, the branching occurring in PE can be
schematically represented in Figure 2.3.

Figure 2.2 Polymer chain configurations of atactic, isotactic, and
syndiotactic polymers.

Figure 2.3 Chain branching of polyethylene.

2.2 Structure and States of Aggregation in Polymers j27



Side groups in atactic structures and chain branching hinder crystallization of the
thermoplastic polymers in contrast to unbranched and isotactic configurations,
which lead to increased crystallinity. With increasing crystallinity the density,
strength, and stiffness are increased but the transparency and processability of the
plastic decrease.
The extreme hardness and lack of formability of thermoset plastics is due to the

extremely large number of primary valence bonds between the plastic�s atoms. In an
extreme case of crosslinking with covalent bonds, practically no weak covalent bonds
exist that can be loosened by increasing the temperature. This means that no
thermoplastic processing of the polymer is possible. A thermoset plastic can be
depicted as being a huge singlemolecule. The removal of these intramolecular bonds
by increased temperature leads to destruction of the polymer. In practice, there
exists a range of plastics having different degrees of crosslinking, from those of
the uncrosslinked thermoplastics to the completely crosslinked thermosets. With
increasing degree of crosslinking the strength, stiffness, and thermal resistance of
the plastics increase. By varying the degree of crosslinking, the elastic behavior of
elastomers can be established over a wide range. The elasticity of an elastomer is,
therefore, determined by both the primary valence and the covalent bonds between
the molecule chains.
The properties of plastics are also determined by the chain length and the

distribution of different chain lengths. The relative molecular mass of a macromole-
cule, Mr, has a large influence on the polymer�s flow properties, its glass transition
temperature, Tg, and its mechanical properties.
A pure natural polymer, e.g., a protein, is monodisperse, meaning that it has a

single, definite mass. A synthetic polymer, however, is polydisperse. That means the
sample is a mixture of molecules with various chain lengths and molar masses. The
various techniques that are used tomeasuremolarmasses result in different types of
mean values of polydisperse systems.
The mean obtained from the determination of molar mass by osmometry is

the number-average molar mass, Mn ¼ 1
N Si NiMi, which is the value obtained by

weighting each molar mass by the number of molecules of that mass present in
the sample. Ni is the number of molecules with molar mass Mi and N is the
number of all molecules. The number of molecules is proportional to the amount
of substance, which means the number of moles. Light scattering experiments
give the weight-average molar mass, Mw ¼ 1

m Si miMi. This is the average calcu-
lated by weighting the molar masses of the molecules by the mass of each one
present in the sample. In this expression, mi is the total mass of molecules of
molar mass Mi and m is the total mass of the sample. The ratio Mw/Mn is called
the heterogeneity index or polydispersity index. A synthetic polymer normally
spans a range of molar masses, and the different averages yield different values.
Typical synthetic materials have Mw/Mn� 4. The term monodisperse is con-
ventionally applied to synthetic polymers in which the index is less than 1.1.
Commercial PE samples might be much more heterogeneous, with a ratio 20 : 50
for LDPE and 4 : 15 for HDPE. One consequence of a narrow molar mass
distribution for synthetic polymers is often a higher degree of a three-dimensional
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long-range order in the solid and therefore higher density and melting point. An
important influence of the heterogeneity index is observed in the diffusion
behavior of the polymer matrix. A high index value, which means a high
proportion of polymer molecules with relative low masses in the matrix, increases
the diffusion coefficients of additives solved in the polymer (see Chapters 6 and
15). The spread of values is controlled by the choice of a catalyst and reaction
conditions. In practice, it is found that a long-range order is determined more
by structural factors (branching) than by molar mass (Atkins and de Paula
2006).
All synthetically produced thermoplastics exhibit a characteristic distribution of

themacromolecule�s length andmass.With increasing degree of polymerization the
tensile strength, tear resistance, hardness, strain at break, impact resistance, and
melt viscosity all increase. At the same time the tendency to crystallize, flowability,
swelling, and stress-cracking tendency decrease (Elias, 2005).

2.2.2
States of Aggregation

A low molecular weight substance can exist in one of three aggregate states: solid,
liquid, or gas independent of temperature or pressure. The transition from one state
into another is sharp, and the corresponding melting and boiling temperatures
are characteristic properties of the substance. These small molecules are usually
arranged in orderly crystals in the solid state. Macromolecules are for the most part
irregular amorphous structures. A large difference exists between low molecular
weight substances and most polymers, in that polymers can show a coexistence of
crystalline and amorphous regions. In amorphous polymers, changes of state are less
well defined and may occur over a finite temperature range. The polymer chain
mobility resulting mainly from the primary polymer structure is responsible for this
characteristic. Here it is understood that polymer chain mobility means its freedom
of movement, i.e., the rotation of certain chain segments, and not translational and
rotational movements of the whole polymer. A measure of the chain mobility is the
glass transition temperature or freezing temperature Tg (Table 2.2). Above this
temperature, the polymer chains can move freely and the polymer is rubbery or
plastic. Below the glass transition temperature, the chain mobility stops and the
polymer becomes glassy and hard (glassy state). This difference between the glassy
and rubbery states of a plastic has a big influence on the values of the diffusion
coefficients (see Chapter 6).
When heating an amorphous polymer, it eventually reaches a temperature

designated as its flow temperature. This is a very viscous transition state and further
heating leads to a viscous melt. Such a transition again changes significantly the
diffusion behavior of the plastic (Chapter 6).
If a sample of an amorphous polymer is heated to a temperature above its glass

transition point and then subjected to a tensile stress, themolecules will tend to align
themselves in the general direction of the stress. If the mass is then cooled below its
transition temperature while the molecule is still under stress, the molecules will
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become frozen in an oriented state. Such an orientation can have significant effects
on the properties of the polymer mass. The polymer is thus anisotropic.
In addition to the deliberatemonoaxial or biaxial orientation carried out to produce

an orientedfilament or sheet, orientationwill often occur duringpolymer processing,
whether desired or not. Thus in injection molding, extrusion or calendering the
shearing of the melt during flow will cause molecular orientation.
If a polymermolecule has a sufficiently regular structure, itmay be capable of some

degree of crystallization. Crystallization is limited to certain linear or slightly
branched polymers with a high structural regularity. Well-known examples of
crystalline polymers are PE, acetal resins, and polytetrafluoroethylene.
There are substantial differences between the crystallization of simple molecules

such as water and copper sulfate and of polymers such as PE. For example, the lack of
rigidity of PE indicates a much lower degree of crystallinity than in the simple
molecules. In spite of this the presence of crystalline regions in a polymer has a large
effect on such properties as density, stiffness, and clarity.
The essential difference between the traditional concept of a crystal structure

and crystalline polymers is that the former is a single crystal, whilst the polymer
is polycrystalline. A single crystal means a crystalline particle grown without

Table 2.2 Abbreviations, densities, and glass transition
temperatures of some important thermoplastics.

Polymer Abbreviation Density (g/cm3)
Glass transition
temperature (�C)

Low-density polyethylene LDPE 0.915–0.94 �30� 15
High-density polyethylene HDPE 0.945–0.964 �30� 15
Linear low-density
polyethylene

LLDPE 0.90–0.935 �30� 15

Poly-4-methylpentene-1 P4MP1 (PMP) 0.83 55
Polypropylene PP 0.90–0.91 �17� 5
Polystyrene PS 1.04–1.12 80–100
Acrylonitrile-butadiene-
styrene polymer

ABS 1.03–1.07 –

Polymethyl methacrylate PMMA 1.18–1.24 99–104
Polyvinyl acetate PVAC 1.19 28–31
Polyvinyl alcohol PVAL (PVA) 1.19–1.27 70–85
Ethylene-vinyl acetate
copolymer

EVA 0.91–0.97 –

Polyvinyl chloride PVC 1.39–1.43 80–100
Polytetrafluoroethylene PTFE 2.28–2.30 115–125
Polyethylene terephthalate PETP (PET) 1.37 67–81
Polybutylene terephthalate PBTP (PBT) 1.3–1.5 48–55
Polycarbonale PC 1.20–1.24 120–150
Polyoxymethylene POM 1.42–1.435 188–199
Polyamide PA 1.12–1.14 50–60
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interruption from a single nucleus and relatively free from defects. The term
�polycrystallinity� refers to a state in which clusters of single crystals are involved,
developed from the more or less simultaneous growth of many nuclei.
There are two principal theories of crystallization in polymers. The fringed

micelle theory considers that the crystallinity present was based on small crystallites
of the order of a few hundred Angstr€om units in length. This is very much less than
the length of a high polymer molecule, and it was believed that a single polymer
molecule actually passed through several crystallites. The crystallites thus consisted
of a bundle of segments from separate molecules which had packed together in a
highly regular order. Between the crystallites, the polymer passed through amor-
phous regions in which molecular disposition was random. Thus, there is the
general picture of crystallites embedded in an amorphous matrix.
This theory helps to explain many properties of crystalline polymers, but it was

difficult to explain the formation of larger structures such as spherulites.
The lamellae formation theory is based on studies of polymer single crystals. It was

found that under many circumstances the polymer molecules folded upon them-
selves at intervals of about 100 A to form lamellae, which appear to be the
fundamental units in a mass of crystalline polymer. Crystallization spreads by the
growth of individual lamellae as polymer molecules align themselves into position
and start to fold. For a variety of reasons, such as a point of branching or some other
irregularity in the structure of the molecule, growth would then tend to proceed in
many directions. In effect, this wouldmean an outward growth from the nucleus and
the development of spherulites. In this concept, it is seen that a spherulite is simply
caused by growth of the initial crystal structure, whereas in the fringedmicelle theory,
it is generally postulated that the formation of a spherulite requires considerable
reorganization of the disposition of the crystallites.
Both theories are consistent with many observed effects in crystalline polymers.

The closer packing of the molecules causes an increased density. The decreased
intermolecular distances will increase the secondary forces holding the chain
together and increase the value of properties such as tensile strength, stiffness, and
softening point.
The properties of a given polymer very much depend on the way in which

crystallization has taken place. A polymer mass with relatively few large spherulitic
structures will be very different in its properties to a polymer with far more, but
smaller, spherulites. A polymer crystallized under conditions of high nucleation/
growth ratios, with smaller structures, is generally more transparent.
Homogeneous nucleation occurs when, as a result of statistically random

segmental motion, a few segments adopt the same conformation as they would in
a crystallite.
High nucleation rates can be achieved together with high growth if heterogeneous

nucleation is employed. In this case, nucleation is initiated by seeding with some
foreign particle. This can be of many types but is frequently a polymer of similar
cohesive energy density to that being crystallized, but of a higher melting point.
Nucleating agents are now widely used in commercial products. They give a high
degree of crystallization and good clarity in polymer films.
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In later discussions in this book, it should be noted that migration behavior is
strongly dependent on the given polymer sample. This dependence comes from the
variety of plastics that exist with respect to their chemical nature, structure,molecular
mass distribution, manufacturing and processing conditions.

2.3
The Most Important Plastics

2.3.1
Thermoplastics

2.3.1.1 Polyethylene
Polyethylene is the most widely used mass–produced plastic. The worldwide pro-
duction capacity of PE in 2007 is estimated to 79 · 106 metric tons per year. Of this
amount 21· 106 tons are LDPE, 22· 106 tons linear LDPE (LLDPE), and the rest of
36 · 106 tons HDPE (Beer et al. 2005).
The development of PE began in 1936 with the introduction of the high pressure

polymerization process of ethylene to LDPE (0.915–0.94 g cm�3), which produced a
relatively lowmolecular weight polymer. Themanufacture of HDPE by low pressure
polymerization first began after the discovery of the Ziegler catalysts in 1953. The
HDPE produced using this process has a medium density (0.945 g cm�3). The
Philips and Standard Oil process was also developed in the 1950s and produces
HDPE with the highest density (0.96 g cm�3). LLDPE is the copolymer of ethylene
with about 8% 1-butene, 1-hexene, or 1-octene. Copolymers with 10–20% 1-octene
are �plastomers.� LLDPE is denoted as linear, because the ramifications are already
contained in the comonomers and not produced as transfer reactions. With these
short side chains, LLDPE has a density range from 0.900 g cm�3 for very LDPE
(VLDPE) to 0.935 g cm�3 for the octene-ethylene copolymer (Brydson, 1995).
Metallocene polyethylene (mLLDPE) is obtained from ethylene with metallocene

catalysts. They are characterized by relative narrow distribution of their molecular
masses, by low extractable contents and good organoleptic properties.
The number averagemolecular weight of LDPEwith a density of 0.92 g cm�3 (high

pressure polymer) is 10 000<Mn< 40 000. The relative molecular masses of all PE
families are generally smaller than Mr¼ 3· 105.
All polyethylenes are semicrystalline. Their densities and melting temperatures

decrease with the increase of ramification. The crystalline melting temperatures are
about 108�C for LDPE and LLDPE, 135�C for HDPE and 144�C for the ideal
crystallites of linear PE. The softening temperatures of the wax-like thermoplastic
are between 80 and 130�C. The glass temperatures are between �80 and �30�C.
At present,many hundreds of grades of PE,most ofwhich differ in their properties

in one way or other, are available.
PE possesses good chemical stability. Themechanical properties are dependent on

the molecular weight and degree of chain branching. PE can be easily heat sealed, is
tough and has high elasticity. It has good cold resistance properties and is a good
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water vapor barrier. However, LDPE has low barrier properties to gases, aromas, and
fats. With increasing density, all the barrier properties increase as well as the
stiffness, hardness, and strength, as a result of the higher crystallinity. At the same
time, there is a decrease in the impact resistance, toughness, resistance to stress
cracking, cold resistance, and transparency.
Since PE is a crystalline hydrocarbon polymer incapable of specific interaction,

there are no solvents at room temperature. Materials of similar solubility parameters
and low molecular weight will however cause swelling, the more so in low density
polymers. LDPE has a gas permeability in the range normally expected with rubbery
materials. HDPE has a permeability of about one-fifth that of LDPE.
The processing of PE is normally carried out at temperatures between 150 and

210�C.However, temperatures as high as 300�Ccan be reached during paper coating.
PE is stable at these high temperatures under inert atmospheres and, when being
processedunder these conditions, the oxygen concentration in and around the plastic
should be kept as low as possible.
The chemical stability of PE is comparable to paraffin. It is not affected by mineral

acids and alkalis. Nitric acid oxidizes PE and halogens react with it by substitution
mechanisms. By chlorination in the presence of sulfur dioxide, chlorine groups and
sulfonyl chloride are incorporated and an elastomer is formed. Oxidation of poly-
ethylene which leads to structural changes can occur to a measurable extent at
temperatures as low as 50�C. Under the influence of ultraviolet (UV) light, the
reaction can occur at room temperature.
In order to obtain sufficient adhesion of printing inks on PE surfaces, oxidation of

the surfacemust take place. This can be accomplished either with flame or by corona
treatment. Significant off-odors can be produced as a result of the oxidation process.
In particular, unsaturated ketones and aldehydes are implicated in these off-odors.
LDPE is used mostly in the form of films over thicknesses ranging from 15 to

250 mm.Coextrusions, laminates, shrinkfilms,films for the building industry and for
agricultural purposes, shopping bags, trash bags, and household films are all made
from LDPE. The coating of cartons and paper with LDPE using an extrusion process
makes the packaging (milk cartons and paper bags) water tight and heat sealable.
Films of polyethylene terephthalate (PET), PP, PA, and other plastic substrates are
extrusion coated with PE and, in so doing, are converted into water, gas and aroma–
tight, hot-fill and aseptic packaging.
Blown containers from LDPE are used as packaging in the pharmaceutical and

cosmetic industries as well as for foods, toys, and cleaning agents. Injection-molded
LDPE is used to make buckets and various household and kitchen containers.
The most important application area of HDPE is the production of containers and

injection-molded articles. Bottles for detergents, gasoline cans, and heating oil tanks
are some examples. The most common use of HDPE for injection-molded articles is
for the production of storage and distribution containers, like buckets and bottle
cases. However, processing into films and pipes has become increasingly
more common. Films made out of HDPE possess high fat resistance (as wrappers
for meat) and have better aroma barrier properties compared to lower density
PE materials.
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Copolymers of PE with vinyl acetate (EVA), acrylic acid ester, and methyl acrylic
acid increase the heat sealability, adhesion to other materials, and seal strength, and
they improve the polymer�s cold resistance and transparency. EVA in the form of
shrink films are well suited for meat packaging because of their relatively high gas
permeabilities.
EVA-copolymers are used as sealants. With vinyl acetate contents ranging from 15

to 40%, these copolymers are particularly applicable for the production of hot melts
because of their good compatibility with filled products and in mixtures with other
plastics. Ethylene vinyl alcohol copolymer (EVOH) is a plasticwith exceptional barrier
properties. It is manufactured by the saponification of EVA.

2.3.1.2 Polypropylene
Since approximately 1986, polypropylene (PP) has ranked third in the bulk plastic
production after PE and polyvinyl chloride (PVC), with an estimated annual produc-
tion of 40· 106 tons per year. PP is composed of linear hydrocarbon chains and
therefore its properties quite closely resemble those of PE. PP and its copolymers can
be classified into three categories: monophasic homopolymer (h-PP), monophasic
random copolymer (r-PP), and heterophasic copolymer (heco-PP). The h-PP can be
either isotactic, syndiotactic, or atactic.
Isotactic PP is obtained with propylene and transition metal catalysts or metallo-

cene catalysts. Syndiotactic PP is also obtained with metallocen catalysts. Atactic PP,
which in reality is highly ramificated PP, is an adhesive and not a typical polymer.
Statistical copolymers and BCPs of propylene with ethylene or 1-butene are also
denoted as technical polypropylene. The properties of isotactic PP are particularly
useful. The stereo regularity of themacromolecule chain construction and the related
high crystallinity give PP its outstanding characteristics. Large scale commercially
produced PP is up to 95% isotactic in nature.
Homopolymer PP is one of the lightest thermoplastics, having a density ranging

from 0.90 to 0.91 g cm�3. Pure isotactic PP has a melting temperature of 176�C. In
general, themelting temperature of commercialmaterials is around 150–170�Cwith
melting beginning around 140�C, which is much higher than PE. The molecular
weights Mr of the atactic PP are between 20 000 and 80 000 and for the isotactic PP
between 2· 105 and 5· 105.
The chemical compatibility of PP is similar to that of HDPE. PP can be swelled by

aromatic and chlorinated hydrocarbons and dissolved in them at higher tempera-
tures. The tertiary Catoms reduce the chemical inertness of PPandmake it, above all,
more sensitive to oxidation. This sensitivity to oxidationmust be compensated for by
the addition of antioxidants.
PP possesses good water vapor barrier and fat resistance properties. Normal PP

films have limited food packaging applications (e.g., packaging of bread) because of
their low cold temperature resistance. Copolymermixtures with ethylene are used to
improve cold resistance andheat sealability aswell asmaterial strength and, above all,
seal strength.
The statistical distribution of the monomer units leads to a significant decrease in

the degree of crystallinity with small amounts of ethylene (4–15%). These products
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result in better strength and transparency. The melting range is also broader and
begins at a lower temperature.
The large availability of nucleating agents based on sorbitol enables the fabrication

of clear PP products, with transparencies between 89% (homopolymer) and 96%
(metallocene random copolymers).
PP is an excellent material for injection and extrusion processes. The packaging

containers, in particular bottles, made using these processes should be mentioned.
PP bottles maintain their shape well at high temperatures which allows them to be
hot-filled. Improved properties are obtained by using polymermixtureswith ethylene
asmentioned before. Injection-molded containers are used for frozen foods, e.g., ice
cream. In addition, steam sterilizable containers and dishes can be produced for
heating in microwaves. New PP packaging developments are multiple-layer bottles
and canswith inner barrier layers, which can be hot-filled or sterilized in an autoclave
as well as directly steam sterilized. PP packaging can be filled with liquids that are
surface active because of its good stress-cracking resistance (Brydson, 1995).
Over 40% of PP produced in Europe is used to make films. Random copolymers

with ethylene are superior with regard to toughness, transparency, shrink character-
istics, and sealability. These films exhibit low stiffness, strength and hardness. The
thickness of these films lies between 12 and 125mm.
By stretching, usually biaxially, under their melting temperature range, PP films

can be orientated. Orientation can be used to improve properties like strength, cold
stability (down to �50�C), and heat resistance. Heat sealable biaxially orientated PP
(BOPP) is used for the packaging of confectionery products, baked goods, snack
products, pasta, potato products, and dried fruits. In addition, BOPP films play an
important role in cigarette packaging as well as in cosmetic and pharmaceutical
packaging.
OPP films serve as carriers in laminates. The shrink characteristics of PP are

greatly increased by biaxial stretching. After unwrapping an article, the film shrinks
back to its unoriented state upon nearing the crystalline melting point. The disad-
vantage of orientation is that it is not particularly suitable for heat sealing. To
overcome this disadvantage, the BOPP is coated with a heat sealable layer having
a low melting temperature. By coextruding a core layer of homopolymer PP along
with two heat sealable layers and subsequently stretching it, the thickness of the heat
seal layers can be reduced to 1mm.
For the packaging of sensitive foods, PP films are coated with polyvinylidene

chloride, polyvinyl acetate, EVA–copolymers, polyacrylates, styrene-butadiene
copolymers, LDPE, poly-1-butene, or random copolymers of propene with ethylene
and 1-butene. By using these various coatings, PP has recently sharply reduced the
use of regenerated cellulose (cellophane), the previous market leader in this area.
Polymer chain segments of pure PP and pure PE placed one after the other form

BCPs that have an increased degree of crystallinity. Depending on themanufacturing
process, copolymerswith an ethylene fraction of up to 30%can also benoncrystalline,
thus forming an ethylene–propylene elastomer.
Products with similar properties are also obtained frommixtures of homo-PPwith

PE as well as with ethylene–propylene elastomers. Such mixtures are interesting
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because of their high flexibility at low temperatures. These mixtures, which may
contain up to 50% elastomer, are designated as elastomer–modified thermoplastics.
These materials with elastomer content over 50% are referred to as thermoplastic
rubbers.

2.3.1.3 Polybutene-1
The manufacturing process and properties of polybutylene-1 are comparable to PP.
Compared to the aliphatic hydrocarbons, thismaterial is not as inert as PE and PP. Its
high burst strength and tear strength are very advantageous for the manufacture of
hot water pipes (resistant up to 95�C).
Good flexibility is a characteristic of polybutylene films, which makes it a good

plastic coating for paper and aluminum because of its high tear strength.
Butene-1 can be copolymerized with ethylene as well as with higher a-olefins like

propylene and 4-methyl-pentene.

2.3.1.4 Polyisobutylene
The rubbery character and particular physical and chemical properties of polyiso-
butylene stem from its paraffinic origins. Its outstanding properties are its low glass
transition temperature, very low water vapor permeability, and resistance to many
chemicals. At room temperature polyisobutylene is resistant to dilute and concen-
trated mineral acids and bases, as well as hydrogen peroxide.
Low molecular weight polyisobutylene is used both as the soft component and as

the adhesive component in glues and sealants. The high molecular weight polymers
are quite similar to vulcanized rubber.
Polymer mixtures of isobutylene and polyolefins are used for the manufacture of

lacquers. Polymermixtures with styrene also have different applications for impreg-
nation compounds, glues, etc.
Copolymers of isobutylene with styrene (<10%) and isoprene (<3%)may be used

for the manufacture of food contact materials. The following polymerizates and
polymer mixes can be added to these polymerizates: PE, PP, styrene–acrylonitrile
mixed polymers, mixed polymers of ethylene, propylene, butylene, vinyl esters, and
unsaturated aliphatic acids as well as salts and esters and polybutene-1.

2.3.1.5 Poly-4-methylpentene-1 (P4MP1)
Poly-4-methylpentene-1 possesses a largely isotactic structure with over 40% crys-
tallinity. Its characteristic properties are high transparency and a very low density of
0.83 g cm�3, as well as its applications at high temperatures up to 150�C.
4-Methylpentene-1 can be copolymerizedwith n–alkenes (C2–C5;<10%, C6–C14;

<5%).

2.3.1.6 Ionomers
Polymers having carboxyl groups in their ionized form are obtained through high
pressure polymerization of ethylene with 1–10% of an unsaturated organic acid and
treatment with compounds of magnesium, zinc, calcium, or sodium (e.g., magne-
sium acetate). These polymers have a type of ionic crosslinking, which is stable at
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normal temperatures but can be reversed at higher temperatures. By these means,
ionomers possess increased stiffness while still having sufficient flexibility at high
temperatures. Ionomer films, also known as Surlyn (DuPont), have high water vapor
permeability because of their low crystallinity compared to PE. At the same time,
ionomers show exceptional oil and fat resistance. A particular advantage of this
material is its good adhesion to other substrates. Thus, it is used in laminations
because of its good resistance to delamination. Disadvantages compared to PE are its
high cost and low application temperatures.
The maximum zinc content of the finished ionic crosslinked mixed polymeriza-

tionmaterial is about 3.5%. Polymermixtures of ethylene, propylene, butylene, vinyl
esters, and unsaturated aliphatic acids as well as salts and esters can be used in the
manufacture of ionomer food contactmaterials. Thematerials are then differentiated
according to whether they contain no crosslinking or have ionic or physical cross-
linked materials, using peroxide.
For the manufacture of uncrosslinked ionomer polymer mixtures ethylene,

butene-1, isobutylene, vinyl chloride, vinylidene chloride, aliphatic carboxylic acids
of vinyl esters (C2–C18), aliphatic unsaturated mono and dicarboxylic organic acid
esters (C3–C8) with mono aliphatic saturated alcohols (C2–C12), and unsaturated
aliphatic mono and dicarboxylic organic acids (C3–C8) can be used as rawmaterials.
Ionomer polymermixtures can be cut with various products. Thematerials used to

cut the ionomer are paraffins, microcrystalline waxes, plasticizer-free vinyl chloride,
polymer mixtures of PE, PP as well as natural and synthetic rubber. Finished
materials made from uncrosslinked ionomer mixtures may not be used for contact
with fatty foods.
Peroxide crosslinked ionomer mixtures made from the above–mentioned raw

materials may be used in contact with fatty foods under certain limited conditions,
according to their raw materials and additives. Vinyl chloride and vinylidene
chloride should not be used in materials having either ionic (ionomer) or physical
(e.g., through electron beam irradiation) crosslinks. Crosslinked PE can be used
for the manufacture of food contact materials, e.g., for drinking water pipes and
fittings. The crosslinking can be done using either peroxide or electron beam
irradiation.

2.3.1.7 Cyclic Olefin Copolymers (COC)
Cyclic olefin copolymers are characterized by high clarity, transparency, rigidity,
strength and heat resistance, good stability, and low moisture absorption. These
amorphous plastics are related to PE and PP in terms of their chemical structure.
Norbornene, a cyclic olefin used as a comonomer with ethylene, makes COC very
rigid and hard as compared with polyolefins. The newmetallocene catalyst technology
makes it possible to produce a wide range of grades with different glass transition
temperatures from 70 to 180�C.
Typical applications include pharmaceutical and food primary packaging. The

material can be added to standard plastics such as PE and PP to improve the property
profile. Meat, cheese, and sausage benefit from higher performance films. In
complex multilayer solutions, COC improves not only the barrier properties but
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also the rigidity/strength, thermoformability, and toughness of the overall film
(Sparenberg 2005).

2.3.1.8 Polystyrene
With an annual production of over 12· 106 tons, polystyrene (PS) occupies the fourth
place behind PE, PP, and PVC on the bulk polymer list. PS has been commercially
produced since 1930. As a thermoplastic plastic, it can be processed between
temperatures of 150 to 300�C. At higher temperatures, depolymerization takes place
by splitting out the styrene. Products formed from PS are hard and transparent, with
high brilliance and resistance tomany chemicals. Its disadvantages are its brittleness
and sensitivity to stress cracking. Because of its high permeability to gases and
vapors, it is mainly used as amaterial for products requiring short shelf-lives, usually
refrigerated and not having too high a fat content, such as yoghurt, ice cream, fresh
cheese, and coffee cream. PS is also used as a divider or organizer for fruits, eggs,
baked goods, and sweets. In the past few years, PS has been increasingly replaced in
many application areas by the less expensive PP.
Polystyrene has little strength if its molecular weight is below 50 000 but increase

rapidly, with molecular weight up to 100 000. An increase above 100 000 has a little
further effect on the tensile strength, but continues to have an adverse effect on the
ease of flow. The melting temperature of the isotactic PS is around Tm¼ 230�C and
for the syndiotactic PS is around Tm¼ 270�C.
Styrene can be copolymerized with many monomers. The following monomers

can be used along with styrene in the manufacture of food contact materials:
a-methylstyrene, vinyltoluene, divinylbenzene, acrylonitrile, ethyleneoxide, butadiene,
fumaric and maleic acid esters of the monofunctional saturated aliphatic alcohols
C1–C8, acrylic acid ester and methacrylic acid, maleic acid anhydride, methylacry-
lamide-methylol ether, vinylmethyl ether, vinylisobutyl ether. Styrene and/or
a-methylstyrene and/or vinyltoluene should be the main mixture component in
every case.
Through the polymerization of a styrene rubber solution, one obtains styrene-

butadiene (SB) mass. SB forms a two-phase system in which the styrene is the
continuous phase and the rubber, usually a butadiene base, is the discontinuous
phase. The rubber phase also contains pockets of styrene. The SBpolymer, because of
its properties, is also known as impact resistant or high impact PS (HIPS).
The combination of high transparency, toughness and high impact resistance of

thermoplastic SB polymers (Styrolux from BASF), and their miscibility with PS
over a wide range opens a broadly adjustable characteristics spectrum for blends
(Schwaben 2005). Another possibility is a mixture of PS and SB with a thermo-
plastic elastomer that likewise consists of styrene and butadiene. Such a
plastic with the trade name Styroflex can be further combined with PS/SB or
HIPS with advantageous properties for applications at low temperatures (e.g., for
ice packing).
When the continuous phase is formed by a copolymer of styrene and acrylonitrile,

then one obtains a material known as acrylonitrile-butadiene-styrene (ABS). The
acrylonitrile part improves the stress–crack resistance of the polymer.
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Although the absorption of water vapor by PS is very low, it cannot withstand
boiling water. PS is soluble in aromatic and halogenated hydrocarbons as well as in
ethers, esters, and ketones. Even though many single substances do not attack PS,
one can observe obvious synergistic effects with respect to interactions. Essential oils
and various cosmetics andmedical preparations attack PS and lead to stress cracking
among other problems.
PS is resistant to salt solutions, bases, and dilute acid solutions. Oxidizing acids

cause oxidative degradation of PS. In the presence of oxygen, UV light leads to
yellowing and brittleness. The chemical stability of PS is on the whole lower than PE.
Packaging for food and pharmaceuticals as well as household appliances and

containers like drinking cups and disposable dishes are all made from PS and SB.
Oriented PS films are used for packaging milk products and cigarettes. The low heat
conductance and high impact resistance at low temperatures are advantageous
properties for the use of PS as a packaging material for freezing.
Of the styrene copolymers used for food packaging, the styrene-acrylonitrile

copolymer known as SAN still needs to be mentioned. SAN copolymers possess
better mechanical properties and better resistance to oils and aroma compounds
than PS. Copolymers with acrylonitrile fractions of 20–35% find uses as household
and camping dishes. Copolymers with a higher acrylonitrile content (>60%) have
earned particular importance as barrier plastics. With an increasing acrylonitrile
fraction, the gas permeability decreases sharply.
Copolymers with Methacrylic Acid Esters are also used in Packaging.
The breakthrough to bulk plastic was made possible by the development of ABS

polymers. This copolymer mixture (acrylonitrile, butadiene, and styrene) leads to a
combination of technologically important properties that have allowed its use for
many diverse applications.
The continuous phase in the ABS polymer is responsible for most of its chemical

properties. Because of the presence of only C–C binding in the polymer chain, no
hydrolytic reactions can take place. ABS polymers are in general resistant to aqueous
salt, base or acid solutions and are not dissolved by paraffinic hydrocarbons.
Depending on the type and amount of the rubber phase, a weight gain due to
uptake of hydrocarbons can take place. The copolymer is also resistant to fat and
various cosmetic creams. This results from increased polarity due to acrylonitrile.
Halogenated hydrocarbons, aromatics, esters, and ketones however dissolve the SAN
phase. Oxidative substances, in particular acids, destroy the polymer chain. The good
cold resistance of this material (to �40�C) deserves a mention.
Finally, styrene homopolymerswith the addition of�6%of a lowmolecularweight

hydrocarbon, for example pentane, are the most important starting materials for the
manufacture of PS hard foams.

2.3.1.9 Polyvinyl Chloride
The ability of vinyl chloride to polymerize was first observed over 150 years ago.
Polyvinyl chloride has been industrially manufactured since approximately 1930.
Even thoughpure PVC is fairly unstable, themanifold applications aremade possible
by the discovery of effective stabilizers and other additives for the polymer.

2.3 The Most Important Plastics j39



At the beginning of the 1970s, the annual production figures for PVC and PEwere
quite similar. However, since 1971 serious health problems and complications have
been seen in persons exposed to vinyl chloride in the air. The formation of liver
angiosarcomas in workers in the PVC industry marked a turning point in PVC
production. The residual concentration of the vinyl chloride monomer in PVC that
was approximately 300–400 ppm (mg kg�1) in the 1960s was reduced to 2–5 ppm in
1976 and presently is well under 1 ppm. The additional technological effort needed to
remove the remaining residual monomer and the decreasing acceptance by con-
sumers of this plastic in the meantime led to a relative decrease in the use of PVC
compared to PE. This decrease has been particularly noticeable for food packaging.
Additionally, PVC can be replaced by PP in various applications. Nevertheless, PVC
has still maintained a leading position among the bulk plastics today because of its
low price and numerous application possibilities. The global annual capacity for PVC
production is about 30 · 106 tons.
PVC is resistant to nonpolar (hydrocarbon) and strongly polar substances (water,

inorganic acid). Middle polarity compounds such as cyclohexanone, dimethylforma-
mide, acetone, chlorinated hydrocarbons, tetrahydrofuran, and phenol all either
swell PVC or dissolve it. This behavior can easily be attributed to the slightly polar
structure of the PVC macromolecule.
When PVC is pyrolyzed, the main decomposition product is hydrochloric acid,

along with small amounts of saturated and unsaturated hydrocarbon side products.
PVC is easily degraded through the effect of heat, light and mechanical energy. In
order to improve the low stability of this plastic, a series of additives are incorporated
into the PVC melt. The most important additives for the processing of PVC are the
plasticizers, which may be incorporated at elevated temperatures to give mixtures
stable at room temperature.
Due to its particularly good polymer characteristics, PVC has an enormously wide

spectrum of applications. Blow-molded containers for packaging liquid products
(beverages, edible oils, detergents, cosmetics, and pharmaceuticals) receive special
consideration, as do dishes for fatty foods (highly stable against low polarity
substances) and films (such as soft PVC films with high gas permeability) for fresh
meat packaging. Soft PVC is also used as a component in seals.
Vinyl chloride can be copolymerized with a series of monomers: vinylidene

chloride, trans-dichloroethylene, vinylesters of aliphatic carboxylic acid (C2–C18),
acrylic acid esters, methyl acrylic, and/or maleic acid as well as fumaric acid with
monofunctional aliphatic saturated alcohols (C1–C18), monofunctional aliphatic
unsaturated alcohols (C3–C18), vinyl ethers frommonofunctional aliphatic saturated
alcohols (C1–C18), propylene, butadiene, maleic acid, fumaric acid, itaconic acid,
acrylic acid, methyl acrylic acid (total <8%) and n-cyclohexylmaleic acid (<7%).
PVC can be blended with numerous other polymers to give it better processability

and impact resistance. For the manufacture of food contact materials, the following
polymerizates and/or polymer mixtures from polymers manufactured from the
above–mentioned starting materials can be used: chlorinated polyolefins; blends of
styrene and GCPs andmixtures of polystyrene with polymerizate blends; butadiene-
acrylonitrile-copolymer blends (hard rubber); blends of ethylene and propylene,
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butylene, vinyl ester, and unsaturated aliphatic acids as well as salts and esters;
plasticizer–free blends of methyl acrylic acid esters and acrylic acid esters with
monofunctional saturated alcohols (C1–C18) as well as blends of the esters of methyl
acrylic acid; butadiene and styrene aswell as polymer blends of acrylic acid butyl ester
and vinylpyrrolidone; polyurethane manufactured from 1,6-hexamethylene diiso-
cyanate, 1,4-butadiol, and aliphatic polyesters from adipic acid and glycols.
For unplasticized chlorinated PVC, unplasticized chlorinated polymer blends of

vinyl chloride and mixtures of these copolymers with other polymer blends, the
following starting materials can be used: PVC (homopolymer); polymer blends
of vinyl chloride, vinylidene chloride trans-dichloroethylene, ethylene, propylene,
butylene,maleic acid, fumaric acid, itaconic acid, acrylic acid,methacrylic acid aswell
as chlorine.
Unplasticized PVC and polymer blends of vinyl chloride can be added to chlori-

nated polymers manufactured using the above starting materials.
Because of the increasing amount of criticism from consumer groups due to the

formation of hydrochloric acid during burning and because of plasticizer migration
from soft PVC films, PVC is continually being replaced by other plastics. The
strongest competition exists in the container market where it is being replaced
by PET for beverage packaging. Soft PVC films can also be replaced by other
polyolefin-based systems.

2.3.1.10 Polyvinylidene Chloride
Homo and copolymers of vinylidene chloride (VDC) possess extremely high barrier
properties to gases, water, and aromas as well as good resistance to water and
solvents. The barrier properties of polyvinylidene chloride (PVDC) come from the
dense packing of its polymer chains (without voids or branching), which are
crystalline in their stable form. The chlorine content of the high density polymer
is 73% (1.80–1.97 g cm�3, crystalline).
PVDC dissolves at room temperature only in polar solvents like hexamethylpho-

sphoric acid amide or tetramethylene sulfoxide. Amorphous PVDC can also be
dissolved in tetrahydrofuran. Above 125�C PVDC decomposes by giving off hydro-
chloric acid. Under the influence of high energy irradiation, basic compounds and
heavy metals cause decomposition. Stability with respect to decomposition can be
increased by copolymerization with vinyl chloride, acrylonitrile, methyl acrylate, and
others. At the same time, copolymerization decreases crystallinity and increases the
gas permeability.
In packaging, thin PVDC films are used as barrier layers in laminates. PVDC

dispersion coatings provide very good barrier properties on paper, regenerated
cellulose, OPP, and other plastic films. The coatings can also be manufactured so
that they are heat sealable. Because of their heat sealability, fat and oil resistance, and
good flexibility, PVDC polymers are exceptional packaging materials.

2.3.1.11 Thermoplastic Polyesters
The most important representatives of this group are PET and polybutylene tere-
phthalate (PBT). Even though the cost of these plastics is presently in the medium
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price range, one can count on a reduction in their price in the future due to their
widespread use.
The following starting materials can be used for the manufacture of polyesters for

food contact: terephthalic acid, isophthalic acid (<25%), adipic acid, azelaic acid,
sebacic acid, ethylene glycol, butanediol-1,4, 1,4-dihydroximethyl cyclohexane, ter-
ephthalic acid methyl ester, azelaic acid dimethyl ester, sebacic acid dimethyl ester,
oligomeric diglyceride ether of 4,40-dioxidiphenyl-2,2-propane (a.k.a. disphenol-A-
diglyceride ether (>2%), n-decane dicarboxylic acid-1,10 (>15%), polyethylene glycol
(<0%)). PE (<5%) or PP (<5%) may be added to polyesters manufactured from the
above starting materials.
The linear saturated polyesters are hard, semicrystalline thermoplastics that

are impact resistant even at low temperatures, smooth, and have good wear
resistance. Their glass temperatures are around 67–80�C and the melting tempera-
tureTm¼ 255�C. Themolecular weights of commercial polymers are between 10 000
and 20 000.
The barrier properties of PETare good with respect to gases, aromas, and fats and

have slightly lower barrier properties against water vapor. Because of its partial
crystallinity, PET has a high strength at short–time load over a wide temperature
range from �60�C to over 200�C.
The glassy clearness and strength are improved by stretching the plastic. Biaxially

stretched PET films with thicknesses around 12mm are important substrates in
barrier laminates and have a wide spectrum of uses, especially for longer times at
high temperatures over 150�C.
Cardboard bakingdishes coatedwith crystallinePETor crystallinePBT (Tm¼ 227�C)

can be used in convection ovens up to temperatures of 200–220�C. Single portion
dishes made from heat-formed films find wide applications in microwave ovens.
Biaxially stretched PET covers an important application area of bottles, wide-mouth
jars, and cans. These containers are particularly well suited for carbonated beverages,
edible oils, and spirits. The gas barrier properties can be improved by coextrusion
with a barrier layer such as polyamide. Another good barrier polymer is polyethy-
lenenaphthalat (PEN), which is obtained from ethyleneglycol and dimethyl-2,6-
naphthalene-dicarboxylate. Themelting temperature of PEN is Tm¼ 266�C. Coating
of PETand the use of oxygen absorbers are also methods for oxygen reduction. With
such improved barrier properties, PET can also be used for beer and wine.

2.3.1.12 Polycarbonate
Polycarbonate (PC) is a high value plastic with high strength and hardness alongwith
good toughness. PChas a high resistance to heat, up to 135�C, aswell as to cold, down
to �90�C. The relatively expensive glass-clear amorphous plastic, however, possesses
relatively high permeability to gases and water vapor which makes it necessary to
combine it with a suitable barrier layer. PC is well suited for themanufacture of dishes
and kitchen utensils, coffee filters and machines, baby bottles, and other containers.
For food contact articles, the following starting materials can be used: 4,40-

dioxy-diphenyl-2,2-propane (bisphenol A), 4,40-dioxy-diphenyl-1,1-cyclohexane,
2,6-bis-(20-hydroxy-50-methylbenzyl)-4-methyl phenol (<1%), 1,4-bis-(40,40-

42j 2 Characteristics of Plastic Materials



dihydroxytriphenyl-methyl)-benzol (<1%), diphenyl carbonate, phosgene, terephtha-
lic acid dichloride, isophthalic acid dichloride, 4,40-dioxy-diphenyl-3,30-oxindol
(<1%), 3,3-bis-(3-methyl-4-hydroxyphenyl)-2-indolinone (<1%).
The following substances for limiting polymer chain length in themanufacture of

PC can be used: phenol (<2%), tertiary butylphenol (<3%), or 4-(1,1,3,3-tetramethyl-
butyl)-phenol (<5%). These substances are incorporated into the polymer macro-
molecule. PC can be mixed with copolymers of styrene, butadiene, and acrylonitrile
where the PC forms the bulk of the total mixture.

2.3.1.13 Polyamide
The manufacture of the large variety of polyamides (commonly referred to as nylons)
occurs throughpolycondensationof aminocarboxylic acids (or functional derivativesof
them, e.g., lactams) and from diamines and dicarboxylic acids. Labeling the amino
groups with A and the carboxyl groups with B allows differentiation of the different
chemicalstructuresbetweenthetwotypes:AB(fromaminocarboxylicacids)andAA-BB
(fromdiaminesanddicarboxylicacids).ThenumberofCatomsinthemonomersactsas
a code number for the identification of the polyamides. The polycaprolactam manu-
factured from caprolactam (type AB) is then called polyamide 6 (PA 6). The number of
carbonatomsindiamineisgivenfirst fortypeAA-BBfollowedbythenumberofatomsin
the dicarboxylic acid, e.g., PA 66 for polyhexamethylenediadipic amide from hexam-
ethylenediamine and adipic acid. For copolymers the components are separated by a
slash,e.g.,PA66/6(90 : 10) isacopolymercomposedof90partsPA66and10partsPA6.
For food contact articles, the following can be used as starting materials: straight

chain o-amino acids (C6–C12) and their lactams; adipic acids, azelaic acid, sebacic
acids, dodecane dicarboxylic acids, and heptadecanedicarboxylic acids of hexam-
ethyldiamine; isophthalate acid, bis(4-aminocyclohexyl)-methane, 2,2-bis(40-amino-
cyclohexyl)-propane, 3,30-dimethyl-4,40-diaminodicyclohexyl-methane, terephthalic
acid or its methylester, 1,6-diamino-2,2,4-trimethylhexane, 1,6-diamino-2,4,4-tri-
methylhexane, 1-amino-3-amino-methyl-3,5,5-trimethylhexane.
Polymer blends having PA as the bulk phase can contain ethylene, propylene,

butylene, vinylesters, and unsaturated aliphatic acids as well as their salts and esters.
PA 6, PA 12, PA 6/66, PA 6/12, and PA 11 all have particular importance in the
packaging area. Because of the strong polar nature of the CONH group, hydrogen
bonds are formed between neighboring macromolecules. As a result PA is hard,
temperature resistant, and some types are highly crystalline. The shorter the segment
betweentheamidegroups, themorewaterthepolargroupscanabsorb.Theabsorption
of water increases the strength while at the same time decreasing the stiffness. Air-
moisture-conditioned samples are not in a danger of stress cracking. Except for the
chlorinatedhydrocarbons, polyamides are resistant tomost solvents, fats, oils, alkalis,
and acids. They can be dissolved in concentrated sulfuric acid, phenol, andm-cresol.
Even though PA have good barrier properties to gases and aromas, the barrier

properties against water are onlymediocre. Themelting points vary between 175 and
262�C (Tm¼ 215�C for PA 6 and Tm¼ 262�C for PA 66) and the molecular weight
between 9000 and 15 000. PA is also applicable for use at low temperatures ranging
from �50�C to �70�C.
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The main application of this relatively expensive plastic in the packaging area is in
laminates. Its good barrier properties are improved by combining itwith PE,whichhas
goodwater vaporbarrier andheat sealability properties.Thermoformable laminatesare
usedforvacuumorinertgaspackedmeatproducts,fish,andcheese.Biaxialstretchingof
PA (OPA) improves its stiffness and leads to its use as a carrierfilm togetherwith a heat
sealable layer in laminates. Vacuum and inert gas packing of coffee, milk powder, and
meatproductsaresomeof themanyexamplesofsuchapplications.ThesePAlaminates
are also used in the inner bags for �bag-in-a-box� liquid packages.
Future trends in connection with polyamides used as barrier polymers are

combinationswith nanotechnology. Lanxess has developed amaterial with nanoscale
fillers that shows a significantly increased oxygen barrier. Thematerial in question is
PA 6, which is modified with 1 nm silicate platelets during manufacture. These act
as tiny obstacles that considerably delay the progress of oxygen molecules through
the film (see also Chapter 10). The new film material combines the advantages of
low-cost PA 6 with those of the more impermeable ethylene vinyl alcohol (EVOH)
copolymer (Joachimi, Kunststoffe). As a result of the so-called nano-effect, very small
additions of nanoparticles can achieve what is otherwise only possible with large
quantities of conventional mineral fillers.

2.3.1.14 Polymethylmethacrylate
In comparison to bulk plastics, thermoplastic polymethylmethacrylate (PMMA) is
much more expensive. Its particular characteristics are clarity, hardness, low absor-
bance, and resistance to aqueous solutions, acids, alkalis, carbon dioxide, and fat. It is
attacked or dissolved by polar organic solvents. Typical food contact articles are
dishes, cups, and silverware. In addition it has orthopedic and denture uses.
For food contact articles made from acrylic and methacrylic acid ester copolymers

and their polymer blends, the following starting materials can be used:

. esters of methacrylic acid and acrylic acid with mono- and multifunctional
saturated aliphatic alcohols C1–C18, dimethylamino ethanol, cyclohexylamino
ethanol, trimethyl ammonium ethanol chloride, ether alcohol, phenol, benzyl
alcohol,

. styrene and a-methylstyrene,

. acrylic acid, methyl acrylic acid, maleic acid, itaconic acid,

. amides of acrylic and methacrylic nitrile,

. butadiene,

. vinylidene chloride,

. vinyl and allyl esters of acrylic and methyacrylic acid, and

. triallylcyanurate.

The esters ofmethacrylic acid and acrylic acid should form the largest fractions in the
finished product.
The addition of different starting materials to methylmethacrylate modifies the

properties of the PMMAmelt. For example, by lowering the working temperature or
increasing thewarm formstability (through incorporation ofmaleic acid and styrene)
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the plastic can be made impact tough down to �40�C and is suitable for the
manufacture of blown containers and deep-drawn packaging for food andmedicines.

2.3.1.15 Polyoxymethylene or Acetal Resin
Polyoxymethylene (POM) plastics are highly crystalline thermoplastics that are
obtained by polymerization of formaldehyde and can also be in the form of
trioxymethylene oligomers (trioxane). Polyacetals are primarily engineering materi-
als being used to replace metals.
In food contact articles ethylene oxide, butane diolglyceride ether, butane diolformal,

1,3-dioxane, 1,3-dioxolane (total< 6%) canbeused as comonomers. Amines, triphenyl-
phosphine, borotrifluoride, and others can be used as catalysts (total< 0.1%) and
various polymerization regulators and polymerization inhibitors can be used.
Because of their high crystallinity POM polymers are white opaque, have high

strength, and toughness even at low temperatures (usable from�40�C to 100�C and
for short times at 150�C). They are resistant to alcohols, esters, hydrocarbons, and
weak alkalis, but are not resistant to acids (pH< 4). The copolymers are more
resistant to hot water.

2.3.1.16 Polyphenylene Ether (PPE)
The amorphous thermoplastic poly-2,6-dimethylphenylene ether or PPE is charac-
terized by a very high glass transition temperature (215�C) and a low density
compared to other engineering thermoplastics. The polymer is also characterized
by superior resistance to hydrolysis and moisture uptake. It was introduced com-
mercially in 1964 under the trade name PPO.
PPE is capable of forming unusual blends with PS. Normally, they are designated

as modified PPE resins and combine the best properties of PPE and PS.
Food packaging represents a special segment among extrusion grades. Modified

PPE provides the required impact strength, resistance to hydrolysis, dimensional
stability, and melt strength in applications such as microwaveable frozen food
packing and single-serve portions. Compared to PP, PPEþPS blends are break-
resistant at frozen-food temperatures and guarantee good stiffness at considerable
thinner walls. Their stiffness exceeds that of PP or PETeven at elevated temperatures
(Peters and Parthasarathy 2005).

2.3.1.17 Polysulfone
As a result of incorporating benzene rings in the molecular chain, the temperature
resistance of thermoplastic polysulfone (PSU) is quite high and lies around 130�C.
Better temperature resistance at higher temperatures can be obtained by bonding the
benzene rings using oxygen, sulfur, or sulfur groups as well as nitrogen–containing
imide groups. Polysulfone (PSU) and polyethersulfone (PES) are two amorphous
polar thermoplastics having lower application temperatures from �70 to �100�C
and constant use temperatures in air from 150–170�C (PSU), 200�C (PES), and for
short times up to 200�C (PSU) and 260�C (PES).
These plastics have high strength and stiffness and are particularly suitable for

the manufacture of microwave dishes, hot water containers, and other household
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articles. The uptake of water by polysulfones influences themechanical properties in
a similarmanner to PA.One obtains particularly good heat resistancewith polyimide
plastic dishes.

2.3.1.18 Fluoride Containing Polymers
Even though these plastics are used mainly as coatings in the manufacture of food
contact materials, they are treated in this section as thermoplastics.
The most important representative of this group is polytetrafluorethylene (PTFE),

which is synthesized by the radical polymerization of tetrafluoroethylene. This high
molecular weight, crystalline, linear polymer is exceptionally resistant to solvents and
other chemicals. PTFE melts around 320–345�C and can be used continuously
between temperatures of �200 and 260�C. Because of its nonwetability, PTFE has
exceptional antiadhesive properties and in addition shows good slip characteristics.
For these reasons, the polymer is used as a raw material for temperature-resistant
nonstick coatings for frying pans, pots, and other cooking pots and utensils.
Plastics with similar properties and applications can be found in the form of

polymer mixtures of PTFE with other polymers (see Section 2.3.7).

2.3.1.19 Polyvinylether
Polyvinylethers form a further group of thermoplastics, which are not used as
containers or packaging films. They are atactic polymers forming oils, sticky soft
resins, or nonsticky rubber elastic materials according to their molecular weight and
composition. All polyvinylethers are very resistant to saponification by dilute acids
and alkalis. They can subsequently be used as unsaponifiable polymer plasticizers
and for the manufacture of glues.
The following startingmaterials can be used for themanufacture of polyvinylether

polymers: vinylmethylether, vinylethylether, vinylisobutylether, vinyloctylether,
vinyldecylether, and vinyloctadecylether.
Polymerization of polyvinylethers is initiated using cationic initiators like borotri-

fluoride, and the finished product may not containmore than 0.4% borane and 0.3%
fluoride as decomposition products. Tertiarybutylphenol disulfide (<0.15%) can be
used as a stabilizer as well as a polymerization regulator.
The solubility of the polymer in various media is dependent on the nature of its

vinyl groups. Polyvinylmethyl ether dissolves in aromatic hydrocarbons, esters,
ketones, alcohols, and cold water.However, polyvinylbutylether is soluble in aliphatic
hydrocarbons but not in water, methanol, and ethanol. Polyvinyloctadecyl ether
possesses awax-like consistency. The polymers can bemixedwith one another aswell
as with many natural resins and plastics.

2.3.2
Thermosets

The most important thermosets are:

. phenolic resins (PF)

. urea-formaldehyde resins (UF)
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. melamine-formaldehyde resins (MF)

. unsaturated polyester resins (UP)

. epoxide resins (EP).

2.3.2.1 Amino Resins (UF, MF)
Melamine resins are used from this group of thermosets for themanufacture of food
contact materials. Melamine can be used in mixtures with urea and in some applica-
tions with phenol (<1%). The polymerization process is catalyzed in the presence of
organic acids (e.g., acetic acid, lactic acid, tartaric acid, citric acid), hydrochloric acid,
sulfuric acid, phosphoric acid, sodium and potassiumhydroxide, ammonia, calcium,
ormagnesiumhydroxide as well as salts of these substances (total< 1%)which cause
the elimination of water and lead to a cured resin system. Stearic acid can be used as a
lubricant as can zinc, calcium, and magnesium salts; esters of montanic acid with
ethandiol and 1,3-butandiol as well as silicone oil (total <1%).
Dishes and cups for eating and drinking are manufactured bymolding and can be

recognized by their light, nonfading color. These articles are resistant to hot water,
organic solvents, oils, fats and alcohols. The polymers containing phenolmay only be
used for household and kitchen utensils and equipment (intended only for short food
contact times).

2.3.2.2 Unsaturated Polyester (UP)
As a preliminary step in the manufacture of unsaturated polyester thermoset plastic,
one uses low molecular weight linear polyester (Mr� 10 000) obtained by a poly-
condensation of polyglycols with saturated and unsaturated dicarboxylic acids. The
precondensate can then be dissolved and stored in the stabilized comonomer, e.g.,
styrene, with which it will be crosslinked later. The crosslinking polymerization
reaction between the polyester chains and the styrene bridges is initiated with the
help of organic peroxides, which are added dispersed in plasticizers. The reaction
begins at 60–90�C and then proceeds exothermally. In addition to this, a cold
hardening reaction can also be carried out. For this reaction, cold accelerators are
necessary, e.g., tertiary amines or cobalt naphthenate.
Food contact materials must be hardened in a hot air oven (80–100�C) for a couple

of hours. After the oven treatment, the material must be washed for 1–2 h with hot
water (80�C) in order to remove volatile and water-soluble components.
The following substances are recommended starting materials for unsaturated

polyesters: fumic acid, maleic acid, methyl acrylic acid, adipic acid, phthalic acid,
resinic acid, isophthalic acid, terephthalic acid, hydrated or halogenated phthalic
acids, aliphatic and substituted aliphatic single and multifunctional alcohols up to
C18, alkoxylated and hydrated phenols and bisphenols, styrene, vinyltoluene, acrylic
acid and methyl acrylic acid esters of the C1–C4 alcohols, and tricyclodecane
dimethanol.
The hardened, light stable, lightly pigmented food contact materials are not

susceptible to stress cracking, but are resistant to alcohols, ethers, hydrocarbons,
fats, and can be used with weak acids and boiling water. Typical applications are
beverage containers and silos for foodstuffs.
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Phthalate-based polycondensate resins, modified with unsaturated fatty acids and
styrene as well as with vinyltoluene havemany applications in the form of paints and
lacquers as �alkyd resins.�

2.3.3
Polyurethanes

This plastic includes a large group of polyaddition polymers which are formed
through the reaction of bifunctional or trifunctional alcohols with di- or polyisocya-
nates. By varying the startingmaterials, linear as well as crosslinkedmacromolecules
with correspondingly different properties are formed. Alcohols with three functional
groups and/or triisocyanate are used to make crosslinked polyurethane (PUR)
elastomers.
The market is dominated by flexible foam and rigid and semirigid foam. Other

materials are reaction injection molding (RIM) products and thermoplastic rubbers,
surface coatings, sealants, adhesives, and synthetic leathers.
With respect to food packaging applications, there are many different cases. Most

of the food contact articles as well as coatings do not come into complete contact with
foods for long time.
Examples are storage containers, container coatings, seals having large surface

areas and packaging. The following raw materials can be used: adipic acid, carbon
dioxide, 1,2-ethanediol, 1,2-propanediol, glycerin, 1,6-hexanediol, 1,4-butanediol,
2,2-dimethylpropanediol, 2,3-butanediol, diethyleneglycol, propoxylated trimethyl-
propane, diethoxyhydrochinone as well as polyesters of these diols and acids with
hydoxyl end groups. In addition, polyethers based on ethylene dioxide, propylene
dioxide, and/or tetrahydrofuran with free hydroxyl groups can be used.
The following isocyanates arementioned: hexamethylene-1,6-di-isocyanate (HDI),

bis-(4-isocyanatocyclohexyl)methane (H12MDI), isophorone diisocaynyte (IPDI),
diphenylmethane-2.40-di-isocyanate and diphenylmethane-4,40-di-isocyanate (MDI),
2,4-toluene di-isocyanate, and 2,6-toluene diisocyanate (TDI).
Crosslinkedpolyurethanes are used as glue layers in food packaging.As opposed to

glued seams, which when properly used have no or very minute food contact surface
areas, the glue layer is a very thin coating covering the complete package surface area.
But it has no possible direct contact with the food due to a covering material.
Nevertheless, it cannot be ignored that some migration may take place from the
polyurethane layer through the covermaterial layer. There should be nomigration of
residual reactive low molecular weight starting material components found in the
glue during the manufacture of the laminate.
The following starting materials can be used for these applications:

. polyesterpolyole (polyesters containing hydroxyl end groups) based on carboxylic
acid, adipic acid, phthalic acid, trimellitic acid (benzene-1,2,4-tricarboxylic acid),
sebacic acid, malic acid, ethanediol, propanediol-1,2, butanediol-1,3, butanediol-
1,4, 2,3-dimethyl propanediol-1,3, 1,1,1-trimethylol propane, diethylene glycol,
hexanediol-1,6, glycerin, dimethylpropanediol-1,3, glycerin,
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. polyetherpolyole (polyether containing hydroxyl end groups),

. reaction products with hydroxyl end groups manufactured from 1 and 2 polyoles
with diisocyanates mentioned above,

. reaction products with end isocyanate groups manufactured from the above-
mentioned isocyanates and polyoles.

As accelerants, caprolactam and, as chain lengtheners, tri-isopropanol amine are
recommended.
After the removal of solvents, notmore than 10 g of polyurethane should be applied

per 1m2. Residual solvents and amines may not be detected in foods or food
simulants coming in contact with the laminate films.
Linear polyurethane is used for coating paper. The above-mentioned diols and

polyethers based on ethylene oxide and propylene oxide with free hydroxyl groups,
adipic acid, phthalic acid, and the isocyanates indicated in (3) may be used as starting
materials.
The main type of water-borne, dry bond laminating adhesives used for laminating

food contact materials are the epoxy urethane adhesives. As there are no reactive
isocyanate groups in epoxy urethane adhesives, there is no risk of the generation of
aromatic amines during use. However, BADGE and bisphenol-A can be potential
migrants from epoxy urethanes.
As emulsifiers Na and K salts of glycine, lysine, and taurines (total<0.8%) as well

as N-(2-amino-ethyl)-3-amino propane sulfonate and/or N-(2-amino-ethyl)-2-amino
ethane sulfonate (total<5.0%) are recommended. These emulsifiers are incorporat-
ed into themacromolecules and therefore can be found only in very small amounts in
the finished product. Esters of montanic acid with ethanediol and/or 1,3-butanediol
and mixtures of these esters with unesterified montanic acid as well as Ca salts (total
<1.5%) can be used as lubricants and mold release agents.
Linear polyurethane for paper coating can bemixedwith plastic dispersions where

the polyurethane forms the bulk of the coating.
Polyurethane is also used as a foam, mostly in a sheet form as an underlay or a

middle layer, for example in fruit bins. The following starting materials for polyure-
thane foam can be used: polyester with hydroxyl end groups made from adipic acid,
diethylene glycol, trimethyl propane (methylol) aswell as polyether based on ethylene
oxide and/or propylene oxide with free hydroxyl groups in combination with 2,4-
toluene diisocyanate and 2,6-toluene diisocyanate. Stabilizers, dispersants, and
amines (as catalysts in amounts up to 1.2%) can be used.

2.3.4
Natural and Synthetic Rubber

The consumption of classical elastomers in 1997 was about 16 · 106 tons, of what
60% was synthetic rubber: styrene-butadiene rubber (SBR) 53%, butadiene
rubber (BR) 18%, isoprene rubber (IR) 2%, chloroprene rubber (CR) 3%, ethylene-
propylene-diene rubber (EPDM) 8%, and acrylonitrile-butadiene rubber
(NBR) 4%.
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In food contact materials and articles that contain rubber, only a portion of the
material�s surface area contacts the food and for only a short time. For this reason,
articles containing rubber can be divided into five categories corresponding to the
intended application of the rubber–containing materials and articles. These catego-
ries are as follows (Franck et al., 2006):

Category 1. Food contact materials and articles which according to their intended use
come in contact with food for 24 h to several months. Examples of such applica-
tions are storage containers, protective container coatings, seals with large surface
areas, and sealing rings for cans, jars, bottles, and similar articles.

Category 2. Food contact materials and articles which according to their intended use
come in contact with food for a maximum of 24 h. Examples are hoses for
pumping food, stoppers and caps for bottles, sealing rings for pressure cookers,
hoses for coffee machines, lid seals for milk containers, and valve balls.

Category 3. Food contact materials and articles which according to their intended use
come in contact with food for a maximum of 10min (short time contact).
Examples are shaker beakers, milking machine hoses, seals for milk processing
equipment, membranes, pistons, faucets, pump rotors, roller coverings, and
conveyors for fatty foods as well as gloves and aprons worn when handling food.

Category 4. Food contact materials and articles from which, according to their
intended use conditions, no mass transfer to food could occur. Examples are
conveyor belts and roller covers, suction and pressure lines for filling or emptying
tanks, seals for pipes, pumps, faucets, and valves for drinking water.

Special category. Food contact materials and articles which are intended to be used
during the consumption of foodwhich, according to their intendeduse,will be put
in the mouth. Examples are toys, balloons, nipples, pacifiers, teething rings, and
bite protectors.

Solid rubber, latexes, and rubber dispersions may be used for the manufacture of
food contact materials. The starting materials used for solid rubber are natural
rubber, GCPs of natural rubber with acrylic or methylacrylic acid esters of mono-
functional C1–C4 alcohols; butadiene and isoprene polymers; polymers and polymer
mixtures of mono-, di-, and trichlorobutadiene including styrene or acrylonitrile
(chloroprene rubber); polymermixtures of butadiene as well as isoprene and styrene
and/or acrylonitrile (nitrile rubber) and/or divinyl benzene and/or acrylic as well as
methacrylic acid; polymer mixtures of isobutylene and isoprene (butyl rubber);
polymer mixtures of ethylene and a-olefin with chain length C3–C4 and/or acyclic
or cyclic double unsaturated monomers (ethylene-propylene-rubber); chlorosulfo-
nated PE for rubberized materials and clothing.
These starting materials can be used alone and in combination with various

polymers or polymer mixtures. The starting materials for solid rubber may also be
used for the manufacture of latexes and rubber dispersions.
In addition to the mentioned starting materials many processing aids, stabilizers,

and other additives are used which are potential migrants into the product coming in
contact with the rubber.
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2.3.5
Silicones

The term silicone, or more precisely polyorganosiloxane, is used to describe a group
of plasticswhose backbones are composed of an inorganic chain of alternating silicon
and oxygen atoms. The silicon valences not bound to oxygen are saturated using
organic groups (R):

    R             R             R

   R             R             R

− − − − − − −Si O Si O Si O
I
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I
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With this structure, the silicones occupy a special classification between the inor-
ganic silicates and organic polymers. This structure leads to a series of very useful
material characteristics which no other product group has. The numerous possible
compounds with linear or crosslinked spatial structures can lead to oils, greases,
rubbers, or resins that are used in every conceivable technology.

Uses of silicone fluids: polish additives, release agents, water-repellent applications,
lubricants, and greases

Uses of silicone resins: laminates, molding compositions
Uses of silicone rubbers: car uses (sealing rings, O-rings, gaskets, ignition cables, etc.),

cable insulations
Diverse applications: blood transfusion tubing, antibiotic container closures, domestic

refrigerators, nonadhesive rubber-covered rollers for handling different materials,
potting and encapsulation, medical applications (particularly for body implants).

The building blocks of the polymer are the silicon–containing siloxane units. Their
composition comes from the fact that every oxygen atom acts as a bridge between two
silicon atoms and only half of the silicon atom is needed for bonding. The number of
oxygen bonds determines the functionality of a siloxane unit (Table 2.3). The use of
the symbols found in the table simplifies the description of the chemical composition
of themacromolecule, usually polymethyl siloxane. If the siloxanemethyl groups are
partly or completely replaced by other groups, then a corresponding symbol is used
like DPh2, TPh, DVi, MH (Ph¼C6H5�, Vi¼CH2¼CH�, H¼ hydrogen). As an
example, one obtains the simplified notation:
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The most important starting materials (>95% by weight) for silicone synthesis are
methyl chlorosilanes. Next to them are phenyl chlorosilanes, methyl phenyl chlor-
osilanes, methyltrifluoropropyl chlorosilanes, and a variety of silanes containing
organic functional groups such as hydroxyl, amine, epoxy, acrylate, and carboxyl
which are responsible for the different products.
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The intermediate steps leading to the formation of polydimethyl siloxanes are
composed of linear and/or cyclic dimethyl siloxanes formed by hydrolysis or
methanolysis of dimethyl dichlorosilane:

O HCl + CH+ 2 DOHCH + 2SiCl) (CH

HCl+ 2 DO H + SiCl)(CH

          CH

HClOH + 2 HO D + 1) H2OCl + (SiCl
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The hydrochloric acid by-product can be used again for the formation of silanes.
The same can happen with the methylene chloride produced by methanolysis. If the
dimethyldichlorosilane used contains residual tri- or tetrafunctional silanes or other
impurities, a clean-up step of polydimethyl siloxane is conducted using a ring closing
reaction with the help of alkali. The synthesis of linear polydimethyl siloxane for
silicone oil and elastomers (raw materials for silicone rubber) takes place either

Table 2.3 Labeling of siloxane unit structures.

Unit of siloxane Formula Symbol
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through acid or basic ring opening and polymerization, or through polycondensation
of linear dihydroxymethyl siloxane with hydroxyl end groups. The average chain
length and subsequent viscosity of silicone oil is adjusted by the addition of chain-
building siloxane types such as MDnM, M2, or water.
The branched polyorgano-siloxanes present in silicone resins aremanufactured in

an analogousmanner. The intermediates from the siloxane oligomers are the starting
materials for the polycondensation reaction. The resulting product can containOH�
or alkoxy groups and can be used for further processing to make silicone–based
resins. These resins can be pure silicones or copolymers with polyethers.
The details of silicone synthesismentioned here show the complicated problem of

assigning starting materials for these plastics, which can be the object of mass
transfer processes. From the analytical and toxicological viewpoints, these materials
are completely altered during the course of the reaction by, for example, ring
formation and alteration in the presence of alkali. The only detectable substances
that can be considered are the residual low molecular weight oligomer mixtures. A
listing and description of individual components is just not possible.
The technically most important silicone oils are of the type MDxM. They are

resistant to high temperatures up to 250�C in the presence of air. The products
containing phenyl groups are the most stable. The low temperature dependence of
their viscosity makes their use at very low temperatures (�60�C) possible.
Their packaging uses are usually in the form of emulsions. They function as

coatings and coverings, for example as lubricants for corks and plastic casings or
as antistick coatings for rubber stoppers and seals. The addition of thickening
fillers (e.g., calcium salts or straight saturated monofunctional carboxylic acids
C10–C20) to silicone oil produces greases as well as pastes.
Silicone elastomers (silicone rubber) are marked by their high stability and

constant mechanical properties over a wide temperature range (�50 to þ200�C
and for short times up to 300�C). They can bemanufactured using a two–component
system that becomes crosslinked at room temperature (RTV 2K) or through for-
mation of crosslinks at high temperatures (hot vulcanizable, HV). The RTV 2K
elastomers are crosslinked either with polydimethyl siloxane with hydroxyl end
groups in the presence of a catalyst (Di-n-octyl-tin-dilaurate) or with polydimethyl
siloxane with dimethylvinyl siloxy end groups with the help of a platinum catalyst.
The crosslinking of HV products takes place between the polymethyl siloxane
containing vinyl groups with the help of organic peroxide. Platinum catalysts can
also be used for crosslinking.
Silicone elastomers can be used for paper coatings, nipples, teething rings, seals

for baking ovens, refrigerators, etc.
Silicone resins can be made from pure polyorganic siloxanes with a high percent-

age of tri- and tetrafunctional siloxy groups,which are crosslinked in the presence of a
catalyst by heating at 250�C for a long time. They can also be made from amixture of
polyorganic siloxanes with polyesters.
One differentiates resins into those for direct food contact use like lacquers for

baking forms and paper coatings and those resins for indirect food contact use like
grills, warming plates, and others.
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2.3.6
Plastics Based on Natural Polymers Regenerated Cellulose

The group of plastics known as regenerated celluloses forms a transition from the
natural polymers to the completely synthetically produced plastics. As a converted
natural product, regenerated cellulose foil (cellophane) has formed the basis for the
first transparent, flexible packaging for food and tobacco which contributed signifi-
cantly to the development of the self–service shops since the beginning of the 1920s.
Regenerated cellulose, as its name implies, is manufactured from cellulose. The

rawmaterial is transformed to sodium-cellulose-xanthogenate (viscose) with sodium
hydroxide and carbon disulfide. With this process, the cellulose chains composed of
over 1000 glucose units are reduced to approximately 400 units. The very viscous
viscose is passed through a die under pressure into a sulfuric acid bath, where it
coagulates and a regeneration of cellulose takes place. The soft, regenerated cellulose
is then passed through a series of baths where it is further strengthened, bleached,
and conditioned. During these processes, plasticizers and moisturizing agents are
worked into the regenerated cellulose film.
In order to make the regenerated cellulose film heat sealable, it is lacquered. The

resulting different film types are then described according to an international
standard nomenclature. With a three place number, the weight-to-surface area ratio
is given. With a combination of letters, the following properties are labeled:
unlacquered (P), nitrolacquered (M), PVDC lacquered (X), heat sealable (S), suitable
for folding and twist wrapping (F), and high water vapor permeability (D).
The glass-clear, shiny and tear-resistant regenerated cellulose is permeable to

water vapor, but resistant to contact with fats. P-regenerated cellulose foil is used for
the packaging of baked goods and dough products for short storage times, and also
used for candies. The permeability of the lacquered films to water vapor, oxygen,
and aromas depends on the type of lacquer. X-regenerated cellulose foil is par-
ticularly impermeable. Lacquered regenerated cellulose is used for the packaging
of bread and other baked goods, particularly for fatty products, for spices, nuts,
dried fruits, pralines, foods with intensive odors, and cigarettes. The outstanding
properties of regenerated cellulose as a packaging material are its machinability
and thick seal seams, because cellulose does not melt when the heat seal temperature
is set too high.
For economic reasons, regenerated cellulose has been replaced recently or is in

serious competition with PP films in many applications. Regenerated cellulose has
the advantage that it biodegrades well in composting.

2.3.6.1 Biodegradable Polymers

Polysaccharides One of the industrially available natural polymers for the manu-
facture of biodegradable plastic materials is starch. Starch is produced and stored by
various types of plants. The differing properties of various starches result from their
different proportions of amylose (linear starch chains) and amylopectin (branched
starch chains).
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The solid polymeric starch granules with their defined structures and crystal-
linities can be incorporated as biodegradable filler into nonbiodegradable synthetic
polymers like PE. Starch and PEmixtures can be extruded. Until now, shopping bags
and compost sacks have been manufactured and various application possibilities
tested in the packaging area.
Starch is suitable, in principle, for processing as a thermoplastic.Water retained in

the starch can function as a plasticizer. Starch has also been used as a rawmaterial for
producing foams.
By fermentation of the starch one obtains pullalane, which belongs to the

polymaltoses group. The expensive material is not extrudable, but rather suitable
for molding processes and can be used for water soluble packaging.

Polyesters Various procaryotic microorganisms can produce polyhydroxyalkano-
ates, using regenerable carbon sources. This polymer is a storage material and can
make up to 90% of the dried cell weight. Themost widely researchedmaterial in this
group up till now is the poly-D(�)-3-hydroxybutyric acid (PHB).
ICI has developed a fermentation process for PHB having various levels of

polyhydroxyvalerate (PHV) as a copolymer. This polymer is marketed under the
product name BIOPOL. The material is extrudable and can be used as bottles for
packaging cosmetics. Because of the high migration rate of the triacetine plasticizer
used (see Chapter 4), it is not suitable for food use. Currently, efforts are beingmade
to manufacture this material as a film.
While PHB and PHV are not considered true plastics, another biodegradable

polymer polycaprolactone (PCL) is a plastic material because its monomer
e-caprolactone is obtained on an industrial scale from petrochemical products
(cyclohexanone and peroxyacetic acid). This synthetic plastic with its low melting
point is easily extrudable, and applications in the packaging area are envisioned.
In view of the necessity for getting waste disposal under control coupled with

limited fossil raw material resources, biodegradable polymer and in particular
polymers from renewable resources will gain importance in the future. In the most
sensitive application area, food contactmaterials, and articles, it is possible initially to
use these materials in very limited amounts. The easy decomposition of these
packaging materials is at variance with the inertness needed to protect packaged
food. These polymers are particularly sensitive to moisture. By finishing operations
such as surface treatments, one could improve the inertness of these polymers.
However, the degradability would be diminished by such processes.

2.3.7
Coatings and Adhesives

Most of the plastics discussed here now could be used, not just in the manufacture
of different materials and articles, but also as finishing materials in the form of
coatings on other substrates or as adhesives between two layers. By using coatings,
paper for example could be made impermeable to water or fat, tin cans protected
against corrosion, kitchen articles and appliances made nonstick, etc. Whereas

2.3 The Most Important Plastics j55



films, containers, and other plastic materials and articles are manufactured from
polymerized materials, one often uses partly polymerized mixtures as coatings and
adhesives. These mixtures are then chemically crosslinked or thermally treated to
bind them to the substrate material to make the finished product. The variety of
substances used in the coating and adhesive mixtures makes the study of mass
transfer processes often difficult. These substances, for example, can be solvents,
crosslinking agents, or certain starting materials. In addition, the coating formula-
tions are composed of many low molecular weight polymers whose properties have
been selected for a particular application. Coated articles can also come in contact
with food.

2.3.7.1 Lacquers
The manufacture of lacquers with good adhesion, independent of the intended
application, requires numerous chemical substances. These can be broadly divided
into volatile and nonvolatile components. Solvents belong to the volatile group and
binding agents and additives belong to the nonvolatile group.
Binding agents are themain coating components and principal film formers. Film

formation can take place using the following techniques:

. application of a solution or dispersion of macromolecular binding agent onto a
substrate and evaporation of the solvent; in order to reduce the amount of organic
solvent, water based solutions and dispersions are being used more frequently,

. application of the binding agent in molten form,

. film formation by chemical reaction.

The physically dried binding agents include acrylic resins, polyesters, silicones,
cellulose derivatives, and others. Polyamides and polyolefins are used as rawmaterial
for powder lacquers. Differing from physically dried lacquers, chemically dried
lacquers contain crosslinked macromolecules. The raw materials used as binding
agents can, in this case, be used without solvents because of their low viscosities and
react with the substrate by one of the above-mentioned polymerization reactions.
One can further divide lacquers according to their drying processes into oxidative

drying, cold hardening, irradiation hardening, and oven drying.
The additives used for lacquer manufacture are composed of processing aids like

hardening accelerators, flow agents, crosslinking agents, and others like plasticizers,
fillers and, if necessary, pigments.
Natural products and transformed natural products can also be used as binding

agents for packaging applications. These are shellac, dammar gum, dried unsaturat-
ed oils (linseed oil), rosin and hydrated esters of rosin, cellulose acetate and
propionate acetate, cellulose acetobutyrate, cellulose nitrate, and ethyl cellulose.
The following polycondensation, polymerization, and polyaddition products can

be used as binding agents: alkyd and polyester resins, epoxy compounds, phenol-
formaldehyde resin, urea and/or melamine-aldehyde resin, cyclic urea resin, car-
bamide acid ester formaldehyde resin, ketone formaldehyde resin, polyurethane,
polyvinylester, polyvinyl acetate, polyvinyl chloride and polymer mixtures, PE,

56j 2 Characteristics of Plastic Materials



polystyrene, styrene mixtures and GCPs, polyamide, polycarbonate, polyvinyl ether,
polyacrylic and methacrylic acid esters, polyvinyl flouride, polyvinylidene chloride
copolymers, UV, and/or electron-irradiated lacquers.

2.3.7.2 Plastic Dispersions
Adispersion is a system consisting of two ormore phases inwhich amaterial isfinely
distributed throughout another. Dispersions can be liquid/liquid (emulsions) or
solid/liquid (suspensions). Polymer dispersions consist of an internal phase – the
polymer or copolymer and an external phase – water.
The consumption of polymer dispersions in 1997 was 10 · 106 tons. Themarket is

divided among styrene-butadien dispersions (35%), dispersions containing vinyl
acetate (32%), styrene and styrene-acrylate dispersions (25%), and others in minor
quantities. They have many applications: coatings and paints, adhesives, textile
finishing, paper coatings, and others.When used as coatings, the dispersions should
be suitable for food contact. Many substances can be used as monomers:

. acrylic acid and methacrylic acid esters of C1–C8 monofunctional aliphatic satu-
rated alcohols and ether alcohols (RO�(CH2)x�OH),

. vinyl esters of C1–C8 aliphatic saturated carboxylic acids,

. vinyl chloride, vinylidene chloride,

. acrylonitrile and methacrylonitrile,

. ethylene, butadiene, isoprene, isobutylene, propylene, 2-chlorobutane, 2,3-dichlor-
obutadiene, tetrafluoroethylene, styrene,

. malic acid and fumaric acid esters fromC1–C8monofunctional aliphatic saturated
alcohols orC3–C18monofunctional aliphatic unsaturated alcohols, esters of C3–C12

aliphatic carboxylic acids with C3–C18 unsaturated alcohols, esters of unsaturated
dicarboxylic acid with polyethylene glycol and/or PP glycol,

. vinyl ethers of C1–C18 monofunctional aliphatic saturated alcohols,

. acrylic acid, methacrylic acid, crotonic acid, malic acid, fumaric acid, itaconic acid,
vinyl sulfonic acid, styrene sulfonic acid, half esters of malic and fumaric acid,
itaconic acid with C1–C18 monofunctional aliphatic saturated alcohols as well as
their alkali and ammonium salts, vinyl pyrolidone, amides of acrylic and
methacrylic acids and N-methylolamide of acrylic and methacrylic acid as well as
their ethers, N-vinyl-N-methylacetamide,

. acrylic acid ester of diethylaminoethanol and/or methacrylic acid ester of
dimethylaminoethanol,

. acrylic acid and methacrylic acid esters of C2–C18 aliphatic dialcohols, divinyl and
diallyl esters ofC3–C18 saturated aliphatic dicarboxylic acids, vinyl and allyl esters of
acrylic acid and crotonic acid triallyl cyanurate.

Some of these dispersions can be crosslinked by vulcanization.

2.3.7.3 Microcrystalline Waxes
The substances discussed here are used mostly for coating, impregnation and
lamination of paper packaging. They can be divided into four groups:
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1. Hard paraffins having natural origins. Included in this group are mixtures of
solid, pure, mostly straight-chain hydrocarbons coming from oil, brown coal,
and shale tar oils. The solidification temperature must lie between 43�C and
75�C. For liquid packages, in particular milk, this temperature may not be below
52�C. Further conditions (kinetic viscosity, iodine color number) and purity
requirements are given. In particular these materials may not contain any
fluorescence-quenching substances.

2. Microcrystalline wax. These are mixtures of solid, purified, mainly branched,
saturated microcrystalline hydrocarbons made from oil with solidification tem-
peratures between 50 and 90�C. Theymust alsomeet specific purity requirements.

3. Synthetic hard paraffin. This includes mixtures of high molecular weight, solid,
purified, mainly straight-chain hydrocarbons with solidification temperatures
between 92 and 105�C.

4. Low molecular weight PP with a relative molecular mass between 2500 and
6000.

The above-mentioned materials can be mixed with one another. A series of
other polymers and resins can also be added if the substances listed in 1 to 4 form
the bulk of the material. Additional materials are: PE, PP, low molecular weight
polyolefins, polyterpenes (mixtures of aliphatic and cycloaliphatic hydrocarbons
produced by polymerisation of terpene hydrocarbons), polyisobutylene, butyl
rubber, dammar gum, glycerine and pentaerythrite esters of rosin acid and their
hydration products, polyolefin resins, hydrated polycyclopentadiene resin (substance
mixturesmanufactured by thermal polymerization of amixturemainly composed of
di-cyclopentadiene with methylcyclopentadiene, isoprene and piperylene which is
then hydrogenated).
The finished products coated with substances or substance mixtures listed above

may not be used as food contact materials for fats and oils or for foods containing fat
in which the fat forms an external phase.

2.3.7.4 Temperature-Resistant Coatings
Fluoropolymers are used for themanufacture of coatings for frying pans, pots, fryers,
and other cooking equipment and utensils. Polytetrafluoroethylene with a melting
point of approximately 327�C is mostly used, but polymer mixtures with perfluor-
oalkylvinyl ether and hexafluoropropylene can also be used.
According to the intended conditions of use, these types of cooking equipment can

reach temperatures of 320–340�C for short times (<15min) in places not covered by
food (e.g., foods like sausages, pancakes).
In addition to the polymer substrate, a series of binding resins made from

polyamide and polyimide, polyphenylsulfide (PPS), polyether sulfone (PES), and/or
silicone resin are necessary for applying the coating. Such substances like laminating
agents (lithium polysilicate, aluminum phosphate, and phosphoric acid) and various
additives are also used. Included in these additives are emulsifiers and further
processing aids (e.g., silicone oil).
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Under the present state of the art technology with correctly applied sintering of the
coating, the total amount of substance released during heating of the cooking item is
well under 1mgdm�2.

2.3.7.5 Printing Inks and Varnishes
Printing inks, including varnishes, are products manufactured from pigments,
binders, solvents, and additives. Many of the substances mentioned in this chapter
and especially in the above sections are also used as components of printing inks and
varnishes. There are solvent-based, waterborne, oleo-resinous, or energy-curing (UV
or electron beam) systems. They are applied as flexography, offset, gravure printing,
and roller varnishing.
Pigments used in printing inks include both inorganic pigments (e.g., carbonblack,

titanium dioxide) and insoluble organic pigments prepared often from azo, anthraqui-
none,andtriarylmethanedyesandphthalocyaninesThemanufactureofinksconsistsof
dissolvingordispersingresinsinorganicsolventsoroilstoproducethevehicle(varnish),
mixinganddispersing thepigment into the vehicle, and then introducing thenecessary
additives. In lithography and letterpress, where inks are dried by absorption and
oxidation, vehicles are generally mixtures of mineral and vegetable oils and resins.
Flexograpicinks,whicharedesignedtodryquicklybyevaporation,canbebasedonwater
ororganicsolventssuchasethanol,ethylacetate,n-propanol,or isopropanol,withawide
variety of resins. Vehicles for gravure inks may contain aromatic or aliphatic hydro-
carbons and ketones as solvents. Inks for screen printing use organic solvents that are
somewhat less volatile than those used for flexography or gravure (e.g., higher glycol
ethers and aromatic and aliphatic hydrocarbons) (Robertson 2006).UVradiation-cured
inks, commonly based on acrylates, are used in all of the printing processes to varying
degrees. ForUVcuring, a varietyof photoinitiators areusedwhichmayproducea series
of reaction products. Traces of photoinitiators and their degradation products can be
transported into foodsbydiffusing throughthepackaging layerand/orbyset-off.Set-off
canoccur in the stackoron the reel subsequent toprinting,when ink transfers fromthe
print to the reverse of the adjacent sheet.
Binders are the film-forming components of inks in which the coloringmaterial is

finely dispersed. After the drying of the print, binders serve to adhere the ink film to
the printed surface and contribute to functional properties.

1. Binders for conventional drying are:
. rosin-derived resins obtained from rosin, maleic acid, fumaric acid, glycerol,
pentaerythritol, isophthalic acid, formaldehyde;

. hydrocarbon resins and phenolics made from cresol, cyclopentadiene, formal-
dehyde, phenol, and 4-tert-butyl phenol;

. cellulose resins: nitrocellulose, ethylcellulose, cellulose acetate butyrate (CAB),
cellulose acetate propionate (CAP), alcohol soluble propionates (ASP);

. acrylic acid: styrene copolymer obtained from acrylic acid and its methyl, ethyl
and butyl esters, methacrylic acid and its methyl, ethyl, butyl and ethyl-hexyl
esters, styrene and a-methyl-styrene;

. vinyl resins: polyvinyl acetate, PVC, polyvinylbutyral, polyvinylether;
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. polyamide resins: PA 66, 610, 11, 6, 12;

. polyurethane resins;

. urea and melamine formaldehyde resins;

. oxidative oils, alkyds, and fatty acid monoalkylesters obtained from soybean oil,
linseed oils, sunflower oil, palmitic acid, isophthalic acid, phthalic anhydride,
benzoic acid, adipic acid, maleic anhydride, trimethylol propane, glycerol,
pentaerythritol;

. cyclohexanone formaldehyde copolymer;

. polyester resins from terephthalic, isophthalic and adipic acid, phthalic anhy-
dride, azelaic acid, hexahydrophthalic anhydride, cyclohexane dicarboxylic acid,
2,2-dimethyl-1,3-prpanediol, trimethylol propane, diethylene glycol, ethylene
glycol, 1,6-hexanediol,1,2-propanediol;

. epoxy resins from BADGE, bisphenol-A, epichlorohydrin, cyclo aliphatic
epoxides.

2. Binders for energy curing packaging inks are:
. stenomeric acrylates: tripropylene glycol diacrylate (TPGDA), dipropylene
glycol diacrylate (DPGDA), 1,1,1-trihydroxymethylpropyl triacrylate (TMPTA),
pentaerythritol tri-tetraacrylate (PETA), glycerol propoxylate triacrylate (GPTA),
polyoxyethylpentaerythritol tetraacrylate (PPTTA);

. eurymetric acrylates (products with a rather high molecular weight and a wide
molecular weight distribution): aromatic and aliphatic urethane acrylates,
polyester acrylates, polyether acrylates, epoxy acrylates.

Additives are used in small quantities anddetermine the technical properties of the
printing inks and overprint varnish. They are often specific to certain ink types: acid
catalyst, adhesion promoter, amine solubilizer, antifoam agent, antimist, antiatatic,
biocide, chelating agent, flow agent, gallant, ink stabilizer, optical brightener,
photoinitiator, slip agent.
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3
Polymer Additives
Jan Pospíšil and Stanislav Nešpu°rek

3.1
Introduction

When considering mass transport phenomena in plastics used as packaging materi-
als in contact with fresh or processed food, bottles for drinks, cosmetics, pharma-
ceuticals, as greenhouse or mulching films in agriculture and various articles or
implants in human and veterinarymedicine (for example, bags for blood transfusion
and dialysis, coverings for facial or limb corrections, surgical fibers or supports,
syringes), specific attention has to be paid to a possible transfer of low molecular
weight compounds (residual monomers, oligomers, stabilizers, polymer degrada-
tion products). Commodity plastics used for the above-mentioned applications, i.e.,
high density polyethylene (HDPE), low density polyethylene (LDPE), linear-low
density polyethylene (L-LDPE), isotactic polypropylene (PP), poly(vinyl chloride)
(PVC), poly(ethylene terephthalate) (PET), polyamide (PA), and polystyrene (PS),
are a commercial failure without additives. The latter are organic or inorganic
chemicals enabling processing of plastics, shaping their use, and enhancing end-
use performance. Additives influence the future development of plastics and make
them value-added materials under increased environmental regulations at regional
difference. They are used at levels of 0.05wt.% up to about 20wt.%. Their market is
very cost competitive, standardized across the globe, and corresponds to the world
growth of plastics� production. Additives are classified by function and not chemistry
(Table 3.1), and are used under stringent legislation and environmental rules. The
legal bans against particular chemicals are global selective. Chemical legislation
proposed by the European Commission as Registration-Evaluation and Authorisa-
tion of Chemicals (REACH) (Bennemann, 2005) may affect additive application
rules.
About 75% of all additives have been consumed in PVC. Additives modifying

plastics� properties constitute about 70% of the totally consumed amount in com-
parison to 23% of property extenders and 7% of processing aids (Pfaendner, 2006).
Some additives or their residues remaining in trace amounts in the plastics, such

as processing aids, are not generally declared in commercial articles. The presence of
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additives having properties of stabilizers and plasticizers must be declared. Their
suppliers must provide appropriate details on the regulation status of each additive
with respect to industrial hygiene, the environment, and indirect contact with food. A
part of the additives, stabilizers in particular, is very reactive and is present in the
plastic matrix in a chemically transformed form (see Section 3.12).
Characteristic functions of plastic additives providing marketable packaging

materials and their representative structures are outlined in this chapter. Details
may be found in specialized monographs or reviews, for example, Pospíšil (1995),
Pospíšil and Nešpu° rek (2000a), Pritchard (1998), and Zweifel (2001).

3.2
Antifogging Agents

The optical clarity of packaging materials containing food with high water content
(vegetables, fruits, various cheeses, fresh meet) or greenhouse films can be impaired
after coolingbelow thedewpoint by the formationof small discretewater droplets on the
inner surface of thefilmsmaking the content invisible. In applicationswhere perforated
films having effective water vapor transmissions are undesirable, antifogging agents

Table 3.1 Additives used in plastics for contactwith food, pharmaceuticals andmedical applications.

Additive Polymer

HDPE LDPE L-LDPE PP PS PA PET PVC

Antifogging agent þ þ þ þ þ
Antistatic agent þ þ þ þ þ þ þ þ
Blowing agent þ þ þ
Colorants þ þ þ þ þ þ þ þ
Fillers, reinforcing agents þ þ þ þ þ þ þ þ
Lubricants (þ) þ þ þ þ þ
Nucleating agents þ þ þ þ
Optical brighteners þ þ þ þ þ þ þ þ
Plasticizers þ
Stabilizers
Antiacid þ þ þ þ þ þ
Antimicrobials þ þ þ þ þ þ
Benzofuranone (lactone) þ þ þ þ (þ)
Dehydrating agent þ
Dialkylhydroxylamine þ
Heat stabilizers (organotins, metal soaps) þ þ
Hindered amine stabilizers þ þ þ þ þ þ (þ)
Organic phosphate (not as flame retardants) þ þ
Organic phosphite, phosphonite þ þ þ þ þ þ þ
Phenolic antioxidants þ þ þ þ þ þ þ þ
Thioethers (thiosynergists) þ þ
UV absorbers þ þ þ þ þ þ þ
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with properties of surface active substances, such as poly(oxy ethylene), sorbitan
monooleate, or polyglycerol are effectively used (Wylin, 2001).

3.3
Antistatic Agents

Static electricity is a considerable problem in highly insulating plastics. Ionogenic and
nonionogenic additives reducing the chargeability of plastics are applied either from
solutions on the plastic surfaces (�external� antistatics) or mixed into the plastic masses
during processing (migratory �internal� antistatics decreasing transparency). A semi-
conducting layer dissipating charges is formed on the surface of the plastic (Clint, 1998).
Hydrophobic heads of the molecule of antistatic agents are fixed to the surface of the
macromolecule andseparate it fromthedirect contactwithairhumidity.Thehydrophilic
tails absorb humidity, increase electrical conductivity of the surface, and help to prevent
electrostatic build-up. Spark discharges capable of igniting flammable gases are pre-
vented, and dust pickup at surfaces of films or containers is eliminated.
Cationactive agents (quarternary ammonium,phosphonium, or sulfoniumsalts, for

example (3-dodecanoylamidopropyl) trimethylammonium methylsulfate (1)) and an-
ionactive agents (for example, alkylsulfonate (2) or salts of alkylated benzenesulfonic
acid) are typical ionic external antistats. Nonionic agents (such as poly(ethylene glycol)
monoethers (3) or ethoxylated fatty alkylamines or amides, glycerol, poly(ethylene
glycols)) are used as internal antistatics. Their molecular architecture is important in
terms of the compatibility with the plastics and the migration rate to the polymer
surface.On the onehand, the solubility in the plasticmust not be too good so that there
is an adequate tendency for it tomigrate to the surface.On the other, the solubilitymust
not be too low so that blooming is too fast. The solubility of external antistatics plays no
role in their activity mechanism. Ionic antistatics are of choice for PVC and PS.
Nonionic antistatics are excellent for polyolefins (PO).
Concentration of antistatics in plastics is usually from 0.1 to 2wt.%. Special grades

of electro-conducting (EC) carbon black are used in PO at levels higher than 10wt.%.
Other conducting fillers incorporating antistatic effects, such as metals or organic
semiconductors (for example, polypyrrole or polyaniline), are not commonly used in
plastics for contact with food.

3.4
Blowing Agents

Expanded PVC or PS packaging materials are widely used in the catering industry.
Various chemical blowing agents generating thermally inert gases are used (Hurnik,

(CH3)3N+(CH2)3NHCC11H23  CH3OSO3

O

O = SOC12H25  Na

O

O

1 2 3

HO  (CH2)2O 8C12H25
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2001), for example 2,20-azobis(isobutyronitrile), p-toluenesulfonylhydrazide, p-tolue-
nesulfonylsemicarbazide, diisopropylhydrazodicarboxylate, or 5-phenyltetrazole.
Low molecular weight and migrating transformation products of these additives
remain in the final expanded polymer matrix.

3.5
Colorants

Medium-soluble dyes having most different structures (derivatives of anthraqui-
none, quinophthalone, perinone, methine, azine, furanone) and essentially medi-
um-insoluble pigments are used to give plastic articles market appeal or functional
demand (light screening, conductivity). They also change transparency and weath-
ering resistance (Christie, 1993; Pospíšil and Nešpu° rek, 2000b). Pigments surpass
dyes in light fastness, heat, andmigration resistance. Colorants may be either mixed
into the polymer mass or applied as printing inks on plastic surfaces. Some
processing aids such as dispersants, binding agents (acrylic, alkyd, polyester, or
melamine resins), or solvents have to be used together with colorants.
Inorganic pigments, such as titanium dioxide, zinc oxide, or carbon black, also act

as efficient light screens and, in this way, protect plastics against photodegradation
(Pospíšil and Nešpu° rek, 2000b). Iron oxides and structurally very different organic
pigments (such as various azo compounds ormetal phthalocyanines) act primarily as
colorants. Pigments containing cadmium and chromium(VI) are of environmental
concern for food packaging. Various �effect� pigments (powdered metals, fluores-
cent, or perlescent pigments) are available. The surface adsorption of migrating
stabilizers on pigments has to be taken into account when considering transport
processes in plastics (Pospíšil and Nešpu°rek, 2000b).

3.6
Fillers and Reinforcing Agents

Fillers are mostly powdered inorganic additives, such as calcium carbonate, talc
(hydrated magnesium silicate), kaolin (hydrated aluminum silicate), mica (complex
potassium/aluminum silicate), or silica (silicon dioxide), used to increase bulk and
improve mechanical (impact resistance) and physical (heat and flame resistance)
properties of plastics (Hohenberger, 2001). Glass, carbon, and polyester fibers are
used as specific reinforcing additives in the manufacture of large rigid containers.
Particular fillers are mostly coated to improve surface properties and compatibility
with the polymer matrix. Polarity of fillers and their surface properties affect the
adsorption of some migrating additives (Pospíšil and Nešpu° rek, 2000b), such as
hindered amine stabilizers (HAS) on acid fillers or phenolic antioxidants and acid
products arising fromsulfur-containing hydroperoxide-decomposing antioxidants or
heat stabilizers on basic fillers. Transport processes of additives in plastics are
influenced by this way.
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3.7
Lubricants

Melt rheology of plastics is affected, and the processing above the glass transition
temperature is improved by additives reducing the external friction on plastics/
processing equipment interfaces and protecting from sticking to the mold of the
machinery (�outer� lubricants) and internal friction on macromolecule/macromole-
cule interfaces improving the movement of polymeric chains (�inner� lubricants
added into the polymer mass). Plasticizers reduce the danger of thermomechanical
degradation (melt fracture) and improve the dispergation of components in multi-
phase systems (for example, polymer/pigment, polymer/filler, compatibilized
blend). Finished articles have smoother surfaces due to the mold release and slip
effects of lubricants.
Fatty alcohols C12–C22, fatty acids C14–C18, their esters with fatty alcohols, glycerol,

or pentaerythritol, amides (4) or diamides (5) and metallic soaps, calcium stearate
in particular, acids C28–C31 from montan wax and their esters, esters of phthalic
acid (6, R¼C8H17), paraffin wax C20–C70, PE waxes C125–C700 or their oxidized
(polar) grades containing hydroxyl and carbonyl groups are typical lubricants
(Richter, 2001). Some polymeric processing aids, for example fluoropolymers or
silicones used in PO, are related to lubricants. The nonpolar lubricants (waxes) are
readily soluble in PO. On the contrary, fatty acids and their esters are insoluble and
function as outer lubricants. The latter come easier in contact with food than the
inner lubricants. The solubility or compatibility of lubricants such as 4 or 5 is
temperature dependent.

C15-17H31-35CNH2
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C15-17H31-35CNHCH2

O
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COR

COR
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Lubricants are used in rigid PVC (PVC-U) in amounts of 0.3–0.8wt.% (metallic
soaps acting primarily as heat stabilizers are used at levels up to 1.5wt.%). In PO,
calcium or zinc stearates used as antiacids provide the lubricating effect at 0.1 to
0.2wt.% levels. Fine particle fillers, such as silica gel or chalk, called antiblocking
agents, can also be classified among external lubricants. Theymake the separation of
rolled films easier.

3.8
Nucleating Agents

To achieve consistent properties and morphology of semicrystalline plastics, nucle-
ating agents promoting or control formation and size of sphaerulites in crystallizable
polymers are used. They provide sites for adsorbing some segments of the polymer
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chain and formation of a prerequisite for nuclei. Nucleation can occur on the surface
of some impurities in the polymer (residues of polymerization catalysts in PO) or on
fillers. Special additives controlling the process are preferred (Kurja andMehl, 2001).
They form either a physical gelation network within the polymer or provide single
nucleation sites dispersed within the plastic mass. Sodium salts of organopho-
sphates, salts of benzoic or phthalic acid, some organic compounds, for example
sorbitol bis(3,4-dimethylbenzylidene diacetal) (7) or finely ground fillers (clays,
silica), are used in amounts of 0.1–0.3wt.%.
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3.9
Optical Brighteners

Fluorescent agents improve the whiteness or brilliant white appearance of finished
articles from thermoplastics and mask discoloration accounting for polymer degra-
dation. The additives used up to 0.05wt.% absorb light having wavelengths lower
than400 nmand re-emit it as visible blue or violet light (Christie, 1993).Derivatives of
benzoxazole, phenylcoumarine (8), or stilbene (9) are mostly used.

3.10
Plasticizers

Plasticizers are additives gelling the polymer, improving processibility and flexibility
or stretchability of plastics by decreasing their melt viscosity, glass transition
temperature, and modulus of elasticity of the final product without alteration of the
chemical character of the polymer (Rahman and Brazel, 2004). Plasticizers account
for about one-third of the global additive market. More than 80% of them are used in
PVC. The recent plasticizer development has focussed on material challenges
improving resistance to leaching, migration, and health risk upon chronic exposure
according to safety regulations. The aspects of toxicity during oral, dermal, or
intraperitonal exposures have been strictly considered. Extraction resistance is the
main criterion to avoid an indirect contact with human body.
Plasticizers are generally differentiated as external and internal. The former are

bound to the plastics�macromolecule as a solvent, by van derWaals forces. Even small
amounts ofmost plasticizers have noticeable effects on plastics. The role of diffusion
and volatility of external plasticizers increases rapidly with temperature. Relatively
low molecular weight external plasticizers used in polymer at high concentration
levels become the most problematic extractable additives in plastics. Consequently,
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highmolecularweight external plasticizerswith limitedmigration rates are preferred
together with plasticizer-functionalized polymers.
Various organic plasticizers having boiling points over 300 �C, such as di(2-

ethylhexyl) phthalate (6, R¼C8H17); di(2-ethylhexyl) adipate (10); oligomers with
molecular weights ranging up to 3500 gmol�1 formed from dicarboxylic acids and
diols; esters of trimellitic, citric, lactic, or benzoic acids; epoxidized fatty acids or
organic phosphates, such as tris(2-ethylhexyl) phosphate (11) or (2-ethylhexyl)
diphenyl phosphate (12). Most phosphates act at the same time as flame retardants.
Some of them, such as 12, are smoke suppressants aswell. Phthalates, 6, R¼C8H17 in
particular, are the most worldwide-used plasticizers (Rahman and Brazel, 2004).
Esters of dicarboxylic acids, such as 10, impart very good flexibility at lower
temperatures. Aliphatic oligomeric esters are excellent fat-resistant plasticizers.
Epoxidized plasticizers provide some costabilizing effect to heat stabilizers in PVC
and improve oil andwater resistance. Blends of plasticizers are commonly used. This
indicates the diversity in plasticizers that may be present in plastics.

O

(CH2)2COC8H17
2

O=P(C8H17)3 O=P(OC8H17)(OC2H5)2

10 11 12

Due to high application levels of plasticizers, their behavior with respect to
weathering, microbial sensitivity, and impact on optical properties of the polymer
matrix have to be considered.
The plasticizer content in the plastics plays a key role in the evaluation of food

contact materials and articles. As long as the danger that the plasticizer can easily
transfer to food exists, the application in plastics is fundamentally undesirable.
According to recommendations, which are valid inmany countries, the application of
external plasticizers is limited to tubes or hoses for liquid foods, coatings, seals, and
sealants. A total plasticizer content of 35wt.%may not be exceeded in films, coatings
and tubesmade fromsoft PVC, vinyl-chloride-based copolymers, and chlorinatedPE-
based blends with PVC. These materials in the form of powder or fine particles
having a size lower than 3mm and their final articles should not come into contact
with food containing fat, waxed or paraffin-coated foods, milk and milk products
including cheeses, and foods containing alcohol or essential oils. High standards are
set for the application of articles from plasticized PVC in medicine and cosmetics.
Soft PVCfilmswith high oxygenpermeability for packing freshmeatmaynot contain
phthalates and phosphates, and the total amount of plasticizers may not exceed
22wt.%. Specific attention has to be paid to the application of water nonextractable
plasticizers for chlorinated rubber used as a coating for drinking water containers.
Particularly, phthalates (6) are currently the focus of attention regarding their
negative impact on the environmental human health. However, based on many
toxicological investigations and their evaluation, it can be concluded that their
application has no relevance to human health: they do not induce carcinogenity,
reproductive effects, or endocrine modulations (Cadogan, 2002). The information
obtained from tests with rodents is not transferable to human beings.
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Internal plasticizers are nonextractable copolymers of suitable monomers. They
have mostly substantially lower glass transition temperatures due to the presence of
plasticizing (�soft�) segments (such as poly(ethylene-co-vinyl acetate) with approxi-
mately 45wt.% vinyl acetate content, ethylene-vinyl acetate-carbon monoxide ter-
polymer or chlorinated PE) and worse mechanical properties. They are designed for
rather special applications in medicinal articles. A combination with external
plasticizers may provide an optimal balance of effects. For example, for food contact
products made from poly(vinylidene chloride) a combination of 5wt.% of citrate or
sebacate esters can be used with ca 10wt.% of polymeric plasticizers.

3.11
Stabilizers

All plastics used in packaging materials gradually degrade during their lifetime
(processing, storage, application) by combined attacks of chemical deteriogens
(oxygen and its active forms, atmospheric pollutants such as NOx or SO2), harmful
physical effects of the environment (tropospheric solar radiation, heat, and me-
chanical stress), high-energy radiation in sterilization processes, and microorgan-
isms. The relevant degradation processes are classified as melt (processing)
degradation, thermal degradation, long-term heat aging (thermal oxidation),
weathering (including photo-oxidation) and biodeterioration. Some of the process-
es are catalyzed by traces of metallic impurities and are sensitized by polymer
inherent impurities. Different deteriogens attack plastics either in concerted or
consecutive processes.
Plastics are rather different as far as their inherent sensitivity to degradation is

concerned. Differences in the sensitivity are due to the chemical structure, i.e.,
presence of degradation-sensitive moieties in polymer construction units; defect
structures (structural inhomogeneities) present in unpredictable amounts and/or
formed as a consequence of adventitious oxidation during manufacture, storage,
and shipping; and sensitizing degradation during processing and subsequent
application. The progressive degradation is catalyzed or sensitized by nonpoly-
meric impurities, such as various metal contaminants (including residues of
polymerization catalysts) or photoactive dyes or pigments (Pospíšil et al., 1997).
The level of structural inhomogeneities sensitizing degradation of plastics in-
creases gradually during the polymer lifetime. Chain scission, branching, or
crosslinking and formation of new functional groups, such as olefinic unsaturation
C¼C and polymer-bound oxygenated groups (hydroxyl, carbonyl, carboxyl), are
chemical consequences of degradation (Pospíšil et al., 1998). They are accompanied
by changes of polymer appearance (discoloration, loss of gloss or transparency,
surface cracks) and undesirable changes in mechanical properties (elongation,
tensile and impact strengths).
Plastics have to be stabilized to withstand environmental stresses during different

phases of their lifetime. Stabilizers for packaging materials are commercialized
under different trade names. According to their activity mechanisms, they are
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classified as antiacids, antimicrobials, antioxidants, dehydrating agents, light and
heat stabilizers (Pospíšil and Nešpu°rek, 2000a, 2000b; Zweifel, 2001). Other stabi-
lizers, such as metal deactivators, antiozonants, and fire retardants, are not used in
plastics for contact with food and related applications and are not mentioned here.
Molecular architecture, including functional moieties determining the stabiliza-

tion mechanism and structural modifications (sterical and polar effects of substi-
tuents) optimizing the activity, is the principal factors governing the long-term
inherent chemical activity of stabilizers (Pospíšil and Nešpu°rek, 2000a). The final
effect is obtained using combinations of stabilizers acting by different mechanisms.
Structuralmodifications optimizing physical relations between the stabilizer and the
polymer matrix (solubility, migration, compatibility), efficiency spectrum (bifunc-
tional stabilizers), and assuring physical persistence (resistance to volatilization,
blooming, and leaching into contact environments) by increasing the molecular
weight of stabilizers and synthesis of stabilizer-functionalized polymers (Pospíšil,
1991; Pospíšil and Nešpu° rek, 2000a) improve integral properties.
Stabilizers characteristic of plastics for packaging materials are briefly outlined.

The market offers under different trade names many stabilizers having an identical
chemical structure.

3.11.1
Antiacids

Acid scavengers (antiacids) are stabilizers contributing significantly to the perfor-
mance of PO, PVC, PA, or PET containing acid contaminants. They are commonly
used in the base stabilization packages (Th€urmer, 1998) and contribute significantly
to the overall performance of the stabilizer in polymers containing halogenatedflame
retardants, prevent depletion of HAS by acid deposits characteristic of pesticide
vapors attacking stabilized greenhouse films or acid dew and rain, prevent corrosion
of metallic parts of the equipment, reduce discoloration by chelating residual
amounts of titanium and aluminum catalysts in PO, and deactivate hydrochloric
acid arising from the residues of Ziegler–Natta catalysts in PO or from the thermo-
degrading PVC. Moreover, they have a complementary lubricating and weak nucle-
ating effect. There is a good selection of antiacids: calcium or zinc salts of weak
organic acids (for example, stearic or lactic) and inorganic acids, epoxidized oils
(soybean, linseed, sunflower) or esters of oleic acid (e.g., 13), and fillers such as
synthetic hydrotalcite Mg4.5Al2(OH)3CO3 � 3.5H2O or hydrocalumite [Ca2Al(OH)6]
CO3. Very beneficial complementary effects are imparted in blends of antiacids
consisting of hydrotalcite, zinc oxide, and calcium stearate.
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3.11.2
Antimicrobials

Most plastics are resistant to biodegradation by bacteria, fungi, andmolds. Theymay
suffer by biodeterioration due to the growth of microorganisms on surfaces con-
taminated with nutrients or damages in polymers plasticized by esters of fatty acids
(phthalates and phosphates aremore resistant). This results in a loss of flexibility and
light transparency, development of discoloration, and odor. Proliferation of patho-
genic microbes is critical in food storage or medical applications (Sawan, 2000).
Antimicrobials (biocides) prevent polymers against growth of microorganisms

consuming parts of the material (plasticizers) as a nutrient (Nichols, 2004). Modern
packaging applications are designed so that the strictly regulated substance with a
migration limit to food<5mgkg�1 food has a direct antimicrobial effect on the food
itself. The inhibitory activity is affected by the ultraviolet (UV) stability of the additive.
The range of antimicrobials designed to meet needs of plastics developed signifi-

cantly in recent years. There are different biocides of strict environmental concern
available (Sawan andManivannan, 2000). 10,10-Oxybisphenoxazine (14) accounts for
about one-half of the worldwide market. It is used at a 0.6–5.0 wt.% level. There are
some metal-free replacements, for example N-octyl-4-isothiazolin-3-one (15). Poly-
mer-anchored films with built-in biocidal moieties protect against direct contamina-
tion with microbes. Strict requirements dealing with toxicity and ecotoxicity of
antimicrobials vary by country.

3.11.3
Antioxidants

Protection of plastics against oxygen-triggered degradation is a key condition on how
to prolong their service life. Polymers are oxidized either in thermal processes during
processing and long-term heat aging (LTHA) or in processes triggered by solar UV
radiation in the range of 295–400 nm during weathering. Alkylperoxyradicas POO�
(Eq. (3.2)) and alkylhydroperoxides POOH (Eq. (3.3) arise as primary oxidation
products of polymers PH in chain propagation steps after thermal, mechanochemi-
cal, catalytic, or radiative initiation accounting for macroalkyls P� (Eq. (3.1)). Homol-
ysis of POOH accounts for alkoxy radicals PO� (Eq. (3.4)), a source of carbonyl
compounds >CO (chromophoric impurities) formed by b-scission (Eq. (3.5)).

PH �!L;shear;hn;Mnþ
P� ð3:1Þ

P�þO2!POO� ð3:2Þ

POO�PH!POOHþP� ð3:3Þ

POOH �!L;hn;Mnþ
PO�þHO� ð3:4Þ

PO� �!L;hn >CO ð3:5Þ
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Two classes of antioxidants are effective in thermal oxidation. Chain-breaking or
�primary� antioxidants limit the rate of the chain propagation steps by trapping
carbon- or oxygen-centered free radicals. Hydroperoxide decomposing or
�secondary� antioxidants prevent chain initiation by deactivating POOH. Photoan-
tioxidants deactivate P�, POO�, and POOH in plastics exposed to photo-oxidation.

3.11.3.1 Chain-Breaking Antioxidants
Scavenging of POO� by hindered phenols, aromatic amines (not used in plastics and
not mentioned here), and dialkylhydroxylamines is the principal mechanism pro-
tecting plastics against thermal oxidation. Substituted benzo[b]furan-2-one, a proces-
sing stabilizer for PO, is considered as a scavenger of alkyl radicals. This mechanism
is also assumed as a supporting process in dialkylhydroxylamines and is one of the
key steps in the activity of HAS (Pospíšil and Nešpu° rek, 2000a).
Hindered phenols are used preferentially in processing and LTHA of PO where

their low-discoloring properties are advantageous (Pospíšil and Nešpu° rek, 2000a;
Zweifel, 1998). They are also effective for the thermal stabilization of styrene-based
polymers, PET, and aliphatic PA. The common concentration of phenols in plastics
ranges between 0.025 and 0.3wt.%.
Phenols may be used as single stabilizers. Their efficiency is very effectively

improved in combinations with organic compounds of trivalent phosphorus and
benzofuranone (in melt stabilization of PO), activated sulfides or HAS (in long-term
heat stabilization), and HAS and UV absorbers (in weathering/photostabilization)
(Zweifel, 1998). Lowpolymer discoloration accounts for some phenol transformation
products, salts with transitionmetals, and gas fading byNOx (Pospíšil andNešpu° rek,
2000a).
Effective but volatile 2,6-di-tert.butyl-4-methylphenol (16) was replaced for most

applications by less volatile analogs, for example 17, 18. Synthetic DL-a-tocopherol
(19) was introduced for effective melt stabilization of packaging materials (Laermer
and Zambetti, 1992). This antioxidant may be listed among generally recognized as
safe (GRAS) stabilizers.
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Di(octadecyl)hydroxylamine (20) was introduced for processing and LTHA stabi-
lization of PP. It is used in concentrations of 0.04–0.06wt.% in combination with
aromatic phosphites and HAS and may potentially replace a part of phenolic
antioxidants in applications where discoloration due to antioxidant transformation
products is extremely restricting (CIBA, 1996).
5,7-Di-tert.butyl-3-(3,4-dimethylphenyl)-3H-benzo[b]furan-2-one (21, a blend with

10wt.% of 2,3-dimethylphenyl isomer) was introduced for high-temperature melt
stabilization of PO (Voigt and Todesco, 2002). It provides in an oxygen-deficient
atmosphere an outstanding color maintenance and is used in amounts of
0.01–0.02wt.% in blends with hindered phenols 17 or 18 and aromatic phosphites
(total amount of the stabilizer blend is approximately 0.1wt.%). Scavenging of P.

radicals limiting crosslinking in PO is assumed in the activity mechanism of 21 as
well (Pospíšil and Nešpu° rek, 2000a).

3.11.3.2 Hydroperoxide Deactivating Antioxidants
Alkylhydroperoxides arise according to Eq. (3.3) and homolyze to radicals. The latter
act as thermo- andphotoinitiators in plastics� degradation. Additives reducingPOOH
to alcohols compete with the homolysis and, consequently, with the chain initiation
and transfer. Organic compounds of sulfur and trivalent phosphorus are used as
hydroperoxide deactivating antioxidants in plastics (Pospíšil and Nešpu° rek, 2000a;
Zweifel, 1998).
Sulfur containing stabilizers, such as dialkyl thiodipropionate (22, R¼C12�C18),

are classified as thiosynergists and are used in combination with phenolic antiox-
idants in the long-term heat stabilization of PP (Zweifel, 1998). Thiosynergists are
conventionally used in excess to phenolics (the ratio is 1 : 3–5); the total concentration
of the stabilizer combination is usually not greater than 0.75wt.%. An antagonistic
effect may arise between HAS and acid transformation products of thiosynergists
(Pospíšil, 1995; Pospíšil and Nešpu° rek, 2000a).
Organic compounds of trivalent phosphorus are excellent processing stabilizers

for PO and are commonly used in combinations with phenolic antioxidants,
benzofuranone (21), and hydroxylamine (20) (Zweifel, 1998). They reduce POOH
to alcohols POH, potentially react directly with oxygen or deactivate radicals PO� or
POO�, and inhibit a photocatalytic effect of residues of polymerization catalysts
(Pospíšil andNešpu° rek, 2000a). Phosphites reduce phenol consumption duringmelt
processing of PO and improve color of final products, stabilize PET by chelating
transition metals from residues of polymerization catalysts, and stabilize PVC by
deactivating labile chlorine atoms by acting as costabilizers with metal soaps and
organotin stabilizers. The activity of organophosphorus compounds and their
hydrolytic stability are structure dependent (Toch�a�cek and Sedl�a�r, 1995). Aliphatic
phosphites, such as tris(dodecyl) phosphite or mixed aliphatic-aromatic phosphites,
for example 23, are used in PVC. Aromatic phosphite 24, cyclic phosphite 25
[R¼C18H37, 2,4-di-tert.butylphenyl,2,4-bis-(a,a-dimethylbenzyl)], and phosphonite
26 are effective in PO (Zweifel, 1998). Phosphite 24 is also used in PET. Application
levels of phosphites are between 0.05 and 0.3wt.% in PO, PS, or PET. A higher
concentration, up to 1wt.%, may be used in PVC.

74j 3 Polymer Additives



3.11.4
Dehydrating Agent

PET undergoes during melt processing acid-catalyzed hydrolytic degradation. The
content of humiditymust be kept below 0.005wt.%. Thismay be achieved by addition
of bis(2,6-di-tert.butylphenylcarbodiimide) (27) (Karayannidis et al., 1998).

3.11.5
Heat Stabilizers

PVC is the worldwide major bulk plastic with an outstanding market profile and a
range of applications. It suffers by a low processing stability. The degradation is
manifested by the formation of light-absorbing conjugated sequences of double
bonds and deep discoloration of PVC. Photodegradation takes place in PVC outdoor
application. Heat stabilizers (HS) having a preventive or curative character control
thermal degradation (Bacalogulu et al., 2001). Some chemically different groups of
HS have been used. Food contact, medical applications, toys, and water pipes/
containers are of principal concern (Dave, 2004).
Metal carboxylates (barium, calcium, lead, or zinc soaps of fatty acids 28,

R¼C11�C17, M¼Ba, Ca, Pb, Zn; synergistic binary salts Ba/Zn or Ca/Zn are mostly
used) and various organotin compounds, for example dibultin maleate (29) or
dioctyltin bis(iso-octylthioglycolate) (30), are typical HS. Concentration levels of heat
stabilizers in various PVC products are in the range of 1.5–3.0wt.% for metal soaps
and of 0.3–2.5wt.% for organotin stabilizers. There are selective global bans against
compounds of heavy metals, mainly in Europe.
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The new generation of totally metal-free HS (mostly considered as costabilizers)
shapes future trends inPVC stabilization. Promising results were obtainedwith ester
thiol (31) or pyrimidinedione derivative (32) (Hopfmann et al., 1998). These com-
pounds synergize with commonHS. Similar supporting effects have different other
stabilizers, mainly aliphatic or mixed aliphatic/aromatic phosphites (23), phenolic
antioxidants, antiacids, polyols (pentaerythritol or sorbitol), esters of b-aminocro-
tonic acid, derivatives of dihydropyridine, dehydroacetic acid, dibenzoylmethane, or
pyrazolone (Dave, 2004).
PETdegrades thermally during processing at 280–300oC. The chain scission is due

to transesterification catalysts (zinc, manganese or cobalt acetates, alkyl titanates).
Tributyl phosphate (33) or triphenyl phosphate, considered as heat stabilizers and
metal deactivators, is used (Karayannidis et al., 1998). BesidesHS, commercial PET is
doped by an antioxidant combination of hindered phenols with aliphatic or aromatic
phosphites and, in some cases, by a dehydrating agent.

3.11.6
Light Stabilizers

Commodity aliphatic carbon chain polymers theoretically do not absorb the actinic
part (295–400 nm) of the terrestrial sunlight. The situation is dramatically influenced
by the presence of trace amounts of polymer-bound UV light-absorbing impurities,
such as polymeric hydroperoxides or carbonyl compounds (internal chromophores)
or nonpolymeric photosensitizing impurities, such as some ions of transitionmetals
or colorants (admixed chromophores) (Pospíšil and Nešpu°rek, 2000a, 2000b).
Chromophores absorb actinic solar radiation and are transformed in excited states.
They sensitize the formation of macroalkyls from the matrix polymer, accelerate the
homolysis of POOH, and generate singlet oxygen from the ground state oxygen.
Consequently, outdoor application of any polymeric material is connected with
irreversible weathering/photodegradation. Polymers differ in their inherent
resistance to phototriggered processes. Their long-term outdoor application without
photostabilization is impossible. Preventive protection is achievedwithUVabsorbers
and light screening pigments. Curative stabilization involves quenching of excited
species, deactivation of peroxidic species by HAS and some metal thiolates (Pospíšil
and Nešpu°rek, 2000a, 2000b). The latter as well as quenchers cannot be used in food-
contact applications due to ecological objections and are not notified here.

3.11.6.1 Light Screening Pigments and UV Absorbers
For some applications, white pigments (titanium dioxide in particular), inorganic
colored pigments, or carbon black are used to screen harmful solar radiation (Pospíšil
and Nešpu°rek, 2000b). Organic UV absorbers absorb the harmful solar radiation pre-
ferentially to the polymer (Pospíšil andNešpu°rek, 2000a, 2000b). Ultraviolet absorbers
can also act as filters screening radiation penetrating through the packaging material
and protect the inside material by this way. Intramolecular radiative and radiationless
processes deactivate the absorbed energy. The ideal UVabsorber is expected to absorb
all terrestrial UV-A and UV-B radiation, but no radiation having wavelengths longer
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than400nm.Different classes of commercializedUVabsorbers are used. Those acting
by the excited state intramolecular proton transfer (ESIPT) mechanism (Pospíšil and
Nešpu°rek, 2000a, 2000b) include phenolic derivatives of benzophenone (34), benzo-
triazole (35), and 1,3,5-triazine (36). Nonphenolic UV absorbers are represented by
oxanilide 37, malonate 38, and bifunctional malonate/HAS 39.
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Relatively high concentration levels of UV absorbers (0.25–0.5 wt.%) are used in
plastics containing conventional basic stabilization (i.e., a combination of a phenolic
antioxidant, organic phosphite, and calcium stearate) (Zweifel, 1998). Combinations
of UV absorbers with HAS or benzoate-based phenols (40) are beneficial in pig-
mented PO.

3.11.6.2 Photoantioxidants
Conventional phenolic antioxidants, such as 16 to 18, are sensitive to photolysis and
have a reduced efficiency in photostabilization of polymers (Pospíšil, 1981). Hydro-
xybenzoates, for example 40, have a higher photoresistance. The photoantioxidant
problem has been solved by HAS, a prominent class of light stabilizers (Pospíšil and
Nešpu° rek, 2000a, 2000b). Optimization of their inherent chemical efficiency, resis-
tance to acid environment and physical persistence, and application of blends ofHAS
differing in molecular weight substantially increased the application spectrum of
HAS in plastics. HAS are effective as long-term heat stabilizers at a temperature
range up to about 110 oC and photoantioxidants (Pospíšil, 1995; Pospíšil and
Nešpu° rek, 2000a). They are also active as stabilizers in g-rays sterilized items. The
mechanism of HAS (represented as >NH, Scheme 3.1) includes deactivation of
hydroperoxides in the first step resulting in some intermediates (>NOH, NOP)
oxidizing in the respective nitroxide >NO., the key intermediate in the cyclic HAS
mechanism. Nitroxide scavenges alkyl radicals P.. Formed O-alkylhydroxylamine
>NOP reacts with POO. radicals and regenerates the nitroxide. The cyclic regenera-
tive mechanism explains the high efficiency of HAS (Pospíšil, 1995; Pospíšil and
Nešpu° rek, 2000b).
Commercialized HAS contain 2,2,6,6-tetramethylpiperidine moiety and differ in

molecular architecture. (A piperazinone moiety is exceptional in commercialized
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HAS.) Hindered secondary >NH and tertiary >NR (R is mostly methyl) amino
groups,O-alkylhydroxylamine group>NOR, or acylamido group>NCOCH3 are the
functional moieties in HAS. Compounds 41–44 are examples of commercialized
HAS. The piperidine moiety can be combined in one molecule with phenolic or UV
absorbing moieties (e.g., 39) (Pospíšil and Nešpu° rek, 2000a, 2000b).
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The optimumeffectiveness in plastics� protection has been obtained in cooperative
combinations of HAS with phenolic antioxidants, dialkylhydroxylamine, organic
phosphites, and/or UV absorbers. The common concentration of HAS in plastics
ranges generally from 0.1 to 1wt.% (Zweifel, 1998). Very impressive results were
obtained using combinations of two HAS, such as 41 (R¼H)/43, 42/44, or 43/44.
HAS-functionalized PO prepared by reactive processing (Al-Malaika, 1999) or
photografting (Av�ar and Bechtold, 1999) are extraction resistant systems. Application
of secondary or tertiaryHASwith sulfur-containing stabilizers should be avoided due
to potential antagonistic effects. HAS containing O-alkylhydroxylamine (e.g., 41,
R¼OC8H17) or acylamide moieties are more resistant to acids (Pospíšil, 1995).

3.12
Transformation Products of Plastic Stabilizers

Plastic stabilizers are chemicallymore reactive compounds than theprotectedpolymer
matrix. Consequently, their application is connected with the transformation of the

P

NOPNO

POO

POOH, POO
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Scheme 3.1 Mechanism of photoantioxidant activity of HAS.
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original structure of the stabilizer and is regarded as sacrificial stabilizer consumption.
Chemical transformation is a consequence of the deactivation of polymer-borne free-
radical intermediates participating in initiation or propagation steps of chain degra-
dation (alkyls, alkoxyls, alkylperoxyls, acylperoxyls), of oxidation with hydroperoxides
or singlet oxygen, or as a consequence of deactivation of the harmful solar radiation or
excited chromophores. The sacrificial consumption of the original structure of the
stabilizer proceeds during all phases of the polymer lifetime: processing, thermal
aging, or weathering. The consumption has a heterogeneous character with charac-
teristic concentration gradients, and proceeds preferentially in randomly distributed
sites with high concentration of oxidized species and in polymer surface layers
(Pospíšil andNešpu°rek, 2000a; Pospíšil et al., 2005, 2006). In addition to the sacrificial
consumption, oxidation by atmospheric pollutants (nitrogen oxides, ozone), chelating
with metal impurities (including residues of polymerization catalysts), acid environ-
ment, or sensitized photolysis deplete the stabilizers. New compounds formed from
the originally added stabilizer accumulate gradually in the polymermatrix. They have
different structures, properties, andmolecular weights from the original compounds.
As a consequence, some transformation products discolor or stain polymers, have an
antagonistic effect on other additives, differ in environmental solubility or volatility,
and can cause organoleptic problems. The consumption of stabilizers results in the
ultimatephase in reductionof theeffective concentrationof stabilizersundera levelno
more prone to protect the degrading polymer against loss of serviceable properties.
Extensive product studies deciphering chemical reactions of some stabilizers in
degrading polymers and describing structures of principal transformation products
were performed (Pospíšil, 1995; Pospíšil et al., 1996; Pospíšil and Nešpu°rek, 2000a,
2000b). Products are present in the aged polymer matrix in trace amounts; some of
them are formed only transiently and their determination is difficult. Typical struc-
tures of transformation products of stabilizers are outlined in this chapter.

3.12.1
Transformation Products from Phenolic Antioxidants and UV Absorbers

Compounds containing phenolic moieties form a great family of chain-breaking
antioxidants andUVabsorbers. Their durability is affected by reactions of the phenolic
part.Thechain-breakingactivityofhinderedphenolsisbasedonhydrogentransferfrom
thephenolichydroxygroup toalkylperoxyl derived fromtheoxidizingpolymer (Pospíšil
and Nešpu°rek, 2000a). Transiently formed phenoxyls, exemplified by 45 derived from
the simplest antioxidant 16, are the primary free-radical intermediates arising from
phenols.Theyreact inmesomericcyclohexadienonyl form, forexample46, or rearrange
into phenolic benzyl radicals 47. Radicals 46, 47 are precursors of all isolated transfor-
mation products (Pospíšil 1981; Pospíšil et al.., 1996; Pospíšil and Nešpu°rek 2000a).
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Phenoxyls are short-living species detectable in the polymer matrix by electron
spin resonance spectroscopy. Phenoxyls (and theirmesomeric forms) participate in
autorecombination (coupling) processes, recombination with alkylperoxyls, and
disproportionation reactions. The transformation of individual nuclei in polynu-
clear phenols (e.g., 18) proceeds independently. This accounts for a rather compli-
catedmixture of structures in onemolecule. Steric effects of substituents influence
recombination reactions. Fully hindered phenoxyls (derived from 16–18, contain-
ing tertiary alkyls in both ortho positions to the phenolic hydroxy group) are prone
to react preferentially in the less hindered position para. The coupling of benzyl-
type radicals takes place at sites of high concentration of phenoxyls in the degrading
polymer and accounts for dimeric products, for example 48, having higher
molecular weight and, consequently, lower migration rates and extractability than
the parent phenol. The coupling is structure dependent and can be restricted in
phenoxyls derived from phenols bearing on the para-methyl group voluminous
substituents.
Transformation products having structures of alkylated 4-alkylperoxycyclohexa-

2,5-dien-1-ones (49) arise from cyclohexadienonyl radicals 46 and alkylperoxyls ROO.

in sites of high concentration of both radical species (Pospíšil et al., 1999; Pospíšil and
Nešpu° rek, 2000a). Alkylperoxycyclohexadienones, analogous to the simple 49, were
isolated in model experiments from other phenols. In polynuclear phenols, for
example 18, the reaction proceeds gradually and products with partially or fully
transformed molecules were isolated.
During weathering, phenolic antioxidants are photooxidized into hydroperoxy-

cyclohexadienones, such as 50. The presence of peroxidic moieties in 49 and 50
together with their conjugation with the carbonyl moiety in one molecule renders
them thermolabile at temperatures exceeding 100�Cand photolysable upon solarUV
radiation (Pospíšil et al., 1999, 2005; Pospíšil and Nešpu° rek, 2000a). Both processes
account for homolysis of the peroxidic bonds. Free-radical fragments formed
accelerate the oxidative degradation of the polymeric matrix. Low molecular weight
products of homolysis, such as 51 to 53, were detected in low amounts.
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The oxidative transformation of phenolic antioxidants by atmospheric nitrogen
oxides (NOx) takes place in the POmatrix and accounts for discoloring cyclohexadie-
nones (54 is an example) in a process called gas fading (Pospíšil andNešpu°rek, 2000a).
Hindered phenoxyls derived from 16–18 containing on the a-carbon atom of the

substituent in position four at least one hydrogen atomdisproportionate to the parent
phenol and relevant quinone methide (QM). The disproportionation competes with
the free-radical recombination of phenoxyls. QMs are considered as principal
transformation products of phenols. 3,5,30,50-Tetra-tert.butylstilbene-4,40-quinone
(55), the strongly discoloring dimeric QM (Pospíšil et al., 1999, 2002a), is an example.
QM 55 is formed by oxidation of 16 to phenoxyl 45, disproportionation into unstable
�monomeric� QM, and its dimerization. Phenoxyl derived from propionate-type
phenol octadecyl 3-(3,5-di-tert.butyl-4-hydroxyphenyl)propionate (17) bearing bulky
substituent in the para position disproportionates to a primary QM 56. The latter
dimerizes by C–C coupling in the b-position to the QM ring into unconjugated (58)
and strongly discoloring conjugated (60)QM (Pospíšil et al., 1996, 2002a; Pospíšil and
Nešpu° rek, 2000a). The transformation mechanism is complicated and involves
aromatization of 56 and 58 to phenolic cinnamates 57 or 59 (R in 56 to 60 is
C18H37). The process explains the final low discoloring properties of propionate-type
phenolics.
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The cascade regenerating phenolic antioxidants from their quinone methinoide
transformation products, shown for the QM 56, is also considered for other QM
derived from propionate-type phenols, for example 18, and explains their excellent
antioxidantactivityand lowdiscoloration inplastics.Dimerizationof thecinnamate57
via theb-position to thearomaticnucleus also enhances thephysical persistenceof the
quinonemethinoide transformationproducts incomparisonwith theparentphenols.
QMs are the final stable transformation products of phenolic antioxidants. Their

formation cannot be avoided in phenols containing amethyl or substitutedmethyl in
position two or four to the phenolic hydroxy group. QMs absorb visible light at
lmax¼ 420 to 463 nm (Pospíšil et al.., 1999). As a consequence, the sacrificial
transformation of phenols results in discoloration of the polymer (Pospíšil et al.,
2002a). However, the stabilization power is not completely lost after QM formation.
This is due to the mentioned regeneration and the ability of QM to trap alkyl radicals
and react with organic phosphites during processing of PO (reactive bleaching) or
withHASduring POweathering (Pospíšil et al., 1996; Pospíšil andNešpu° rek, 2000a).
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Moreover, conjugated QMs (e.g., 55, 60) photobleach reversibly in the PO matrix
upon UV-A radiation (Pospíšil et al., 2002b).
In polynuclear phenols, the individual phenolic nuclei are oxidized (consumed)

independently. Consequently, compounds are formed having in one molecule phe-
nolic groups in various degrees of transformation. For example, oxidized tris-nuclear
phenol 1,3,5-tris(3,5-di-tert.butyl-4-hyroxybenzyl)-2,4,6-trimethylbenzene forms a
mixture of mono-, bis-, and tris-alkylperoxycyclohexadienones, a product having in
one molecule quinone methinoide and alkylperoxycyclohexadienoide moieties (61),
andacompound62withaldehydicgroups.Volatile2,6-di-tert.butyl-1,4-benzoquinone
(52) is split off.
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Great attention has been paid to DL-a-tocopherol (19), a synthetic analog of the
natural antioxidant of plant origin (Laermer and Zambetti, 1992). Its application in
packaging materials in contact with food was studied intensively. A detailed elucida-
tion of the sacrificial consumption of a-tocopherol in thermal oxidation and photo-
oxidation of organic materials indicated transformation products, having structures
analogous to those of synthetic hindered phenolic antioxidants (Al-Malaika et al..,
2001; Pospíšil and Nešpu° rek, 2000a). Alkylperoxycyclohexadienone 63 (R¼C12H25),
hydroperoxycyclohexadienone 63 (R¼H), reactive QM 64, complicated oligomers
arising from 64, and a-tocopherylquinone 65were identified. Compounds 64 and 65
discolor PO doped with synthetic a-tocopherol.
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Long-term model experiments indicate a possibility of hydrolysis of ester-type
phenolic antioxidants 17, 18 to free acids and the respective alcohols (Bartoldo and
Ciardelli, 2004). Hydrolysis in the PO matrix seems to be, however, improbable.
Phenolic moieties differing in the steric hindrance are present as key functional

groups conditioning the ESIPT stabilizing mechanism in UV absorbers 34 to 36
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(Pospíšil and Nešpu° rek, 2000a, 2000b). Oxidation with alkylperoxyls proceeds by a
mechanism analogous to this characteristic of phenolic antioxidants. Phenolic
groups in UVabsorbers are, fortunately, more resistant to oxidative transformations.
It is because a nonoxidizing zwitterionic nonphenolic form with an intramolecular
hydrogen bond arises reversibly during the ESIPTmechanism. Nevertheless, after a
long-term service, a small part of the phenolicmoieties ofUVabsorbers is oxidized by
the phototriggered free-radical assisted process (Pospíšil and Nešpu° rek, 2000b),
breaking the H-tunneling from the phenolic group to carbonyl or nitrogen functions
in theUVabsorber. Themoleculewith transformed hydroxy groups is nomore prone
to act via the ESIPTmechanism, and the photostabilizing function is lost. Substituted
1,4-benzoquinone 66 (R¼C8H17) and alkylperoxycyclohexadienone 67 are formed
from2-hydroxybenzophenone 34 and 2-(3,5-di-tert.butyl-2-hydroxyphenyl)benzotria-
zole (35), respectively. Quinone methide 68 arises from benzotriazole containing
propionate-type phenolic moiety and is expected to isomerize in a phenolic cinna-
mate in a mechanism analogous to the rearrangement of 56 to 57. The ESIPT
mechanism may be thus formally reestablished to some extent. The service lifetime
of UV absorbers is prolonged in combination with phenolic antioxidants and HAS
protecting the ESIPTmechanism from depletion.
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3.12.2
Transformation Products from Hydroperoxide Deactivating Antioxidants

Hydroperoxide deactivating antioxidants (HD) avoid harmful homolysis of POOH.
This accounts for reduction of POOH into alcohols POH and a gradual transforma-
tion of the HD in oxidized products, generally HD(O)n (Eq. (3.6))

HDþnPOOH!HDðOÞnþnPOH ð3:6Þ
Sulfur-containing antioxidants (e.g., 22) react with ROOH and yield in the first

stoichiometric step product HD(O)n (n¼ 1), i.e., the corresponding sulfoxide 69
(R¼C12�C18, n¼ 1) or thiosulfinate 70 (n¼ 1) (Pospíšil and Nešpu° rek, 2000a). The
primary products 69, 70 (n¼ 1) deactivate anothermolecule of POOHin the second
stoichiometric step. This accounts for HD(O)2, i.e., sulfone 69 (R¼C12�H18, n¼ 2)
and thiosulfonate 70 (n¼ 2). The primary oxidation products HD(O) are thermo-
labile and decompose to peroxidolytic products in a very intricate mechanism
involving free-radical species. From 69, 70 (n¼ 1), sulfenic 71 (n¼ 0), and
sulfoxylic acid 72 (n¼ 0) are formed and remain in the polymer matrix together
with sulfurless fragments, such as 73. Acids 71, 72 (n¼ 0) act as �peroxidolytic�
catalysts of decomposition of hydroperoxides and are responsible for the high
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(overstoichiometric) activity of sulfidic antioxidants. In final transformation steps,
higher oxidized acids, such as sulfinic 71 (n¼ 1), sulfonic 71 (n¼ 2), thiosulfurous
72 (n¼ 1), or thiosulfuric 72 (n¼ 2), are formed in trace amounts together with
sulfur oxides (SO2, SO3). Analogous transformations of the sulfur moieties take
place in phenolic sulfides.
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Volatile productsmay be sources of undesirable organoleptic problems. This limits
the use of organic thiocompounds in odor-sensitive applications. Polar organic
S-protonic acids 71, 72 deactivate basic stabilizers (HAS) (Pospíšil et al., 1995). The
peroxidolytic effect of 71, 72 is reduced in the presence of some antiacids orfillers, for
example calcium carbonate (Pospíšil and Nešpu° rek, 2000a).
The reaction of organic compounds of trivalent phosphorus in nonradical

decomposition of hydroperoxides (Eq. (3.6)) is structure dependent, and the rate
decreases in the series arylphosphonite> alkylphosphite> hindered arylpho-
sphite. The stoichiometric phase of their sacrificial transformation results in
structurally relevant compounds of pentavalent phosphorus, for example 11, 12,
33 (Habicher et al., 2005; Pospíšil and Nešpu° rek, 2000a). Aliphatic open chain and
cyclic phosphites are sensitive to humidity and hydrolyze during storage and
handling. Sterically hindered aromatic phosphites aremore resistant to hydrolysis.
Products of hydrolysis (e.g., hydrogen phosphate 74) may be present in stored
phosphites used for stabilization. Analogous hydrogen phosphates and products of
deeper hydrolysis retain properties of HD antioxidants and melt stabilizers
(Toch�a�cek and Sedl�a�r, 1995). The hydrolysis is catalyzed by acid impurities arising
from residues of polymerization catalysts in PO or from degrading PVC, and
accounts for phosphorous acid in the ultimate phase.
Acid products arising either during storage or during processing from hydrolysis-

sensitive phosphites can corrode the processing equipment and form sticky cakes. To
minimize the hydrolytic instability, basic additives such as tris(2-hydroxypropyl)
amine are added to phosphates or the amine moiety can be build-in into the
phosphate molecule (Pospíšil and Nešpu°rek, 2000a).

3.12.3
Transformation Products from Hindered Amine Stabilizers

A complex of reversible transformations is characteristic of the integral stabilizing
mechanism of HAS. Nitroxides>NO., O-alkylhydroxylamines>NOP, and hydro-

84j 3 Polymer Additives



xylamines>NOHare formed as stabilizing active forms fromHAS during the cyclic
regenerative process (Pospíšil et al., 1995; Pospíšil and Nešpu° rek, 2000a). Nitroxides,
the key sacrificial intermediary products, arise in very low concentrations in the
polymer matrix and can be detected by high-sensitive spectral methods (Marek et al.,
2006). Some irreversible chemical transformations account for the loss of HAS
activity either due to the formation of species unable to regenerate nitroxides, such as
salts of strong organic or mineral acids (75, R¼H,methyl; X¼ residue of an acid, e.
g., 71, 72, H2SO4),N-acyloxy derivative 76 arising by recombination of nitroxide with
acyl radicals generated by Norrish photolysis of polymer-bound ketones, or volatile
cyclic and open-chain products 77 to 80 arising due to photolysis or ozonolysis of
nitroxides derived from various HAS (Pospíšil, 1995).

O

N+ X-H

75 76 77

78 79 80

R

Subst.

NOn

N

O

OH

NOCR

O

Subst.

3.12.4
Transformation Products from Heat Stabilizers for PVC

As preventive stabilizers, HS deactivate initiation sites in the PVC backbone by
elimination or complexation of reactive chlorine atoms or by chemical binding of
hydrogen chloride released from the degrading PVC. The curative mechanism of
heat stabilizers accounts for the reduction of the rate of formation of polyene
sequences �[CH¼CH]n� and deactivation of hydroperoxides in PVC (Bacalogulu
et al., 2001). Transformation products of heat stabilizers resulting in their sacrificial
action are represented by the compound 81, a metal-free fragment 82, various
alkyltinchlorides R4�nSnCln and tin tetrachloride formed from organotinthioglyco-
late 30 (Burley, 1987), metal chlorides (e.g., calcium or zinc dichlorides) and the
corresponding free fatty acids generated from metal soaps 28, and chlorohydrin 83
arising from 13 (Bacalogulu et al., 2001). Thiol 82 was reported to stop the growth of
polyenes by addition to the C¼C bond in PVC. Organotin stabilizers containing
sulfur (e.g., 30) or their transformation products 81, 82 are also considered as HD
antioxidants (Pospíšil and Nešpu°rek, 2000a). This activity accounts for oxidation of
the sulfur moiety. For example, thiol 82 is transformed to disulfide 84 and sulfenic
acid 85 having peroxidolytic properties.
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3.13
Conclusions

Additives are organic and inorganic chemicals enabling processing of plastics,
shaping their use, and enhancing end-use performance. They are classified by
function and not chemistry as (a) modifiers introducing new effects (blowing agents,
clarifying agents, nucleating agents, plasticizers, fillers, and reinforcing agents), (b)
processing aids (lubricants), and (c) property extenders (antistatic agents, antifogging
agents, colorants, optical brighteners, stabilizers). Formation of various transforma-
tionproducts fromstabilizers added toplastics cannot be avoidedbecause of their high
chemical reactivity. The sacrificial fate of stabilizers is in agreement with their activity
mechanismaccounting for protectionof plastics against degradation. In elucidationof
transport phenomena in commodity polymers, the presence of combinations of
originally added stabilizers with varying amounts of their transformation products
having sometimes very different molecular parameters has to be taken in account.
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4
Partition Coefficients
Albert Baner and Otto Piringer

Partition coefficients, K, are fundamental physicochemical parameters describing
the distribution of a solute between two contacting phases at equilibrium. They are
material constants required when solving practical mass transport problems (i.e.,
migration calculations). In packaging/product systems, the concentrations of
most migrateable package components are present in the dilute concentration
range. At very low concentration the behavior of the solute molecule is isolated in
solvent from other solute molecules and the solute molecule exhibits maximum
nonideality.
This chapter addresses estimation methods for solubility values and partition

constants at infinite dilution which are used to describe the behavior of solutes in
typical food and pharmaceutical packaging polymer materials and their food and
pharmaceutical or simulant contact phases.

4.1
Experimental Determination of Polymer/Liquid Partition Coefficients

In most cases the necessary material constant can be determined by direct measure-
ment. Appendix II lists examples of experimentally determined partition coefficients
taken from the literature. There are several methods used in the literature for
experimentally determining partition coefficients. The �plaque sorption method�
usedbyBecker et al. (1983) andKoszinowski andPiringer (1986) exposes several discs
of plastic film to a dilute mixture containing several different solutes in a liquid food
phase. After reaching equilibrium the concentrations of solutes in the contacting
liquidphaseand the sorbedsolutes,whichareextracted fromthepolymerphaseusing
a suitable organic solvent, are then both quantified using gas chromatography (GC).
Direct static headspace gas chromatography (e.g., Kolb et al. 1992) and indirect static
headspacemethods such as the PRVphase ratio variation)method developed by Ettre
et al. (1993) are widely used. Athes et al. (2004) found the PRV method to be more
accurate.Fukamachi etal. (1996)usedanadsorptive columnmethod to recover solutes

Plastic Packaging. Second Edition. Edited by O.G. Piringer and A.L. Baner
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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from aqueous polymer contact solutions followed by solvent extraction of sorbed
solutes from the film and subsequent GC analysis of the extracts.

4.2
Thermodynamics of Partition Coefficients

In practice because of the time and cost required tomeasure the numerous types and
combination possibilities of plastics and contactingmedia, only a limited selection of
such experimental constants is available. Consequently, one cannot practically avoid
using estimated partition coefficient values. Such estimations are possible within a
degree of accuracy adequate for practical purposes when the chemical structures of
the migrating substance, the polymer, and the contacting media are known. Ther-
modynamic terms are used to characterize the equilibriumdistribution of a diffusant
substance between plastic (P) and contactingmedia (e.g., a liquid Lwhich is also used
in this text to represent food or pharmaceuticals). Themost important of these terms
is the chemical potential m.
During a spontaneously occurring process at constant temperature Tand constant

volume V, there is a decrease in the free energy A. For a spontaneous process at
constant temperature and constant pressure p, a decrease in the free enthalpyG takes
place. Because most spontaneous processes occur at constant pressure, the free
enthalpy is particularly important for describing such processes.
When energy, e.g., in the form of heat, is supplied to the system under constant

pressure, only a fraction of this energy serves to increase the internal energy of the
system, U. The remainder of the energy goes for expansion work (volumetric work)
against the external pressure. The sumofU and the volumetric expansionwork p�V is
the enthalpyH. With entropy of a system defined as the ratio of the amount of heat q
and temperature, S¼ q/T, the two quantities A¼U�TS and G¼H�TS are thus
defined.
The quantitiesU,H,S,A,G, q, andVare extensive and p andT intensive quantities.

When an extensive quantity is related to the amount of material in a mole, then it
becomes a molar and therefore specific quantity with which the properties of the
material under consideration can be described.
The molar free enthalpy Gm, in analogy with a mechanical system, is called the

chemical potential and is designated with m (m¼Gm). In amechanical system, a body
moves in the direction of decreasing potential (e.g., an object falls to earth or a ground
state) and from this comes the analogy with the chemical potential.
Designating a standard pressure of 1 bar with pY, the chemical potential of a

system that behaves as an ideal gas is given as

m ¼ mQþRT ln
p
pQ

� �
ð4:1Þ

where mY is the standard chemical potential at pY. Equation (4.1) allows the
evaluation of m for a perfect gas at any given pressure and temperature.
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For the room temperature and atmospheric pressure conditions coming into
question in this book, most gases behave like a perfect gas, which means that their
chemical potential can be described using Eq. (4.1).
A gas phase can be composed of several gaseous elements or compounds. If one

labels themole amounts of components 1, 2, . . .with n1,n2, . . ., then the free enthalpy
is a function of p, T and the quantities n1, n2, . . . so that G¼G(p, T, n1, n2, . . .). The
complete differential of this function is

dG ¼ qG
qp

� �
T ;n1;n2 ;...

dpþ qG
qT

� �
p;n1;n2;...

dTþ qG
qn1

� �
p;T ;n2;...

dn1

þ qG
qn2

� �
p;T ;n1;...

dn2þ � � � :
ð4:2Þ

From the definition of the chemical potential, the case for a single-component gas
having n moles results in G¼ n�Gm¼ n�m whereby the partial derivative of n at
constant temperature T and p is given as (qG/qn)p,T¼m. One can consequently hold
all other variables constant and define the partial derivatives ofG for n1, n2, . . . as the
chemical potentials of the single components, e.g.,

m1 ¼
qG
qn1

� �
p;T ;n2;...

ð4:3Þ

4.2.1
Equilibrium Between Different Phases in Ideal Solutions

Component a making up a liquid phase (L) in contact with a gas phase (G) forms a
two-phase system. In the equilibrium state, the chemical potentials of component a
in the gas and contacting phases are equal. The equilibrium saturated vapor pressure
of the pure component a in the gas phase over the pure liquid phase a can be
designated with p�a. Using the expression for a perfect gas, Eq. (4.1), for the chemical
potential of a, one gets an expression of the chemical potential of component a in
liquid L, m�

aðLÞ, in the equilibrium state:

m�
aðLÞ ¼ m�

aðGÞ ¼ mQ
a þRT lnðp�a=pQÞ: ð4:4Þ

For a two-component liquid phase composed of a and bwhose partial pressures in
the gas phase at equilibrium with the liquid phase are pa and pb, one can write

maðLÞ ¼ maðGÞ ¼ mQ
a þRT lnðpa=pQÞ

mbðLÞ ¼ mbðGÞ ¼ mQ
b þRT lnðpb=pQÞ:

ð4:5Þ

From Eqs. (4.5) and (4.4) one gets equations that are analogous to Eq. (4.4) for
components a and b:

maðLÞ ¼ m�
aðLÞþRT lnðpa=p�aÞ

mbðLÞ ¼ m�
bðLÞþRT lnðpb=p�bÞ:

ð4:6Þ
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In a so-called ideal solution, that is amixture of several components with very similar
properties, the ratio of pa=p

�
a is equal to the mole fraction xa of component a in the

liquid phase. Thus Raoult�s law is valid:

pa ¼ xap
�
a: ð4:7Þ

Consequently Eq. (4.6) can be expressed in the form

maðLÞ ¼ m�
aðLÞþRT lnðxaÞ

mbðLÞ ¼ m�
bðLÞþRT lnðxbÞ:

ð4:8Þ

If two pure liquids, one composed of only na moles of component a and the other of
only nb moles of component b, are mixed and the total free enthalpy of the two
liquids in separate initial states, GA, is considered, then the enthalpy of mixing GE

for an assumed ideal solution can be calculated. Because naþ nb¼ n, na/n¼ xa, and
nb/n¼ xb, Eq. (4.8) results in

DLGM ¼ GE �pGA ¼ na½m*
aðLÞþRT ln xa�þnb½m*

bðLÞþRT ln xb�
�nam*

aðLÞ�nbm*
bðLÞ ¼ nRT ½xa ln xaþxb ln xb�:

ð4:9Þ

Because xa< 1 and xb< 1 the enthalpy of mixing, DLGM, is always negative:
DLGM< 0.
The same result is obtained formixtures of two perfect gases. Because there are no

interactions between the individual particles of perfect gases (atoms or molecules)
the decrease in the free enthalpy during mixing can be traced back to the increase in
entropy. Mixing increases the disorder of the system.
In ideal solutions there exist interactions between the individual particles. How-

ever, because the molecular properties of components a and b are very similar, the
interactions between a and b in themixture canbe assumed to be on average the same
as those between a and a as well as those between b and b in pure liquids.
Consequently in this case DLGM is the increase in entropy due to mixing.
For very dilute solutions of component a in component b, all the neighboring

molecules of a are b molecules. Thus the partial pressure above the solution can be
expressed as a constant, h, thus giving an expression which is Henry�s law (Denbigh
1981):

pa ¼ h�xa ð4:10Þ

4.2.1.1 Partitioning in Ideal Solutions: Nernst�s Law
Given two partially immiscible liquids b and c, consider a third component (subscript
a) which is present in the two liquid layers. If this substance is sufficiently dilute in
each layer, it may behave individually as an ideal solute in both of them even though
the system as a whole is nonideal. When this condition is satisfied the result is
equilibrium:

mb
a ¼ mc

a ð4:11Þ
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which may be replaced by

m*b
a þRT ln xba ¼ m*c

a þRT ln xca ð4:12Þ

and therefore

lnK 0 ¼ ln
xba
xca

¼ m*c
a �m*b

a

RT
ð4:13Þ

where the partition coefficient K0 is defined in terms of the mole fraction ratio to be
K 0 ¼ xba=x

c
a, which is independent of composition. The ratio xba=x

c
a is independent of

the individual values of xba and xca in the region where each solution is ideal. This
partition coefficient is also equal to the ratio of theHenry�s law coefficients in the two
solvents:

K 0 ¼ hca
hba

ð4:14Þ

4.2.2
Equilibrium Between Different Phases in Nonideal Solutions

Nonideal solutions deviate as a rule from Raoult�s law. One can however still retain
the form of the equation derived for ideal solutions if, instead of themole fraction xa,
the activity aa is used:

aa ¼ gaxa ð4:15Þ
With the help of the activity coefficient, ga, in Eq. (4.15), all deviations from the ideal
state can be taken into consideration. Instead of Eq. (4.8) for the chemical potential of
component a in the liquid mixture one now gets

maðLÞ ¼ m�
aðLÞþRT ln xaþRT ln ga ð4:16Þ

One can now define an existing liquid phase as the standard state so that ga goes to 1
when xa! 1. All deviations from ideal behavior in a mixture (xa 6¼ 1) are then
included in the term RT ln(ga).
Because the chemical potential of component a in the liquid phase and that in the

contacting gas phase are equal in equilibrium, it is possible to determine the partition
coefficient for component a between the liquid and gas phases with the help of
thermodynamic quantities.
For the equilibrium state for a substance, a, distributed between the gas (G) and

liquid (L) phases then

maðGÞ ¼ mQ
a þRT ln ðpa=pQÞ ¼ maðLÞ ¼ m*

aðLÞþRT ln xaþRT ln ga ð4:17Þ

and because

m�
aðLÞ ¼ mQ

a þRT ln ðp�a=pQÞ ð4:18Þ
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then

RT ln
xa
pa

¼ mQ
a �mQ

a �RT ln p*aþRT ln pQ�RT ln pQ�RT ln ga ¼ RT ln
1

p*a ga
ð4:19Þ

and consequently

xa
pa

¼ 1
p�aga

or pa ¼ ga�xa�p�a ð4:20Þ

which is a form of Raoult�s law for nonideal solutions where aa ¼ pa=p
�
a.

The thermodynamic characteristics of solutions are often expressed by means of
excess functions. These are the amounts by which the free energy, entropy, enthalpy,
etc. exceed those of a hypothetical ideal solution of the same composition (Denbigh
1981). The excess free energy is closely related to the activity coefficients. The total
free enthalpy of a system is

G ¼
X

nimi ð4:21Þ

Substituting from Eq. (4.16) one obtains

G ¼
X

nim�
i þRT

X
ni ln xiþRT

X
ni ln g i ð4:22Þ

If the solutions were ideal the last term of course would be zero. The excess free
energy, GE, is thus defined as

GE ¼ HE�TSE ¼ RT
X

ni ln g i ð4:23Þ

Differentiating the above expression at constant temperature and then applying
conditions of constant temperature and pressure gives (Denbigh 1981)

_GE
i ¼ _HE

i �T_SE
i ¼ RT ln g i ¼

qGE

qni

� �
T ;p;ni

ð4:24Þ

where _GE
i is the excess free energy of mixing per mole, _HE

i is the excess enthalpy
of mixing per mole, and _SE

i is the excess entropy of mixing per mole. Note that the
excess free energy of mixing is also referred to as the excess chemical potential _mE

i in
some notations. A regular solution is a special case where solutions of similar sized
molecules are completely randomly oriented in solution (i.e., no attractive forces
other than dispersion forces), such that the volume change on mixing is quite small
and the excess entropy per mole of mixture is essentially zero. For regular solutions
then _SE

i ¼ 0 but _HE
i „0. Another special case, athermal solutions, is assumed to have

zero (or negligibly small) enthalpy of mixing.

4.2.2.1 Partition Coefficients for Nonideal Solutions
For partitioning substance a between two nonideal liquid solutions with superscripts
b and c one gets

mb
a ¼ mc

a so that m�b
a þRT ln xbaþRT ln gba ¼ m�c

a þRT ln xcaþRT ln g ca ð4:25Þ
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Solving it, one gets

ln
xba � gba
xca � g ca

¼ m �c
a �m �b

a

RT
ð4:26Þ

where the partition coefficientK 0 for nonideal solutions is now defined to be the ratio

K 0 ¼ xba � gba
xca � g ca

ð4:27Þ

Note that for ideal solutions ga¼ 1 and Eq. (4.27) is equal to Eq. (4.13).
Experimentally it is often more convenient to describe solute concentrations in

terms ofmolar (mole/volume) or weight/volume concentration quantities instead of
mole fractions. Apartition coefficientK can be defined to be a ratio of concentrations:

K ¼ cba
cca

ð4:28Þ

The relationship between a mole fraction partition coefficient (K 0) and a molar
concentration partition coefficient (K0) for dilute solutions is

K ¼ cba
cca

¼ xba � _V c

xca � _V b
¼ K 0 � _V c

_V b
ð4:29Þ

In order to get the molar concentration cL,a (e.g., moles/volume) of a in the liquid
phase at equilibrium, one relates the quantity ofmaterialna(L)mol in the liquid phase
to the volume of the liquid, VL, to get

cL;a ¼ naðLÞ
VL

¼ nL � xLa
VL

¼ xLa
_VL

ðmol=volumeÞ cL;a ¼ xLa �Ma

_VL
ðmass=volumeÞ

ð4:30Þ
where n is the total number of moles in the system and _VL is molar volume (e.g.,
volume/mole) of the liquid phase. With the molar massMa the concentration cL,a is
expressed in mass/volume. For dilute solutions (the case most applicable for food
packaging systems) one can make a simplifying assumption and use the molar
volume of the pure bulk liquid phase instead of the molar volume of the liquid
solution.
From the ideal gas law

PV ¼ nRT ð4:31Þ
one obtains for the gas phase VG=naðGÞ ¼ _VG;a ¼ RT=pa and with it the molar
concentration of a in the gas phase cG,a:

cG;a ¼ naðGÞ
VG

¼ pa
RT

ðmol=volumeÞ cG;a ¼ pa�Ma

RT
ðmass=volumeÞ ð4:32Þ

where _VG is the molar volume of the ideal gas. For T¼ 298.15K (25�C) and
p¼ 1 Pa¼ 1Nm�2¼ 1 kgm�1 s�2, one obtains the value for an ideal gas with
R¼ 8.31451 J K�1mol�1 for _VG ¼ 2478.94m3mol�1 and for p¼ 1 atm¼ 101 325 Pa,
_VG ¼ 24.47 dm3mol�1.
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The dimensionless partition coefficient KG=L for equilibrium of a dilute solution
between an ideal gas and liquid is obtained by combiningEq. (4.28)with (4.20), (4.30),
and (4.32) to give

KG=LðaÞ ¼ cG;a
cL;a

¼ _VL

xa
� pa
RT

¼ p�a gL;a _VL

RT
ð4:33Þ

Using the index P for a polymeric material phase one obtains an equation analogous
to Eq. (4.33) for molar concentrations:

KG=PðaÞ ¼ cG;a
cP;a

¼ p�a gP;a _VP

RT
ð4:34Þ

From the ratio ofKG=L toKG=P the partition coefficient between a polymer and a liquid
can be calculated for molar concentration ratios (gba ¼ gL;a; g ca ¼ gP;a):

KP=LðaÞ ¼
KG=LðaÞ
KG=PðaÞ ¼

cP;a
cL;a

¼ gL;a _VL

gP;a _VP
: ð4:35Þ

Note that molar concentration partition coefficients K are the same as if the
partition coefficient were defined as a ratio of weight/volume concentrations due to
the canceling out of the relativemolecular weights of the solute in the numerator and
denominator.
With Eqs. (4.33) to (4.35) the first goal of describing partition by using parameters

resulting from thermodynamic state functions is reached even though gL,a and gP,a
are related to the corresponding chemical potential as well as the free enthalpy.

4.2.3
Partition Coefficients for Systems with Polymers

A complication in estimating the partition of some solute a in systems containing
polymers occurs due to the large, in general nonuniform,molar volumesof polymers.
It is usually more convenient to work with weight/volume concentrations, weight
fractions (molalconcentrations)orvolumefractions. Insteadofmole fractionsonecan
define analogous weight fractions using the mass g of the system�s i components:

wi ¼ giPj
i¼1

gi

ð4:36Þ

with analogous equations for Raoult�s law:

pa ¼ wa � p�a ð4:37Þ
for very dilute ideal solutions and

pa ¼ Wa �wa � p�a ð4:38Þ
for nonideal solutions where Oa is referred to as the weight fraction (molal) activity
coefficient. For dilute liquid solutions having components with well-defined molar
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weights the relationship between the molal activity coefficient and molar activity
coefficient is

WL;a ¼ ðML=MaÞ�gL;a ð4:39Þ

where Mi is the molecular mass. For dilute concentrations of substance a in a
polymer, cP,a can be approximated using weight fractions as

cP;a ffi wa�rP ¼ pa
p�a �WP;a

� rP ¼ aa
WP;a

rP: ð4:40Þ

For dilute concentrations of a in a liquid the molar concentration in terms of the
weight fraction is

cL;a ffi wa�rL ¼
pa

p�a �WL;a
� rL ¼

aa
WL;a

rL ð4:41Þ

where aa ¼ pa=p
*
a is the activity.

Combining Eqs. (4.39) and (4.40) one can derive an expression for partition
coefficients of dilute solutions calculated using molal activity coefficients. For KG=L

one combines Eqs. (4.38), (4.33), the ideal gas law equation (4.31) and Eq. (4.41) to get

KG=LðaÞ ¼ WL;a� p�a �Ma

RT � rL
ð4:42Þ

KG=PðaÞ ¼ WP;a� p�a�Ma

RT � rP
: ð4:43Þ

Combining Eqs. (4.42) and (4.43) one gets KP=L:

KP=LðaÞ ¼
KG=LðaÞ
KG=PðaÞ

¼ cP;a
cL;a

¼ WL;a � rP
WP;a � rL

: ð4:44Þ

In some cases it ismore convenient to define amolal activity coefficient for the solute
in the polymer phase and amolar activity coefficient for the liquid phase. Combining
Eqs. (4.33) and (4.43) one gets

KP=L ¼
gL;a � _VL � rP
WP;a �Ma

: ð4:45Þ

Sometimes volume fractions, Fa, are used which can be defined as

Fa ¼ VaP
jVa

ð4:46Þ

as well as volume fraction activity coefficients, gFa :

pa ¼ Fa � gFa � p*a ð4:47Þ
with related partition coefficient expressions for dilute solutions (e.g., FL,affiVa/VL

and cL,affiFL,a � ra) based on volume fraction activity coefficients and assuming ideal
gas law behavior (Eq. (4.31)):
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KG=LðaÞ ¼
gFL;a � p�a �Ma

RT � ra
ð4:48Þ

KG=PðaÞ ¼
gFP;a � p�a �Ma

RT � ra
ð4:49Þ

KP=LðaÞ ¼
K

0
G=LðaÞ

K 0
G=PðaÞ

¼ cP;a
cL;a

¼ gFL;a
gFP;a

: ð4:50Þ

Using the above expressions for partition coefficients defined on the basis of
weight fraction and volume fraction activity coefficients one avoids the difficulty of
trying to define what exactly the molar volume of a polymer is.
Due to the difficulties caused by using polymer molar volumes, it is common in

some estimation methods to use the molar volume of the polymer�s repeating
structural unit (i.e., molar volume of monomer) instead of the actual molar volume
whenestimating thevaluesofphysicalproperties.Thismolarvolumeisdesignated_VP

and one can use Eqs. (4.33) and (4.35) without difficulty because the relative molar
mass of themonomeric structural unitMP is known and the density of the polymerrP
iseasy todetermine(_VP ¼ MP=1000 rP dm3 mol�1).Takingforexamplepolyethylene
with a density of rP ¼ 0:93 g cm�3 at 25�C and the monomeric structural unit
�CH2�CH2�, with MP¼ 28 gmol�1, then _VP ¼ 0:030 dm3 mol�1. For calculating
thepartitioningofasubstance ibetweenpolyethyleneandwateraccordingtoEq.(4.35),
_VL ¼ 18=1000 ¼ 0:018 dm3 mol�1 is used for water.
In general the corresponding molar volume for nonpolymeric liquids can be

obtained without difficulty, because the densities are available from tables or can
easily be determined experimentally.

4.2.4
Relationship Between Partition Coefficients and Solubility Coefficients

The partition coefficient describing solute partitioning between air and polymer is
often referred to as a solubility coefficient, S. The solubility coefficient can be
expressed in terms of the molal activity coefficient for polymers using Eq. (4.40):

S ¼ cP;a
pa

¼ rP
WP;a � p �

a
: ð4:51Þ

Solubility has CGSunits of g cm�3 Pa�1, where pa is the solute partial pressure and
p�a is the solute saturated vapor pressure at the temperature of the system.Note that at
ambient temperature and pressure one can assume ideal gas behavior. Henry�s
constant for a solute in a polymer is a special solubility coefficient case where
cP;a / h � p�a.
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4.3
Estimation of Partition Coefficients Between Polymers and Liquids

The majority of partition coefficient estimation methods are based on thermody-
namic models that estimate the activity coefficient of a solute in a polymer and in a
liquid phase. There has been significant effort devoted to activity coefficient estima-
tion methods in the chemical engineering, environmental, and pharmaceutical
research fields because the necessary experimental data for many substances are
not available and are difficult to measure. In addition partition coefficients in
polymer/liquid systems have been modeled using quantitative structure activity
relationships (QSAR) (Tehrany et al. 2006).
All current partition coefficient/activity coefficient estimation models are by

necessity semiempirical in nature or are statistical based (e.g., QSAR) because still
too little is known about solution theory for outright estimation. Chemical modeling
is not readily available and is not far enough developed to do these types of
calculations. The constants required by the models must be estimated using either
experimental data points (e.g., an infinite dilution activity coefficient or a molar
volume) or by using group contributions derived from experimental data (e.g.,
interaction constants, molecular volumes, and surface areas).

4.3.1
Additive Molecular Properties

The physical properties of a substance are dependent on the nature of the atoms
found in it and the type of bonds between them. The size and shape of the molecules
from which a substance is composed determine the aggregate state and all related
specific properties such as melting point, vapor pressure, density, viscosity, and
solubility in various media. This also includes the number value of the partition
coefficient. Fundamentally, there are two completely different ways to determine the
number values of specific quantities. The first and most exact way is by direct
experimentalmeasurement. This requires significant effort and is not always feasible
for twomain reasons. First, there is amultitude of system combinations coming into
question; and second themeasurement techniques themselves inmost cases are not
simple. Numerous sources of error in the various experimental methods can make
theuse of published data difficult because it is not always possible to critically evaluate
them.
The second way to obtain numeric values for specific quantities is a purely

deductive approach where calculation of a number value is attempted with the help
of theoretical derivations from quantum mechanics and statistical mechanics. Even
withmodern computing facilities, it is not yet possible to carry out these calculations
without a series of simplifying assumptions. Such simplifications can nevertheless
have large negative effects on the precision of the calculated results.
In practice one is obliged to use yet a third way that goes between the two extremes

in order to get useable number values for material-specific properties (Chapter 15).
This way touches on the estimation of values with the help of experimentally
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determined data collections that allow the estimation of values using a series of
simplifications andmore or less theoretically based assumptions. In view of the often
large simplifications used, the results can be astoundingly reliable. Even when
estimations obtained in a semiempirical way are considered only as approximations,
they are in practice extremely useful and inmany cases the only useful estimation of a
property. In the next section it will be shown that even very empirical approximation
methods are ultimately based on theoretical foundations.
One of the reasons why estimated data can be so reliable is the experience that

values for a given substance within a homologous series show a very slow change in
their properties. A substance class is designated a homologous series when its
individual members have the same structural characteristics and are differentiated
only through the number of a repeating structural unit. The simplest example of
homologous series is the class of straight chain saturated hydrocarbons, the so-called
normal or n-alkanes, with the elementary composition CzH2zþ2, where z is the
number of carbon atoms in a molecule in this series. Specific properties such as
melting point and boiling point increase after a certain z value in a predictable way.
This behavior is based on the similarity of the repeating structural unitwhich is aCH2

or methylene group. There are deviations for small z values which are caused by the
different behavior of the endCH3ormethyl group. Because of the very slow change of
the value within a homologous series, values of individual members that contain
errors can be discovered easily and missing values can be estimated by interpolation
or extrapolation. Homologous series, and in particular the homologous series of n-
alkanes, serve as the backbone for estimating values for various specific properties of
an organic substances (see Chapter 6).
A further reason for the reliability of estimated values is the relative independence

of various structural units within a molecule as long as these units or functional
atomic groups are not placed too near to one another. Using the basis of this relative
independence, the possibility exists to simply sum the individual contributions of
the characteristic atom groups to give a value for the properties of the substance.
However, complications exist due to influences from neighboring groups, which
must be taken into account to improve the estimation in the so-called second
approximation. As an example, take the di-ketone compound CH3COCH2CH2CH2

CH2COCH3, with two identical carbonyl groups in positions 2 and 7. For estimating
the value of a specific property, one can in general add the contributions from the
carbonyl groups, and the methylene and the two methyl end groups to account for
the complete structure. If both of the CO groups are neighbors, as for example in the
molecule CH3CH2CH2COCOCH2CH2CH3, then there must be a contribution
added or subtracted to account for this, because the two groups influence one
another. Despite the complications inherent in adding together structural group
contributions of a molecule, which are referred to as structural increments in the
following text, thesemethods are practical and useful for the estimating the values of
specific properties.
The simplest example of a quantity obtained by the addition of structural incre-

ments is the relative molecular mass Mr (which is dimensionless and is commonly
but not correctly referred to as molecular weight).The relative molecular mass is
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made up by strict addition of the single atomic masses (atomic weights), Ar, and can
be calculated using the elemental formula of the substance. The influence of
neighboring groups takes no place in calculating molecular mass, because such
influences are based on the binding relationships between the atoms and these have
no influence on themasses. The relativemolecular mass is a dimensionless quantity
because it comes from the ratio of the actual molecularmass to the 1/12 atomicmass
of the carbon 12C isotope. This is comparable to the molar mass or mole mass M
which has the dimensions gmol�1.
A further specific quantity that can be calculated by adding together contributions

from individual building blocks is the molar volume _V , usually expressed in cm3

mol�1. This is the volume that the mole of a given substance occupies. Compared to
mole mass the molar volume is dependent on the physical state of the substance as
well as pressure and temperature. As a result there are several difficulties in
summing the individual contributions to give molar volume, because along with
the volume of individual molecules the spatial volume between molecules must also
be considered. The spatial volume is dependent on the state of the system, which
means the opposing spatial ordering ofmolecules in a crystal lattice or liquid. For this
reason it is not so easy to give such an exact value for a specific property such as
density (specific weight) from M and _V as it is for M and Mr.
For the following applications, additive quantities are needed that can reproduce

the intermolecular binding relationships, e.g., partition coefficients are based on
such relationships.
For all additive mole constants there are two generally valid rules:

(1) The additive structural increments in either atomic constants or in binding
constants can be determined purely by calculation. Secondly, additional values or
structural increments can be added for certain structural elements e.g., ring
systems, branching, and others.

(2) The structural increments are considered to be purely calculated quantities for
which no simple physical meaning can be established.

When putting together a table of additive structural increments, attentionmust be
given that it does not contain too many values that unnecessarily complicate its
application. The most sensible method is to combine several atoms in groups, e.g.,
into functional groups, forwhich a constant value can be used. By doing this, the table
becomes more convenient to use. The additive principle makes it possible to simply
sum the group contributions with the help of the following simple formula:

E ¼
X
a

naEa ð4:52Þ

where E represents the sum of all molecular increments, na is the number of a given
type of increment, and Ea is the value of the structural increment a.

There already exists a substantial literature devoted to the estimation of various
material properties with the help of additive structural increments (Reid et al. 1987;
Van Krevelen 1990).

4.3 Estimation of Partition Coefficients Between Polymers and Liquids j101



4.3.2
Estimation of Partition Coefficients Using QSAR and QSPR

Quantitative structure activity relationship (QSAR) and quantitative structure prop-
erty relationship (QSPR), a field of computational chemistry, are widely used to
predict the biological activity ofmolecules for drug discovery, pesticide development,
molecular synthesis, and environmental toxicity. Quantitative structure relationship
techniques attempt to find consistent relationships between the variations in the
values of molecular properties and their activity (QSAR) or property (QSPR) for a
series of compounds so these �rules� can be used to evaluate new chemical entities
(Richon and Young 2007). Selassie (2003) published a review of the history, tools,
techniques, and applications of QSAR. A QSAR generally takes the form of a linear
equation (Richon and Young 2007):

activity=property¼constantþðc1�P1Þþðc2�P2Þþðc3�P3Þþ...þðcn�PnÞ ð4:53Þ

where the parameters Pn are molecule physiochemical or structural properties and
the coefficients cn are calculated by fitting variations in the parameters and the
activity/property. Parameters used in QSAR include electronic (e.g., Hammett
constants, quantum mechanical indices), hydrophobicity (e.g., octanol/water parti-
tion coefficient), steric (e.g., molecular weight, molecule size, and shape), indicator
variables (e.g., LUMO – lowest unoccupied molecular orbital), and molecular
structure descriptors (Selassie 2003). To develop a QSAR statistical linear regression
methods are usually used to fit a set of experimental training data. As a result the
quality of QSAR is only as good as the quality of the experimental data used to derive
the model. Numerous computer-based programs have been developed using differ-
ent parameters to build QSARs (Richon and Young 2007).
There has been some initial limited work calculating solute (six solvents) partition

coefficients between polymers (polyamide and polyester) and aqueous (water, 10 and
95% ethanol, 3% acetic acid) food stimulant mixtures using QSPR (Tehrany et al.
2006).Molecular descriptors were obtained from amolecularmodeling database and
then the equation fitting was carried out using a math software program. For
experimental polymer/liquid partition coefficients larger than 5, four parameters
were used: polarity polymer, polarity of the food, molecular weight, and lowest
unoccupiedmolecular orbital. For experimental partition coefficients smaller than 5,
two additional parameters for the molecular weight of the stimulant and the
hydrophilic–hydrophobic balance were used. The QSPR approach shows promise
but has so far only been applied to a limited number of solute/polymer/food simulant
mixtures.

4.3.3
Group-Contribution Thermodynamic Polymer Partition Coefficient Estimation Methods

The estimation of activity coefficients in polymer systems presents special problems
for modeling and there are several activity coefficient estimation models that have

102j 4 Partition Coefficients



been proposed. There are thermodynamic estimation methods based on the regular
solution theory (RST) with empirical corrections (Baner and Piringer 1991), equa-
tions of state (Flory 1970; High and Danner 1990; Chen et al. 1990; Bogdanic and
Fredenslund 1994 – GCFLORY), statistical mechanics (Oishi and Prausnitz 1978 –

UNIFAC-FV), quantummechanical (Mavrovouniotis 1990;Canstantinou et al.1993),
and free volume models (Kontogeorgis et al. 1993).
For many thermodynamic estimation models the activity coefficient is commonly

described as being roughly composed of two or three different components. These
components represent combinatorial contributions (g ci ) which are essentially due to
differences in size and shape of the molecules in the mixture, residual contributions
(g ri ) which are essentially due to energy interactions between molecules, and free
volume (g f vi ) contributions which take into consideration differences between the
free volumes of the mixture�s components:

ln g i ¼ ln g ciþln g riþln g f vi : ð4:54Þ

The combinatorial and free volume contributions can be thought of as being
roughly analogous to the excess entropy of mixing (see Eq. (4.23)). The residual
contribution is roughly analogous to the excess enthalpy of mixing. In some models
the free volume contribution is treated in a separate term (e.g., UNIFAC-FV and
GCFLORY) and in others (e.g., Elbro et al. 1990 – ELBRO-FV) the combinatorial and
free volume contributions are essentially combined into the free volume term thus
eliminating the combinatorial term. The RST considers essentially only a residual
contribution.
One of the central problemswith estimating activity coefficient in polymer systems

is that general observations made for low molecular weight component systems are
no longer valid for polymers. It is observed that the solution-dependent properties are
no longer directly proportional to the mole fraction of solute in the polymer at dilute
concentrations. For example, the solute partial pressure in a system containing a
polymer is no longer directly proportional to its mole fraction which is an apparent
deviation from Raoult�s law.
Some estimation models work around the difficulty of using mole fractions for

polymers by usingweight fractions (molal concentration). This avoids the problemof
defining what is a mole of polymer. However, even using weight fractions and
defining the estimated activity coefficients on amolal basis is not enough to overcome
the differences between what is expected from a lowmolecular weight liquid system
andwhat is experimentally observed in a polymer system. This difference is treated in
most estimation models by describing the difference as being due to free volume
differences between the polymer and liquid. The free volume conceptwas specifically
developed to describe the variation of polymer system properties from those of a
liquid system. The concept of free volume varies on how it is defined and used but
is generally acknowledged to be related to the degree of thermal expansion of
the molecules. When liquids with different free volumes are mixed that difference
contributes to the excess functions (Prausnitz et al. 1986). The definition of free
volume used by Bondi (1968) is the difference between the hard sphere or hard
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core volume of the molecule (_VW ¼ van derWaals volume) and the molar volume at
some temperature:

_V f v ¼ _V i �_VW : ð4:55Þ

A modern way of estimating activity coefficients and thus partition coefficients is
through the use of group-contribution parameters. Methods have been developed to
allow chemical engineers to estimate activity coefficients in liquid and polymeric
systems. The principle of the method is to start with a thermodynamic framework
describing how molecules interact in solutions and then use additive molecular
increments (i.e.,molecular groups such asmethyl groups CH3, hydroxyl groupsOH)
to obtain the combinatorial, residual, or free volume contribution estimation of how a
molecule will interact with other molecules of the solvent or polymer. While
combinatorial and free volume parameters are based on well-known measures of
molecular size and dimensions, residual group-contribution parameters are devel-
oped for each model by fitting a set of experimental data.
In the following sections, taken from Baner (2000), the accuracies of four of the

currently available group-contribution thermodynamic partition coefficient estima-
tionmethods that are suitable for systems involving polymers are compared in Tables
4.1 and 4.2.

4.3.3.1 Estimation of Partition Coefficients Using RST
The RST in combination with additive structural increments has a wide applica-
tion for estimating the relative solubilities of organic substances in polymers and
the solubility of polymers in various solvents (Barton 1983; Van Krevelen 1990;
Brandrup et al. 2003). The RST uses solubility parameters to estimate activity
coefficients and was one of the first thermodynamic-based estimation methods. It
has been successful in giving relatively good activity coefficient estimations for
hydrocarbons. RST as its name implies is for regular solutions. It uses the
geometric mean assumption which assumes that interactions between different
molecules in a mixture are similar to those the molecules experience between
themselves in a pure mixture. As a result its best estimations are for mixtures of
similar sized nonpolar molecules. When estimating partition coefficient values,
one is quickly confronted with this method�s application limits, particularly with
polar and nonpolar structures. The accuracy of RST is not good for estimations of
very dilute concentrations of organic solute partition coefficients between poly-
olefins and alcohols (Baner and Piringer 1991). They estimated activity coefficients
using an empirical correlation along with solubility parameters estimated by the
group-contribution method of Van Krevelen (1990).

4.3.3.2 Estimation of Partition Coefficients Using UNIFAC
The UNIFAC (unified quasi chemical theory of liquid mixtures functional-group
activity coefficients) group-contribution method for the prediction of activity coeffi-
cients in nonelectrolyte liquid mixtures was first introduced by Fredenslund et al.
(1975). It isbasedon theunifiedquasi chemical theoryof liquidmixtures (UNIQUAC)
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(Abrams and Prausnitz 1975) which is a statistical mechanical treatment
derived from the quasi chemical lattice model (Guggenheim 1952). UNIFAC has
been extended to polymer solutions by Oishi and Prausnitz (1978) who added a free
volume contribution term (UNIFAC-FV) from the polymer solution equation-of-state
equation of Flory (1970). The UNIFAC activity coefficient estimation model uses
the form of Eq. (4.54).
The UNIFAC method has a useful temperature range of �23 to 152�C. The

accuracy of infinite dilution estimations for relatively low molecular weight organic
molecules (Mi< 200) averages from 20.5% for 3357 low molecular weight com-
pounds (Thomas and Eckert 1984), 21% for 6 compounds in three classes of
solvents (Park and Carr 1987) and 21.1% for 791 series of measurements
containing 1773 data points (Larsen et al. 1987). Several modifications have been
proposed to the UNIFAC model in addition to the free volume contribution
already mentioned. Proposed modifications to the combinatorial and residual
terms that improve estimations by about 11% (Weidlich and Gmehling 1987;
Larsen et al. 1987) but cannot be used for polymers (Fredenslund 1989). Other
UNIFAC modifications have been developed (Bastos et al. 1988; Iwai et al. 1985;
Doong and Ho 1991) that attempt to increase the predictions made by the original
model for infinite dilutions, hydrocarbon solubility, and swelling/dissolving of
semicrystalline polymers.
Mixtures of hydrocarbons are assumed to be athermal by UNIFACmeaning there

is no residual contribution to the activity coefficient. The free volume contribution is
considered significant only for mixtures containing polymers and is equal to zero for
liquidmixtures. The combinatorial activity coefficient contribution is calculated from
volume and surface area fractions of themolecule or polymer segment. Themolecule
structural parameters needed to do this are the van der Waals or hard core volumes
and surface areas of the molecule relative to those of a standardized polyethylene
methylene CH2 segment. UNIFAC for polymers (Oishi and Prausnitz 1978) calcu-
lates in termsof activity (ai) instead of the activity coefficient andusesweight fractions
(Eq. (4.36)) instead of mole fractions.
Tables 4.1 and 4.2 show estimated molar activity coefficients from UNIFAC and

molal (weight fraction) activity coefficients from UNIFAC-FV to calculate a liquid
activity coefficient of a test set of 13 aroma compounds partitioned between
various polymers and alcohol solvents using Eq. (4.45). The UNIFAC estimations
of activity coefficients were estimated using a BASIC computer program based on
a program (Sandler 1989) modified for calculations for polymers (UNIFAC-FV) to
carry out the free volume correction using weight fraction based activity coeffi-
cients (Oishi and Prausnitz 1978). The program was rewritten using published
algorithms (Goydan et al. 1989) for binary polymer/solute solutions and the
interaction parameters were updated using the UNIFAC 5th revision interaction
parameters (Hansen et al. 1991). In UNIFAC calculations the polymer monomer
repeat unit is used to represent the chemical structure and molecular weight of the
polymer in the polymer activity coefficient calculations. For polyethylene (PE)
polymers the amorphous PE density (rP¼ 0.85) gave the most accurate
estimations.
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4.3.3.3 Estimation of Partition Coefficients Using Group-Contribution
Flory Equation-of-State
The group-contribution Flory equation-of-state (GCFLORY) developed by Chen et al.
(1990) and later revised (Bogdanic and Fredenslund 1994) is a group-contribution
extension of the Flory equation of state (Flory 1970). The equation is similar to the
Holten–Anderson model and incorporates a correlation for the degree of freedom
parameter. The method has combinatorial and free volume contributions to the
activity coefficient similar toUNIFACanduses theUNIFAC surface area and volume
functional group parameters. The model estimates activities and uses weight
fractions.
Copies of the FORTRAN versions of the GCFLORYprograms were obtained from

the authors (POLGCEOS March 5, 1991, Chen et al. 1990 and GC-FLORY EOS
April 28, 1993, Bogdanic and Fredenslund 1994). An average number molecular
weight of 30 000 was used in the calculations for all polymers. The model�s resulting
activity coefficient estimations are relatively insensitive to variations in polymer
molecular weights.

4.3.3.4 Estimation of Partition Coefficients Using Elbro Free Volume Model
TheElbro free volumemodel (ELBRO-FV) is based on the free volume termproposed
by Elbro et al. (1990). The ELBRO-FV model uses only the free volume and residual
activity coefficient contribution terms. The residual term is taken from the UNIFAC
model and is thus equal to zero for athermal mixtures. For the activity coefficient
estimation calculations the residual portion of the activity coefficient (Eq. (4.54)) was
calculated in a simple spreadsheet and added to the interaction activity coefficient
portion calculated using UNIFAC. An average number molecular weight of 30 000
was used for the polymers. The van der Waals volumes were calculated using the
group-contribution method of Bondi (1968).

4.3.3.5 Comparison of Thermodynamic Group-Contribution Partition Coefficient
Estimation Methods
A test set of 6 to 13 aroma compound partition coefficient between different food
contact polymers (low density polyethylene (LDPE), high density polyethylene
(HDPE); polypropylene (PP), polyethylene terephthalate (PET), poly amide (PA)) and
different food simulant phases (water, ethanol, aqueous ethanol/water mixtures,
methanol,1-propanol)were takenfromthe literature (KoszinowskiandPiringer1989;
Baner1992,1993;Franz1990,1991;Koszinowski1986;Piringer1993). InTable4.1 the
experimental data were compared to estimations using the different thermodynamic
group-contribution partition coefficient estimation methods described above.
Table 4.1, with partition coefficient estimation results for 13 aroma compounds

partitioned between polyethylene (PE) and ethanol, is an example of the estimation
accuracy one can expect using these methods. In order to compare the different
estimationmethods, average absolute ratios of calculated to experimental valueswere
calculated for the partitioned substances. For calculated values greater than experi-
mental values the calculated value is divided by the experimental value. For calculated
values less than the experimental values the inverse ratio is taken. Calculating
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absolute ratios gives amultiplicative factor indicating the relative differences between
values of the experimental and estimated data. A ratio of 1 means the experimental
value is equal to the estimated value (Baner et al., 1994).
The liquid phase and polymer phase activity coefficients were combined from the

different methods to see if better estimation accuracy could be obtained since some
estimation methods were developed for estimation of activity coefficients in poly-
mers (e.g., GCFLORY, ELBRO-FV) and others have their origins in liquid phase
activity coefficient estimation (e.g., UNIFAC). The UNIFAC liquid phase activity
coefficient combined with GCFLORY (1990 and 1993 versions) and ELBRO-FV
polymer activity coefficients was shown to be the combinations giving the best
estimations out of all the possible combinations of the different methods.
Table 4.2 shows examples of average absolute ratios (estimated values to experi-

mental values) and their corresponding standard deviations for several other poly-
mer/aroma/solvent systems. The results are representative of the estimation behav-
ior of these models and do not include all data tested to date. Baner (1992) tested the
partition coefficient estimations for these aroma compounds and polymer additives
between aqueous ethanol solutions and polyethylene with similar results. UNIFAC-
FV was found to be the most consistent, most widely applicable and overall gives the
most accurate partition coefficient estimations of all the models. However, the
UNIFAC model partition coefficient estimations here are less accurate than the
20% expected variation reported in the literature (Thomas and Eckert 1984; Park and
Carr 1987) for solute in solvent activity coefficient data. GCFLORY (Chen et al. 1990)
could not estimate water and polar polymers (PVC, PET, no amide group for
polyamide) containing systems well. GCFLORY by Bogdanic and Fredenslund
(1994) is very similar to GCFLORY by Chen et al. (1990) but made worse estimations
because it was not intended to be used for estimating activity coefficients in low
molecular weight liquids. When the GCFLORYpolymer activity coefficient was used
with the liquid phase activity coefficient from UNIFAC, partition coefficient estima-
tions were significantly improved. The GCFLORY models had cyclic and aliphatic
group-contribution terms. Calculations were made for four ring-containing aroma
compounds using both cyclic and aliphatic groups to see whether there was any
advantage of one set of groups over the other for these estimations. Inmost cases the
results were very similar either slightly better or slightly worse.
ELBRO-FV cannot model water as a solvent; otherwise it was often better than

UNIFAC-FV in accuracy. For water-containing systems UNIFAC liquid activity
coefficient estimations should be used with ELBRO-FV polymer activity coefficients.
The scope of application of the RST is limited only to solute partitioning in PE/
ethanol systems. Their better accuracy is not surprising since they are essentially
correlations of this same experimental data.

4.3.4
Vapor Pressure Index Partition Coefficient Estimation Method

Given the inaccuracies of the RSTand the large amount of effort required to use the
UNIFAC and similar thermodynamic group-contribution methods (all of which still
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have inherent errors), a third estimation, based on additive molecular properties
(increments), can be presented. This approach leads to sufficiently accurate values by
using simple calculations for the most important practical partitioning cases. The
method referred to here as the vapor pressure index method (VPIM) is based on a
recognized fact in gas chromatography that the partitioning of a substance between a
gas and a polymer liquid can be estimated based on its structural increments and
these can be used as characteristic quantities for identification.
As mentioned previously the main disadvantage of the regular solution theory

is its inability to model polar systems, e.g. aqueous solutions, which are very
important for food and pharmaceutical packaging. This limits the range of
application of the RST. The main problems when applying UNIFAC and similar
type of methods to food and pharmaceutical packaging are the lack of basic
empirical data and limited models for interpreting systems with large molecular
weights such as plastics and additives. In addition these estimation methods
require specific computer programs to calculate the results. For this reason the
vapor pressure index estimationmethod was developed. Themethod is easy to use,
the input parameters required are readily available or can be estimated and the
method can be applied to several different applications. The insight leading to
the development of the method starts with the field of gas chromatography (GC)
where retention indexes have been successfully used for years to identify separated
substances.
Starting from the well-known definition of a retention index inGC (Kovats 1958), a

molecular retention index based on partition coefficients of a substance a and two
homologous n-alkanes with j and jþ 1 carbon atoms, between a polymeric separation
phase and a gas, has been defined (Piringer et al. 1976; Piringer 1993):

Me ¼ 14 � logðKjÞ� logðKaÞ
logðKjÞ� logðKjþ1ÞþMj: ð4:56Þ

In the following procedure the homologous series of n-alkanes is used as a reference
compound class. For these substances it is possible to calculate the equilibrium
saturated vapor pressure p�j of a pure n-alkane with j carbon atoms at a given
temperature T by using a generalized Antoine equation:

logðp�j Þ ¼ A� B
w
wj;e

� T
Tj;¥

þC� j
0:036 � j2þ100

ð4:57Þ

with A¼ 9.4278 Tj,1¼ 1036.2 K j¼ (Mj� 2)/14 B¼ 2.8586 wj,e¼ (1þ 2p/j)j/e,
C¼ 0.015 w¼ e2p/e.
In Chapter 6 the meaning of the so-called interaction functions wj,e, and w and of

the limited temperature Tj,1 used in this equation is explained.
The corresponding saturated vapor pressure p�a of a pure substance a can be

calculated with the same equation (4.57) if j¼ (MrþWa� 2)/14 is used. This vapor
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pressure represents the vapor pressure of a hypothetical n-alkane with the relative
molecular mass Mj¼MrþWa. The vapor pressure index Wa is a dimensionless
group-contribution element with the same unit as the relative molecular massMr of
the substance, that can be added toMr. The value ofWa depends on the structure of
the molecule a. Polar functional groups contribute with positive values, whereas
branching in the molecule give negative contributions. The n-alkanes have by
definition Wa¼ 0.
The partial vapor pressure pL,a of a substance a over a solution containing a in

liquid L or the partial vapor pressure pP,a over the polymer P is the product
between its saturated vapor pressure p�a over the pure liquid a, the mole fraction xL,a
or xP,a, and the activity coefficient gL,a or gP,a (Eq. (4.20)). The product
gL;ap�a ¼ hL;a or gP;ap�a ¼ hP;a is the corresponding Henry constant of a in L
or P. The Henry constant hL,a can also be calculated with Eq. (4.57) whereby
j¼ (MrþWaþGL� 2)/14 is once again the number of carbon atoms in a
hypothetical n-alkane which has a saturated pure vapor pressure corresponding to
a relative molecular mass Mj¼MrþWaþGL. The same procedure is used for hP,a.
The vapor pressure index GL,a is an additional dimensionless group-contribution
element. Its value is a function of the chemical nature of the substance a and the
liquid phase L.
From the above description one can resume that theHenry constant hL,a or hP,a can

be estimated in the form of a function h¼ f(MrþWaþGL) in which the argument is
obtained from the relative molecular mass Mr in addition to two structure incre-
ments, Wa and GL or GP, which take into account the specific structures of the
substance a and L or P. The index values are very characteristic for a given chemical
structure as will be shown below.
The dimensionless partition coefficients, KG/L(a), of substance a between a gas G

and the liquid L and KG/P(a) between G and the polymer P are given in Eqs. (4.33)
and (4.34). In thismanner one obtains the partition coefficientKP/L(a) of a between P
and L:

KP=L ¼
KG=LðaÞ
KG=PðaÞ

¼ hL;a � _VL

hP;a � _VP
: ð4:58Þ

The molar volume _VL of the liquid L is easy to determine. As mentioned in
Section 4.1.3 it is difficult to use correct molar volumes _VP of the polymer. By
convention in many cases the molar volumes of the corresponding monomers are
used and these have an order of magnitude about 30–100 cm3mol�1. In the
following estimation method a value of _VP ¼ 100 cm3 mol�1 is used per
definition.
The estimation of partition coefficients will require a corresponding collection of

index values. To obtain such collections, one can calculate the Wa, GL as well as GP

indices using experimentallymeasured vapor pressure values or fromcorresponding
literature data. The relative vapor pressure indexWa is calculated from the pure vapor
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pressure p�a and the vapor pressures of two homologous n-alkanes with j and jþ 1
carbon atoms in the molecule:

Wa ¼ 14 � logðpjÞ� logðpa�Þ
logðpjÞ� logðpjþ1Þ

þ14 � jþ2�Mr and

GL ¼ 14 � logðpj;aÞ� logðhL;aÞ
logðpj;aÞ� logðpjþ1;aÞ

þ14 � jþ 2�ðMrþWaÞ:
ð4:59Þ

To calculateWa one starts with the above equation forWa by using j¼ (Mr� 2)/14
in thefirst step for the calculation of log(pj) and log(pjþ1) with Eq. (4.57). TheWa-value
obtained is added to Mr and the above Eq. (4.57) is used again but with j¼ (Mrþ
Wa� 2)/14. The new value of Wa is used for the collection.
The corresponding index value, GL or GP, is calculated in the same manner

whereby the corresponding Henry constant hL,a or hP,a is used instead of pa�. In the
first step j¼ (MrþWa� 2)/14 is used for calculation of log(pj,a) with Eq. (4.57). In the
second step, as shown above, the calculation of GL is repeated by using j¼ (Mrþ
WaþGL� 2)/14 in Eq. (4.57).

4.3.4.1 Examples of Vapor Pressure Index Values
The aliphatic hydrocarbons, the alcohols, and acids are substance classes with
extreme different polarities. The vapor pressure index Wa for the straight chain n-
alkanes reference series is by definition equal to zero. For alcohols and acids the
corresponding values are particularly large. However, the index values decrease with
increasing molecular weight throughout the homologous series as the relative
contribution of the OH group to interactions between the alcohol molecules in the
liquid decreases. A good estimation of the Wa-values is obtained with the following
linear functions of their relative molecular mass:

Wa¼ 65:5�0:166Mr primary aliphatic alcohols

Wa¼ 67:7�0:295Mr secondary aliphatic alcohols

Wa¼ 37:24�0:152Mr tertiary aliphatic alcohols

Wa ¼ 63�0:068Mr organic acids:

For each additional branching, for example a methyl group, a contribution
DWa¼�4.5 must be added.
The values within a homologous series can be well represented by a linear

equation. For a given size molecule there is a pronounced decrease in theWa-values
in the alcohol series primary> secondary> tertiary. Single branched molecules, e.g.
a CH2 group, can be assigned a negative value of �4.5 and molecules with two
branches have a negative value of�9, etc. By definition the branching next to the OH
group present in tertiary alcohols is already taken into account. A direct consequence
of this is that the pure vapor pressure for tertiary alcohols ismuchhigher compared to
a primary alcohol with the same molecular mass.
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For organic compounds with less polar groups in comparison with alcohols and
acids, the decrease of theWa-values with the increase of their molecular mass is less
pronounced. For the carbonyl group in aldehydes and ketones, as an example, one
can use amean value ofWa¼ 17 and for an aromatic ring,Wa¼ 13. Esters and ethers
have smaller Wa-values, as well as halogen derivatives.
TheGL values for the aliphatic alcohols over water (L¼W) can also be calculated as

a linear function of molecular mass Mr :

Gw¼ 3.19� 1.107 Mr primary aliphatic alcohols (Figure 4.1)
Gw¼ 43.3� 1.17 Mr secondary aliphatic alcohols
Gw¼ 59� 1.17 Mr tertiary aliphatic alcohols.

For each additional branching, for example a methyl group, a contribution DWa

þ4.5 must be added.
Compared to the Wa-values, molecular branching is accounted for by adding

positive values. This means that the water molecules have easier access to the
immediate vicinity of OH groups in molecules opened up by branching (i.e.,
interaction of water with theOHgroup is shielded from the effect of the hydrocarbon
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Figure 4.1 The Gw values for the primary aliphatic alcohols over
water (trace 1) as a linear function of the relative molecular mass,
Gw¼ 31.9� 1.107 Mr (trace 2).
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tail of themolecule). The effect of a positive contribution from an index is an increase
in solubility in the corresponding liquid.
Up to a relative molecular mass of approximately Mr¼ 250 the Wa-values are

positive for a substance and become larger themore polar themolecules. At the same
time negative Wa-values are a sign of branched molecules. As molecules become
larger the Wa-values become negative as can be seen in Figure 4.2, where the Wa-
values for the additives from Appendix III are correlated with their molecular
weights. This apparently peculiar result can be explained by the fact that large
molecules with several functional groups and branching, e.g. polymer additives, are
not as tightly packed solids as the unbranched n-alkane reference molecules.
Important for practical applications however is the tendency for Wa to decrease
linearly as a function of Mr.
This makes it possible in general to estimateWa-values using linear relationships

in the case of complexmoleculeswhereby alongwith an equation for average values it
allowsmaximum andminimum limits to be assigned. This is particularly important
in all cases in which a �worst case� estimation is made (e.g., for regulatory or safety
purposes).
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Figure 4.2 TheWa-values of the additives listed in Appendix III in
correlation with their molecular weights. The three lines are
the corresponding upper limit, Wa,max¼ 350� 0.6 Mr, the main
value function, _Wa ¼ 225�0:6Mr , and the lower limit,
Wa,min¼ 100� 0.6 Mr, respectively.
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Chemical families with specific structures can be well correlated with linear
functions as exemplified in Figure 4.3 for some antioxidants and amides from
Appendix III.
The same tendencies are observed for GL¼GW values over water (L¼W) for all

additives (Figure 4.4):

Wa;min ¼ 100�0:6Mr GW ;min ¼ �Mr

_Wa ¼ 225�0:6Mr

Wa;max ¼ 350�0:6Mr GW ;max ¼ �0:182Mr :

As mentioned above the alkanes and alcohols form two chemical families with
extremely different polarities. This results in a much lower volatility for alcohols
compared to alkanes with the same mass. The very high Henry constant values for
hydrocarbons over water produce consequently an extremely low solubility of these
molecules in water.
As with the Wa-values exemplified in Figure 4.3, chemical families with specific

structures can be correlatedwell with certain linear functions, as shown in Figure 4.5.
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Figure 4.3 TheWa-valuesofantioxidantswith longaliphaticchains
andphosphites (�)andofaliphaticamides(}) fromAppendix III in
correlation with the linear functionWa¼ 200� 0.6Mr.
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Several additional linear relationships for estimating the GL values of additives in
ethanol, methanol, and polyethylene glycol as well as GP values for polyolefins are
given:

GL¼�(Mr� 4) for n-alkanes and aliphatic hydrocarbons
in water

GL¼�20� 0.2 Mr for additives in ethanol
GL¼�7.3� 0.41 Mr for additives in methanol and

polyethyleneglycols
GP¼�14� 0.24 Mr for additives in polyolefins.

Similar relationships can be created for any class of substances and media. The
main advantage of linear relationships between vapor pressure unit contributions is
that they are easy to calculate by hand or in programs. Similar to the estimation of
diffusion coefficients shown in Chapter 6, the equations for estimating partition
coefficients can be incorporated into a standard mathematical computer calculation
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Figure 4.4 TheGW-values of the additives listed in Appendix III in
correlation with their molecular weights. The two lines are the
corresponding upper limit, GW,max¼�0.182 Mr and the lower
limit, GW,min¼�Mr, respectively.
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program (e.g., Mathsoft or Excel). By doing so the field of application for migration
estimation will be expanded considerably and many of the present cases with
extremely overestimated values will be now more realistic.
An important class of systems for which partition coefficients, KP/L, are needed in

migration modeling is polyolefins in contact with mixtures of ethanol/water. One
can assume that practically all foods and pharmaceuticals in contact with
nonpolar plastics, like polyolefins, can be simulated with ethanol/water mixtures
(Figure 4.6).
It is possible to estimate the vapor pressure index GL of ethanol/water mixtures

with the following relation:

GL ¼ ðGE�GWÞ� cE
100

þGW

where cE is the concentration of ethanol in % (w/w).GE is the index for pure ethanol
andGW is the index for water. Themolar volume _VL of the ethanol/watermixture can
be estimated with _VL ’ 17þ 1:037c , where c¼ cE.
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Figure 4.5 The GW-values of antioxidants with long aliphatic
chains and phosphites (�) and of aliphatic amides (})
from Appendix III in correlation with the linear function
GW¼�0.7 Mr.
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Figure 4.6 Partition coefficients KP/L of CHIMASORB 81
between PE and cheese, mayonnaise, butter, chocolate (trace 2),
meet with fat content between 0 and 50% (trace 3), soft drinks
(trace 4), and ethanol/water mixtures calculated with Eq. (4.58)
(trace 1).
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5
Models for Diffusion in Polymers
Peter Mercea

The literature contains a very large amount of both experimental and theoretical
information on the diffusion of small molecules, especially gases, in polymers. Since
the pioneeringworks (Mitchell 1983;Graham1866) on thediffusion of gases through
rubber septa interest in diffusion phenomena in polymers have continuously
increased and diversified. The considerable interest and the concentrated academic
and industrial research efforts in the study of diffusion in polymers arise from the
fact that important practical applications for these materials depend to a great extent
on diffusion phenomena. In the lastfive decades, a series of classic books and reviews
has been devoted to the presentation of the main topics, experimental results,
theories, and applications for the diffusion of small molecules in polymers (Barrer
1951; Tuwiner 1962; Rogers 1965; Crank and Park 1968; Stannett et al. (1972, 1979);
Hwang and Kammermeyer 1975; Vieth et al. 1976; Meares 1976; Mason and
Lonsdale 1990; Frisch and Stern 1983; Rogers and Machin 1972; Vieth 1991; Koros
1990; Stern 1994; Aminabhavy et al. 1988; Paul and Yampol�skii 1994). An interested
reader will most certainly find in one of these publications information, which apply
to her/his special area of interest.
To produce today an exhaustive review about the field ofmass transport (diffusion)

in polymers would require an ample amount of work and space, which is beyond the
aim of this book. Therefore, in this chapter, we will present concisely only some
outlines of the models currently found in the literature for the interpretation of the
diffusion of small molecules in polymers (Crank and Park 1968; Hwang and
Kammermeyer 1975; Stannett et al. 1979; Frisch and Stern 1983; Vieth 1991; Paul
and Yampol�skii 1994). An important aspect in this presentation will be to show to
which extent themathematical formalism developed in the framework of a diffusion
model allows accurate predictions of the diffusion coefficients, Dp, of small mole-
cules in a given polymer. Namely, the knowledge ofDp is essential for the theoretical
modeling of substance migration from polymeric (packaging) materials into various
contact media (foods, food simulants, and/or pharmaceuticals).
In many publications, the term �small molecules� denotes permanent or rare

gases, hydrocarbons from C1 to C4, some hexafluorides and simple organic vapors.

Plastic Packaging. Second Edition. Edited by O.G. Piringer and A.L. Baner
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31455-3
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However, from the point of view of the practical applications of polymers, especially
in the packaging sector, the term �small molecules� includes also a wide range of
organic substances, other than macromolecules, with a relative molecular weight,
Mw, up to about 2500 g/mol (Koros 1990; Aminabhavy et al. 1988; Schlotter and
Furlan 1992; Piringer 1993; Comyn 1985; Clough et al. 1985; Vergnaud 1991; Scott
1980; Hauschild and Spingler 1988; Stastna and DeKee 1995; Crompton 1979;
Piringer and Baner 2000).
Many theoretical models have been proposed in the last six decades to describe the

diffusion of small molecules in polymer matrices. According to the distance–time
scale at which the basic physicochemical processes involved in these models have
been set one could classify them in two main categories, namely, �microscopic� and
�atomistic� diffusion models.
The �microscopic�models have beendeveloped since the late 1930s, and therefore,

can be coined as �classical,� too. They attempted to demonstrate that experimental
results, i.e., the dependence of diffusion coefficients on temperature, nature of the
smallmolecule, and its concentration in the polymer, can be put into correspondence
with some �microscopic� structural or energy parameters of the polymermatrix and/
or of the diffusing species. Very often at the basis of these classical models
phenomenological �heuristic� reasonings weremade and used to develop eventually
mathematical formulae capable to quantify a diffusion processes investigated
experimentally. The �microscopic� parameters involved in the development of the
classical diffusionmodels aremost often average data on the structural geometry and
dimensions of the polymer macromolecules and/or diffusant molecule, i.e., the
length of the polymer chains and chain segment angles, estimated average spacing
between the polymer chains, uniformly distributed average free volumes, diffusant
collision diameters, etc. In fact, most of these models are not truly microscopic
because the mathematical formulae developed in their framework rely on macro-
scopic properties of the polymer, such as thermal expansion, compressibility,
viscosity, and/or density.
The following section is devoted to the presentation of some of these classical

�microscopic� diffusion models. As already special emphasis is to discuss how the
mathematical formulae of these models can correlate with experimental data and
predict diffusion coefficients. This latter aspect is of great interest not only from a
fundamental point of view but also in many practical fields where the possibility to
predict a diffusion process might be a more economic alternative to its experimental
investigation.
Since about two decades, with the advent of powerful computers and development

of appropriate software, works are published in which diffusion of some small
molecules in selected polymeric matrices is described by means of computer
simulations. The theoretical models use in this respect can be coined as �atomistic�
ones. In principle the development of such a �computational approach� starts from
very elementary physical–chemical data – also called �first principles� – on the small
molecule–polymer, SM–P, system. The dimensions of the atoms, the interatomic
distances and molecular chain angles, the potential fields acting on the atoms and
molecules, and other local parameters are used to generate a computer polymer

124j 5 Models for Diffusion in Polymers



structure, to insert the small molecules in its free volumes and then to simulate their
motion in the polymermatrix. Determining the size and rate of thesemotionsmakes
it possible to calculate the diffusion coefficient and characterize the diffusional
mechanism.
Nowadays the �atomistic� simulation of diffusional processes in polymers is

a domain of vivid research activity, which already produced remarkable results.
There are expectations that �the computational approach� will become one day a
practical and powerful tool to predict diffusion phenomena in complex SM–P
systems. The second section of this chapter is devoted to a concise presentation of
this approach.
In recent years nonparametric models (schemes) were developed for the estima-

tion of Dp based on hierarchical classification of experimental results available from
the literature (Vitrac et al. 2006). Such a model is, in fact, not describing either at a
�microscopic� or at an �atomistic� level the diffusion process taking place in a SM–P
system, but diffusion coefficients in a given polymer, known from literature, are
classified by using �descriptors� which reflect certain individual properties of the
small molecules. How such a hierarchical classification can then be used to estimate
the Dp for another small molecule will be presented briefly in Section 5.3.

5.1
Diffusion in Polymers – The Classical Approach

Historically most of the �microscopic� diffusion models of the �classical approach�
were formulated for amorphous polymer structures and are based on concepts
derived from diffusion in simple liquids. An amorphous polymer can often be
regarded with good approximation as a homogeneous and isotropic structure. In
semicrystalline polymers the crystalline regions can be considered in a first approxi-
mation as impenetrable obstacles in the path of the diffusion process and sources of
heterogeneous properties for the SM–P system. The effect of polymer crystallites on
the mechanism of substance diffusion in a semicrystalline polymer has often been
analyzed from the point of view of barrier property enhancement in polymer films
(Cussler et al. 1988; Cussler 1990).
In approaching the problem of modeling diffusion in polymers, regardless if in a

�classical� or �computational� manner, an important feature must be highlighted,
namely thatmarkedly different diffusionmechanisms operate at temperatures above
and below the glass transition temperature, Tg, of the polymer. This is due, in
principle, to the fact that polymers at temperatures T >Tg, so-called rubbery poly-
mers, respond rapidly to changes in their physical condition. Therefore, the SM–P
system adjusts immediately to a new equilibrium when a diffusing species is
absorbed by and transported through the rubbery matrix of the polymer. The time
taken to reach the new state of equilibrium is very much shorter than the character-
istic time involved in the diffusion of themolecule through thematrix of the polymer
(Crank and Park 1968; Stannett et al. 1979; Frisch and Stern 1983). In rubbery
polymers the diffusion of small molecules is generally Fickian, i.e., it follows Fick�s
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laws of diffusion (Crank and Park 1968), except special cases in which, for example,
sorption equilibrium is not achieved at the polymer interfaces (Frisch 1962).
In contrast, for �glassy� polymers, i.e., when T< Tg, the motion of the polymer

chains is not sufficiently rapid to completely homogenize the small molecules�
environment. Therefore, below Tg the polymer is not in a true equilibriumwithin the
time scale of a conventional diffusion or sorption experiment (Crank and Park 1968;
Vieth et al. 1976; Stannett et al. 1979; Frisch and Stern 1983; Vieth 1991). Because of
that in glassy polymers the diffusion of small molecules is a much more complex
process, see Section 5.2
According to the physicochemical parameters and the type of mathematical

formalism used in the development of �microscopic� diffusion models, one could
classify them into: molecular, free volume, and respectively, hybrid models.
This classification should, in principle, be valid for both rubbery and glassy

polymers. However, until now more detailed and true �microscopic� treatments
have mainly been models for diffusion in rubbery polymers. An explanation for this
may be the difficulty to develop consistent �microscopic� diffusion models for the
much more complex diffusion process occurring in glassy polymers (Vieth et al.
1976; Frisch and Stern 1983; Saxena and Stern 1982; Paul and Koros 1976; Stern and
Saxena 1980).

5.1.1
Diffusion in Rubbery Polymers

5.1.1.1 Molecular Models
Molecular models to describe diffusion in polymers began to be developed with the
pioneering work published more than six decades ago by Barrer (1939, 1942). The
attemptwastomodelthediffusionalprocessbyanalyzingspecificmotionsofdiffusing
molecules and the surrounding polymer chains relative to each other and taking into
consideration the pertinentmolecular forces acting between them. Earliermolecular
models used statistical–mechanical concepts, which were greatly oversimplified and
can only roughly be labeled as �microscopic.� Themathematical formulae developed
in their frameworks expressed most often only the dependence of the diffusion
activation energy, Ed, on certain parameters of the penetrant–polymer system.
In the �activated zone� model given by Barrer 1942, it was assumed that diffusion

of a small penetrant in a polymermatrix occurswhen a total energy equal to or greater
than a critical energy is absorbed in the region surrounding the penetrant molecule.
The energy of activation for diffusion appears in any region of the polymer as a result
of thermal fluctuations in it. This energy is shared by the penetrant molecule and
adjacent polymer segments and is stored in a so-called zone of activation (Barrer
(1939, 1942)). The diffusional jump occurs within the lifetime of the energy
fluctuations with the additional requirement for cooperation and synchronization
between segmental rotations and intermolecular vibrations within the zone of
activation. In the framework of thismodel an expression for calculating the diffusion
coefficient was developed too. It was used to correlate experimental results obtained
for the diffusion of simple gases and organic vapors in elastomers (Barrer 1939). The
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use of this expression is not trivial because it requires among others the knowledge of
a series of data on the viscosity of the polymer as well as �heuristic� assumptions on
certain parameters included in the expression.
A somewhat closer phenomenological tie to the �microscopic� structure and

motions in the penetrant–polymer system was proposed by Meares 1954. The main
assumption made there was that diffusion of a small penetrant in the matrix of a
polymer takes place by �jumps� between �holes� or �vacancies� created by the
thermal fluctuation of the polymer chains. It was further assumed that the unit
diffusion step for small penetrants in polymers is governed by the energy required to
separate the polymer chains surrounding amolecule of penetrant and to give a space
of sufficient cross section for the molecule to pass to another �hole.� Thus, above Tg
the activation process of diffusion is breaking off van der Waals bonds between
polymer chains and creating voids of �cylindrical� form. For very small penetrant
molecules, i.e., He, Ne, or N2, complete separation of the segments beyond the limit
of van derWaals interactions would not be required but for larger penetrants this will
be the case. Applying the theory of absolute reaction rates (Glasstone et al. 1941) to
diffusion, an expression for calculating the diffusion coefficients was derived by
Meares 1954 too. The diffusion coefficients are assumed to increase with the square
of the length, l*, of the assumed �cylindrical� void and depend on the temperature,T
too. For simple gases diffusing through rubbery polymers the model produced
reasonable correlations of the experimental results measured at different tempera-
tures,T (Meares (1954,1993) and allowed thus the estimation ofl* in the investigated
polymers. However, the model was not used/tested later to see if it held for the
diffusion of more complex organic vapors in rubbery polymers.
A further attempt to correlate the, Ed, with �microscopic� structural features of the

polymer matrix was proposed by Brandt 1959. This classical diffusion model is
constructed on the assumption that, in order to create a passageway for a penetrant
molecule, theenergyof activation isused inpart tobend themolecular chain segments
which surround the penetrant – intramolecular energy Eb – and in part to overcome
the attractive forces between the segments – intermolecular energyEi. In principle, in
this diffusion model a semipredictive calculation of Dp was developed but the
procedurerelieson theknowledgeofa seriesofadditionalparameters, suchas internal
pressure in the polymer, average geometric parameters of the polymer chains which
must be evaluated from structural, density, specific volume data on the polymer, and
other parameters. The discrepancies between theory and experimentwere ascribed to
limitations resulting from the oversimplifiedmechanismof diffusion assumed in the
development of themodel. Moreover, the validity of themodel was tested only for the
diffusion of very simple penetrants (permanent gases) in rubbery polyethylene.
Nevertheless, taking into account the simplicity of the motions assumed to be

responsible for the diffusional jump and the crudemethod of estimating some of the
structural and energy parameters involved, it might be reasonable to consider that
such estimates will at best give information on the order of magnitude of the
calculated diffusion coefficients.
The molecular model concept presented by Brandt 1959 was further refined and

developedbyDiBenedetto (1963a, 1963b), which are often cited in the literature. In this
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statisticalmolecularmodel it is assumed that thewhole structure of the polymermatrix
consists of a randomdistributionof identicaln-center segments in cylindrical cells. The
bundle of parallel chains creates a cylindrically symmetric forcefield, which influences
the motions of the central chain. During the course of normal thermal vibrations and
rotations of the polymer chains, the unit cell expands and contracts. Themotion of the
segments can be coordinated to produce a cylindrical void adjacent to a molecule
absorbed into the polymer, which is then able to �diffuse� into this void. The oscillatory
movement of the polymer segments is several orders of magnitude slower than the
translational rate of the penetrantmolecule. Therefore, the diffusional process consists
of a �normal� state in which four parallel chains are separated only by the mean
intermolecular distance. In the �activated� state, the polymer chains are separated and
thevolumeoftheunitcell consistsof theaveragefreevolumeplusacylindricalvoid large
enough to accommodate a penetrant molecule of diameter d, Figure 5.1.
By analyzing the interaction between a chain center and the centers from

adjacent chains, a relation for the potential interaction energy in both the normal
and activated state was obtained (DiBenedetto 1963a). This formula was eventually
used to develop a relationship for the calculation of Ed. To use this relation knowledge
of parameters determined from thermodynamic andmolecular data on the penetrant –
olymersystemisrequired.Unfortunately, themodelpresented (DiBenedetto1963a)has

Figure 5.1 The activation process of diffusion (DiBenedetto 1963a).
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not been developed by its author to address the problem of diffusion coefficient
calculation.
A process or manufacturing engineering concerned with the type of problems

highlighted in this bookmight be interested not only in a general presentation of the
one or the other of the diffusion models but also to what extent such a model can be
used to calculate Dp for a small penetrant in a given polymer. Inspecting from this
point of view the �microscopic� models presented so far one finds out that their
mathematical formulae forDp require one ormore adjustable parameters which can
be determined only by fitting theoretical curves to experimental results. Once these
parameters are determined the expressions can be used to interpolate and/or
extrapolate the experimental data in a certain range. When using such expression
to extrapolate experimental data one should take into account at least two aspects:
(i) not to perform calculations far beyond the range investigated in the experiments
and (ii) to make sure that at the level where the calculations are performed the
penetrant–polymer system did not change its properties, for example, because of a
phase transition or swelling.
One can state that a diffusion model, which allows only such calculations

and extrapolations of diffusion coefficients exhibits only �correlative� and �semi-
predictive� capabilities. All �classical� diffusion models presented in this section
fall into this category.

5.1.1.2 The Molecular Model of Pace and Datyner
One of themost popular and detailed statisticalmolecularmodels for the diffusion of
simple penetrants in amorphous rubbery polymers was proposed by Pace and
Datyner (1979a, 1979b). This model is based on features taken from some of the
models presented above.
To construct the model, it has been assumed that the amorphous polymer regions

possess an approximately paracrystalline order with chain bundles locally parallel. A
penetrant molecule may diffuse through the matrix of the polymer by two modes of
motion, Figure 5.2.
First, similar to themodel described by DiBenedetto (1963a, 1963b), the penetrant

molecule is allowed to move along the axis of a �tube� formed by adjacent parallel
chains. This is called �longitudinal movement� and is regarded in a first approxima-
tion as requiring no activation energy. Second, as in themodel given by Brandt 1959,
the molecule may move perpendicular to this axis – �transverse movement� – when
two adjacent polymer chains separate sufficiently to permit its passage. The longitu-
dinal movement occurs much more rapidly than the transverse. It was estimated by
Pace and Datyner 1979a that the longitudinal motion occurs at least three orders of
magnitude faster than the macroscopically determined diffusion rates. Hence, the
penetrant molecule will move backward and forward in the �tube� formed by the
parallel chains, Figure 5.2, many times before it may progress further by moving,
through a transverse jump, to an adjoining �tube.� The two motions occur in series
and the observed Ed is required to separate the polymer chains, which then allows a
transverse motion. Therefore, this model ascribes to the transverse motions the role
of rate determining step in diffusion of the penetrant through polymermatrix. In this
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phenomenological picture, the average diffusional jump length is then given by the
length of the �tube� while the jump frequency ismonitored by the frequency of chain
separations that allows penetrant passage between the two adjacent �tubes.� TheEd is
evaluated from the energy needed for a symmetric separation of two polymer chains
to allow a penetrant of diameter d to pass through. For �nonspherical� penetrant
molecules the model uses, instead of d, an effective diameter deff defined by the
relation deff¼ d2/dl, where dl is the longest molecular dimension determined from
models of the molecule. The model allows a reasonable correlation of the experi-
mental Ed with diameters of the diffusant species (Pace and Datyner (1979b, 1979c).
The main advantage of this �classical� molecular model is that Ed can be estimated
without using any adjustable parameters derived from correlation with experimental
diffusion data. However, the equation for Ed contains a series of material, structural,
and thermodynamic parameters of the host polymer as well as the dimension and
shape of the penetrant molecules (Pace and Datyner (1979a, 1979b). The determina-
tion of these data, as far as they have not already been tabulated in some publication,
depends on the availability of certain experimental data and is not always a simple
task.
As for the problem of a formula for Dp this molecular model has to resort to the

theory of stochastic processes (Chandrasekar 1943). In a homogeneous medium in
which a penetrant may jump with equal probability in all the directionsD is given by

D ¼ 1
6
l2n ð5:1Þ

wherel2 is themean-square �jump� distance and v the average jump frequency of the
diffusing molecule. This frequency can be equated with that of the chain openings
that permit passage of the penetrantmolecule andwas calculated in the framework of
the model by using statistical mechanical relations for the probability density of

Figure 5.2 Proposed polymer microstructure with locally parallel
chains and possible motions of spherical penetrant.
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energy distribution in multicomponent systems (Wheeler 1938). Eventually, the
relationship derived for D was (Pace and Datyner 1979a)

D ¼ l
z

� �2 �

r�

� �5=4 ffiffiffi
b

p
m�

� �1=2 dl

qDE=qd
exp � Ed

RT

� �
ð5:2Þ

where dl¼ dþr*�hri and b is a chain-bending modulus. Within the limits of the
simplifying assumptions made by Pace and Datyner 1979a the numerical factor Y
was found to be equal with 9.0· 10�4. Let us assume that for a given
penetrant–polymer system z, e*, m* and r* are known or can be determined from
appropriate experimental data reported in the literature. Now assuming that Ed has
been estimated theoretically with the model by substituting the above parameters
into Eq. (5.2) one could, in principle, calculate a diffusion coefficientD. The problem
is that both Eqs. (5.1) and (5.2) contain themean-square �jump� distance, l, which is
generally not known or very difficult to determine experimentally. Thus, in order to
calculate a D a �shrewd guess,� based on similitude with other SM–P polymer, or a
special experiment (for example, using a positron annihilation techniques
(Yampol�skii et al. 1994), is needed to obtain l. In conclusion the mathematical
formalism developed in this model forD is not truly predictive. Thismeans that for a
given polymer–penetrant system D cannot be estimated using only readily available
�first principles,� i.e., thermodynamic, molecular, and structural data on the pene-
trant–polymer system.

5.1.1.3 Free-Volume Models
The �free-volume� models are by far the most widely used theories for interpreting
and predicting the diffusion of small penetrants in polymers (Crank and Park 1968;
Stannett et al. 1979; Frisch and Stern 1983; Fujita 1961; Guo et al. 1992; Vrentas and
Duda 1986). The beauty of thesemodels is that they describe the very complex process
of diffusion in polymers in a way that is based on realistic concepts, relying on
parameters that have some relevant physical significance. The basic assumption of
the free-volumemodels is that themobility of both polymer segments and penetrant
molecules is primarily determined by the available free volume in the penetrant–-
polymer system. The free volume of the polymer is regarded as an �empty� volume
between the chains of the polymer, while the penetrant free volume is the volume not
occupied between themolecules of the penetrant. It is assumed that the diffusion of a
small molecule in the polymer depends on two factors. First, the molecule should
obtain sufficient energy to overcome attractive forces and second, it should be
surrounded by free volume.
Most free-volume models for diffusion in polymers follow the phenomenological

basis set by Cohen and Turnbull 1959 where the self-diffusion of an ideal liquid of
hard spheres (�molecules�), which behave according to the van der Waals physical
model (Hirschfelder et al. 1954), has been analyzed. These molecules are confined –
for most of the time – in a �cage� formed by their immediate neighbors. A local
fluctuation in density may open a �hole� within a cage, large enough to permit a
considerable displacement of the sphere contained by it. This displacement gives rise
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to diffusion only if another sphere jumps into the �hole� before the first sphere
returns to its initial position. Diffusion occurs not as a result of an activation process
in the ordinary sense but rather as a result of the redistribution of the free volume
within the liquid of hard spheres.
The functional relationships derived in the model of hard-spheres have been

reinterpreted over course of the time, leading to a series of more sophisticated free-
volume diffusion models. Some of these models are presented briefly below. One of
the first attempts to correlate experimental diffusion data with free volume has been
made by Meares 1958a. The experiments showed that above the glass transition
temperature of the polymer, T> Tg, the diffusion is Fickian and that measured
average diffusion coefficient steeply increaseswith the concentration, cs, of penetrant
in the polymer. This finding was quantified with an empirical relation proposed
earlier by Kokes et al. 1952 for the intrinsic diffusion coefficient Dþ:

Dþ ¼ Dc!0expðwcsÞ ð5:3Þ

wherew isaparameter.Equation(5.3)was thenrefinedbyderiving, in termsofa theory
for polymer segmental mobility (Bueche 1953), a relationship between Dþ and its
concentration, expressed as solvent volume fraction, vs. To calculate Dþ with this
formula, some thermodynamic and free-volume parameters for the penetrant–
polymersystemmustbecalculated fromdatagiven in the literatureand twoadjustable
parameters must be determined by fitting the theoretical curves to experimental
diffusiondata (Meares1958a).With thesedata the formula forDþ showedanexcellent
fit over the concentration range which covered a 1000-fold increase ofDþ (Guo et al.
1992; Meares 1958a) thus, awarding in principle the model correlative and semipre-
dictive capabilities for the estimation of the diffusion coefficient of a solvent in a
polymer aboveTg. Though the basic assumptions of this �free-volume�model cannot
describe the much more complex diffusion processes occurring in migration of
complex organic molecules from polymeric packaging materials.
One of the simplest early free-volume diffusion models was formulated by Fujita

1961 and Fujita et al. 1960. The concept of this model was considered as an advance,
because some of the parameters required to describe the concentration-dependence
of the diffusion coefficient could be obtained from the physical–chemical properties
of the polymer and penetrant. The relation proposed for the calculation of the
thermodynamic diffusion coefficient, DT, was (Fujita 1961; Fujita et al. 1960)

DT ¼ Ad RT expð�Bd=V f Þ ð5:4Þ

where Vf is the average fractional free volume. The proportionality coefficient Ad is
considered to be dependent primarily upon the size and shape of the penetrant, while
Bd is a parameter, which is independent of temperature and penetrant concentration.
To work effectively with Eq. (5.4) the magnitude of its parameters must be deter-
mined. For this the free volume of the penetrant–polymer systemmust be evaluated
from viscosity data. Eventually, the two adjustable parameters Ad and Bd must be
calculated by fitting appropriate experimental diffusion data. For the diffusion of
organic vapors in rubbery polymers, the correlation between theoretical curves and
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experimental data is often acceptable. In such cases the model can be used in a
semipredictive manner in order to estimate diffusion coefficients beyond the
penetrant concentration and/or temperature range where experimental results were
collected. As already mentioned, the model includes in its formulae the adjustable
coefficients Ad and Bd which cannot be determined from �first principles.� Hence,
one cannot ascertain true predictive capabilities from themodel and thus, it is of little
effective help for the type of practical diffusion coefficient estimations which are
needed for the estimation of migration from packaging polymers.

5.1.1.4 The Free-Volume Model of Vrentas and Duda
In the last three decades, Vrentas, Duda, and their coworkers have published a
substantial number of papers on the free-volume model of diffusion in polymer–
solvent systems they developed in the late 1970s (Vrentas et al. 1988a, 1985, 1987,
1991;Vrentas andVrentas 1994a, 1994b;Ganesh et al. 1992;Vrentas andDuda 1977a,
1977b,1977c,1977d,1978;Dudaet al. 1982).Thismodel,which isoftencitedandused
in the literature, underwent a number of modifications over the years and appears to
apply well to the diffusion of organic solvents in rubbery and glassy polymers.
In order to develop a consistent free-volume diffusion model, there are some

issues which must be addressed, namely: (i) how the currently available free volume
for the diffusion process is defined, (ii) how this free volume is distributed among the
polymer segments and the penetrant molecules, and (iii) how much energy is
required for the redistribution of the free volume. Any valid free-volume diffusion
model addresses these issues both from the phenomenological and quantitative
points of view such that the diffusion process is described adequately down to the
�microscopic� level. Vrentas andDuda stated that their free-volumemodel addresses
these three issues in amore detailed form thanprevious diffusionmodels of the same
type. Moreover, it was stated that the model allows the calculation of the absolute
value of the diffusion coefficient and the activation energy of diffusion mainly from
parameters, which have physical significance, i.e., so-called first principles. In the
framework of this model the derivation, of the relation for the calculation of the self-
diffusion coefficient of the solvent D1S is not a trivial task. A relation can obtained
which gives the dependence of D1s on the nature of the penetrant and its concentra-
tion in the polymer–solvent system, the temperature and on the molecular weight of
the polymer. For a rubbery polymer a condensed form of this relation, valid also for
low-penetrant concentration levels, can be cited from Vrentas and Vrentas 1994a:

D1s ¼ D�o exp � Eþ

RT

� �
exp �g

V��s wsþV��p wpx

V�FH

 !( )
ð5:5Þ

For the definition of all parameters involved in the above relation see (Vrentas et al.
1985;VrentasandVrentas1994a).Theexplicit formofEq. (5.5)contains15parameters
of which 13 can be determined from thermodynamic and molecular data of the
penetrant and polymer. Parameters include two specific hole-free-volumes for the
components, free-volume parameters for the penetrant and polymer, the thermal
expansion coefficient of the polymer, free-volume overlap factors, glass transition
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temperatures, the fractional composition of the system, etc. For a noninitiated reader,
the procedures followed to determine these 13 parameters are not quite simple,
although the authors of the model state that the data needed for this purpose are
generally available in the literature. In the scheme for the estimation of these
parameters presented by Vrentas and Vrentas 1994a one can see that in order to
perform calculationswith themodel, two parametersmust be calculated byfitting the
theoretical curves to experimental results obtained in the so-called zero-penetrant
concentration limit. Thus, it is stated that using anonlinear regression analysis �. . .all
of the parameters of the theory can be determined in general with as few as two
diffusivity data points� (Vrentas and Vrentas 1994a). The results obtained with
this complex, but straightforward procedure, have shown that the model provides
excellent correlations for diffusivity data in several polymer–solvent systems (see
Figure 5.3).
Having mentioned the correlative capabilities of this model, one can consider its

semipredictive abilities. It wasmentioned that a number of diffusion data taken from
a limited range of penetrant concentration are required to calculate two of the
parameters of the model. Once these parameters have been determined, one can
make theoretical predictions for diffusion coefficients over awider range of penetrant
concentration or temperature variation. This is a critical test for any theoreticalmodel,
since a useful model should have at least an established semipredictive capability.
These results are encouraging evidence that the proposedmodel is a suitable tool for a
more accurate description of the diffusion process in rubbery polymers. The model
was most often tested by its authors for polymer–solvents systems like: polystyrene
(PS), poly(methylacrylate) (PMA), poly(ethylmethacrylate) (PEM), and poly(vinylace-
tate) (PVAc); and for toluene, benzene, ethylbenzene as solvents. The experimental
test conditions reported byVrentas et al. 1988a 1985, 1987, 1991, Vrentas andVrentas

Figure 5.3 Test of predictive capabilities of proposed free-volume
model using data for the toluene polystyrene system. Only data
points represented by solid symbols were used to obtain free-
volume parameters.
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1994a, 1994b Ganesh et al. 1992, and Vrentas and Duda 1977a 1997b, 1977c,
especially, for high concentration of solvent in the polymers, often differ considerably
from what is generally of interest when these polymers are used in the packaging
sector.Therefore, to assess thepotential useof this free-volumediffusionmodel in the
field of small substance migration in polymeric food packaging, the model must be
tested for penetrant–polymer systems, which are specific for this field.Moreover, it is
to mention that, because the model contains two parameters that cannot be deter-
mined from �first principles� but only by fitting a limited amount of experimental
data, one cannot ascribe true predictive capabilities of the model.
To conclude this section, itmay be interesting tomentionwhat was said recently by

Stern 1994 on the future of the free-volume diffusion models: �. . . However,
phenomenological transport models based on free-volume concepts are likely to
become obsolete during the coming decade, due to the development of computa-
tional techniques of simulating polymer microstructures. . .� The development of
such techniques and their results are discussed in Section 5.2.

5.1.2
Diffusion in Glassy Polymers

The process of diffusion of small molecules in glassy polymers is a much more
complex than that in rubbery ones. In principle, one can classify the experimental
diffusion results obtained with glassy polymers in three categories:

. Case I (or Fickian) diffusion, when the rate of diffusion ismuch less than that of the
relaxation of the SM–P system,

. Case II diffusion, Super Case II diffusion when the diffusion process is very rapid
in comparison with the relaxation processes of the SM–P system, and

. Anomalous diffusion, when the diffusion and relaxation rates are comparable.
In this case, it is assumed that the diffusion process is affected by the presence
of pre-existing �holes� or �microcavities� in the structure of the polymer matrix.

The complexity of diffusion below Tg results, at least in part, because the free
rotation of the polymer chains is restricted below Tg. Thus, it was assumed that fixed
microcavities or �holes� of various sizes result throughout the matrix of the polymer
below Tg. These �holes� are �frozen� into the polymer as it is quenched from the
rubbery state (Haward 1973). The concept that two mechanisms of sorption may be
implicated in the diffusion and behavior of small molecules in amorphous glassy
polymers was first suggested byMeares 1957. Here and later byMeares 1958b, it was
speculated that below Tg the �holes�may act to immobilize a portion of themolecules
by binding them at high-energy sites at the periphery of the �holes� or by entrapment
in the �holes.� Based on this concept it has been suggested (Barrer et al. 1958) that the
sorption of organic vapors in a glassy polymer is due to two concurrentmechanisms:
(i) ordinary dissolution in the matrix of the polymer (so-called Henry�s law sorption)
and (ii) a �hole�-filling process obeying Langmuir�s law. This phenomenological
model was accompanied, for the sorption of simple gases and organic vapors, by the
equation (Barrer et al. 1958)
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C ¼ kDpþ a1p
1þbp

ð5:6Þ

where a1, b, and kD are adjustable coefficients and p is the pressure of the gaseous
penetrant. It has been reasoned that a1 and b are given approximately by statistical
thermodynamic treatment of Langmuir�s isotherm (Fowler and Guggenheim 1949)
and kD by the lattice theory of penetrant polymer solutions (Barrer 1947a). Later it
was postulated that in Eq. (5.6) one may equate a1¼ c0H2/3 and designate b and c0H as
�hole affinity� and �hole saturation� constants, respectively (Michaels et al. 1963).
This quantitative description of the solution of a simple penetrant in a glassy
polymer is known today as the dual sorption theory (with total immobilization)
(DST). The problem is that the basic assumptions of DSTcannot be justified a priori
(Vieth et al. 1976). The possibility that penetrant molecules adsorbed in �holes� may
not be completely immobilized is one of these problems and has been addressed
(Paul 1969; Petropoulos 1970). If that is the case, both the normally dissolved
penetrant molecules (according to Henry�s law) and the partially immobilized ones
could diffuse through thematrix of the polymer and contribute to the diffusionalflux.
Moreover, in order to better describe real systems, another key postulate from
the initial DST should be relaxed, namely, that the normally dissolved species
and those adsorbed into the �holes� are always in local equilibrium (Petropoulos
1970). That means the diffusion model should incorporate some kinetics for
the immobilization process. There will be cases where the diffusion and immobili-
zation proceed at comparable rates; and limiting cases where one of the two
processes predominates. The phenomenological sorption theory which resulted
from taking into account of these assumptions is known as dual sorption (with
partial immobilization) theory.
Because of the assumed dual sorptionmechanism present in glassy polymers, the

explicit form of the time-dependent diffusion equation in these polymers is much
more complex than that for rubbery polymers (Petropoulos 1970; Tshudy and von
Frankenberg 1973; Crank 1975;Wang et al. 1969; Fredrickson andHelfand 1985). As
a result exact analytical solutions for this equation can be found only in limiting cases
(Crank 1975; Wang et al. 1969; Vieth and Sladek 1965). In all other cases, numerical
methods must be used to correlate the experimental results with theoretical esti-
mates. Often the numerical procedures require a set of starting values for the
parameters of themodel.Usually, these values are �shroud guessed� in a rangewhere
they are expected to lie for the particular penetrant–polymer system. Starting from
this set of arbitrary parameters, the numerical procedure adjusts the values until the
best fit with the experimental data is obtained. The problem, whichmay arise in such
a procedure (Toi et al. 1983), is that thenumerical proceduresmay lead to excellentfits
with the experimental data for quite different starting sets of parameters. Of course
the physical interpretation of such a result is difficult.
However, the mathematical formulae of DSTs satisfactorily present the depen-

dence of the solubility and diffusion coefficients for simple gases and organic vapors
on the concentration of the penetrant in the glassy polymer (Vieth et al. 1976; Stannett
et al. 1979; Frisch and Stern 1983; Vieth 1991; Stern 1994; Frisch 1962; Saxena and
Stern 1982; Chern et al. 1983).
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From the point of view of earlier discussions, namely, the true prediction of
diffusion coefficients for volatile and nonvolatile organic penetrants in glassy
polymers, the diffusion equations derived in the framework of DSTs have only a
limited usefulness. This means that, because the parameters of the DSTmodels are
not directly related to �first principles,� the equations can be used with success to
correlate experimental results, but not to predict diffusion coefficients.
One possible solution to this problem is to develop �microscopic� diffusionmodels

for glassy polymers, similar to those already presented for rubbery polymers. In Pace
andDatyner 1980 some of the results obtained with the statistical model of penetrant
diffusion in rubbery polymers, Section 5.1.1 are combined with simple statistical
mechanical arguments to devise amodel for sorption of simple penetrants into glassy
polymers. This new statistical model is claimed to be applicable at temperatures both
above and below Tg. The model encompasses dual sorption modes for the glassy
polymer and it has been assumed that �hole�-filling is an important sorption mode
above as well as below Tg. The sites of the �holes� are assumed to be fixed within the
matrix of the polymer. Starting from these assumptions and using elementary
statistical mechanical arguments, the authors of the model estimated the values of
parameters approximately, which were then included in relation to the solubility
coefficient (Pace and Datyner 1980). For a series of simple gases diffusing in some
glassy polymers, solubility data calculated with the model were compared with the
experimental sorption data. Semiquantitative to qualitative agreements between
theory and experiment were found. Unfortunately, for the scope of the present book,
themodel was not developed for estimating of diffusion coefficients of small organic
molecules in glassy polymers.
Local density fluctuations occur in penetrant–polymer systems both above and

belowTg. It is then reasonable toexpect that a free-volumediffusionmodel shouldalso
provide an adequate description of the diffusion of small penetrants in glassy
polymers. To reach this goal the free-volumemodel for diffusion of small penetrants
inrubberypolymers,Section5.1.1wasmodifiedtoincludetransportbelowTg (Vrentas
et al. 1980, 1987, 1988b; Vrentas and Vrentas 1992, 1992b; Vrentas and Duda 1978).
In principle, the diffusion process in a penetrant–polymer system can be charac-

terized by determining the mutual diffusion coefficient and its dependence on
temperature, penetrant concentration, pressure, and polymer molecular weight.
When molecular relaxation in the polymer–solvent system is much faster than the
diffusive transport, the conformational changes in the polymer structures appear to
take place instantaneously. The diffusional transport is comparable in such cases to
the transport observed in simple liquids. This type of transport mechanism is
considered to characterize quite well polymer solvent systems for T> Tg. As the
temperature decreases towardTg the probability that a local fluctuation in density will
produce a �hole� of sufficient size so that a polymer jumping unit or a penetrant
molecule can move in decreases. When T< Tg the �hole�-free-volume which can be
redistributed with no energy change in the penetrant–polymer system becomes very
small. BelowTg themotions of the polymer are so hindered that, for a given penetrant
concentration, significant movements do not occur at the time scale of the diffusion
experiment. Moreover, at a very low-penetrant mass fraction, the structure of the
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glassy polymer is essentially unaffected by the presence of the penetrant and the
diffusion process is Fickian (Vrentas et al. 1988a; Vrentas and Duda 1978; Vrentas
and Vrentas 1992). The diffusion process under such conditions has been denoted as
an elastic diffusion process (Vrentas et al. 1988a; Vrentas and Duda 1977d), which
can be analyzed using the classical theory of diffusion. In the limit of zero penetrant
mass fraction, these phenomenological assumptionswere included into the relations
of a mathematical formalism which led eventually to an expression for the depen-
dence of the mutual diffusivity on temperature (Vrentas and Duda 1978):

ln
DðTÞ
DðTg2Þ ¼

yx
K12

Vp �
T�Tg2

K22
K22

Wþ þT�Tg2

h i ð5:7Þ

where the parameter Wþ describes the character of the change of the volume
contraction which can be attributed to the glass transition. For glassy polymers,
T< Tg2, the temperature dependence of D at zero penetrant concentration can be
described by an Ed (Vrentas and Duda 1978; Vrentas et al. 1980):

Ed ¼
RT2ðy � Vp � x=K12

þÞ
K22

K22

Wþ þT�Tg2

h i ð5:8Þ

The temperature dependence ofD for the n-pentane–polystyrene system both above
and below Tg2 has been calculated using the formulae of this free-volume model
(Vrentas et al. 1987). The results obtained are shown in Fig. 5.4 along with a few
experimental data (Holley and Hopfenberg 1970) for the same system at three
temperatures below Tg2.
Similarly to Fig. 5.4 for other glassy polymer–solvent systems also the predictions of

this free-volume theory are in general agreement with experimental data on the

Figure 5.4 Comparison of predictions with experiment for the n-
pentane–polystyrene system (Vrentas et al. 1987; Holley and
Hopfenberg 1970).
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temperaturedependenceofD inthevicinityofTg2.Inparticular, thetheorypredictsastep
change in Ed at Tg2, and this is consistent with most experimental investigations of
polymer–solvent diffusion at temperatures just above and below the glass transition
temperature (CrankandPark1968;Stannettetal. 1979;Vieth1991).Vrentas,Duda,and
their coworkers refined in recent years their free-volumemodel for diffusion in glassy
polymerstoaddressalsotheproblemofFickiandiffusionatfinitesolventconcentrations
(Vrentas et al. 1987; Vrentas and Vrentas 1992, 1994b). For this the free volume and
thermodynamicalparameters involved inEq. (5.7),whichgive thesolvent self-diffusion
coefficientD1s ina rubbery polymer,wereadapted todescribe adequately thephenome-
nology of diffusionbelow the glass transition temperature,Tgm, of the polymer–solvent
mixture at a particular solventmass fraction. A series of assumptions on the structure,
properties and sample history, and the introduction of an additional expansion coeffi-
cient were necessary (Vrentas and Vrentas 1994b) to express the behavior of the free-
volume parameters below Tgm. Eventually, a set of equations was obtained and it was
stated that using them calculation of D1s for glassy polymers is no more difficult than
computing D1s for rubbery polymer–solvent systems (Vrentas and Vrentas
1992, 1994b). However, it was emphasized that the predictions of the model are
sensitive to the sample preparation history, whichmeans reasonably good agreement
between theory and experiment will be obtained only for sample preparation histories
that are similar to the one used in the model. Anyway one can see that up to 19
parameters are needed to express, with this free-volumemodel, the concentration and
temperaturedependenceofD1s ina glassypolymer (Vrentas andVrentas 1992,1994b).
It is stated in these publications that all these parameters except two can be estimated
from physicochemical data generally available in the literature. To determine the
remaining parameters a small, amount of experimental diffusion data is needed.
The reasonably good agreement between theory and experiment shown by this

free-volumemodel (Vrentas andVrentas 1994b) recommends it as an interesting tool
tomodel the diffusion in glassy polymers used in the packaging sector. However, the
problem is that the correlative, semipredictive and predictive capabilities of this
model do not address exactly the type of diffusion coefficient prediction, which is of
interest for the estimation of many migration processes in polymeric packaging.
When we state this we are thinking not only on how difficult it would be to specify all
the parameters of the model for a complex penetrant like an antioxidant or stabilizer
but even more if the model is still valid for this type of polymer–penetrant systems.
The above sections have presented models that link the process of diffusion of

small penetrants in polymers to �microscopic� features of the penetrant–polymer
system. Strictly speaking the type of diffusion models presented above are not truly
�microscopic� because they actually describe average and not truly local
�microscopic� properties of the penetrant–polymer system. Sometimes even excel-
lent correlations of experimental data offered by these models are due to the fact that
the experimental methods used to determine the diffusion coefficients are in turn
probing the penetrant–polymer system over �nonmicroscopic� distances and com-
paratively long times.
Somewhat closer to the designation of a �microscopic� model are those diffusion

theories, which model the transport processes by stochastic rate equations. In the
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most simple of thesemodels a unique transition rate of penetrantmolecules between
smaller �cells� of the same energy is determined as a function of gross thermody-
namic properties and molecular structure characteristics of the penetrant–polymer
system. Unfortunately, until now the diffusion models developed on this basis also
require a number of adjustable parameters without precise physical meaning.
Moreover, the problem of these later models is that in order to predict the absolute
value of the diffusion coefficient at least a most probable �average length� of the
elementary diffusion jump must be known. In the framework of this type of
�microscopic� model, it is not possible to determine this parameter from �first
principles.�
To conclude one can state that in the framework of the �classical� �microscopic�

diffusionmodels more or less complexmathematical formulae have been developed
with the aim of interpreting experimental data and even offering an insight on the
mechanics of diffusion. The mathematical relations for the diffusion coefficient rely
on parameters that must be determined from given physicochemical and structural
data about the penetrant–polymer system. But, almost without exception, these
models also include a number of adjustable parameters, which can be determined
only by fitting experimental data to theoretical curves. In some models, the physical
meaning of these adjustable parameters is quite unsubstantiated. Moreover, among
the earlier �classical� diffusion models some �shrewd guessing� of some model
parameters is needed. Therefore, one can state that the main limitation of all these
phenomenologicalmodels is that they cannot truly predict diffusion coefficients only
from �first principles.�

5.2
Diffusion in Polymers – The Computational Approach

It was shown in the above section that as a rule, at the base of the �classical� or
�microscopic� diffusionmodels, there are adhoc (heuristic) assumptions on a certain
molecular behavior of the polymer–penetrant system. The fact that themathematical
formulae developed on such basis often lead to excellent correlations and even
semipredictions of diffusion coefficients must be acknowledged. It is true that the
�classical� models are not capable to predict diffusion coefficients only from �first
principles� but this is often not an obstacle to hinder their use in certain types of
investigations. Therefore, we are quiet sure that this type of diffusion models will
certainly be used in the future too for the interpretation of diffusion experiments.
The problemof diffusionmodeling in polymers changes to some degreewhen one

envisages to develop a really atomistic model, with truly predictive capabilities and
withoutmaking any ad hoc assumption on themolecular behavior and/ormotions in
the polymer–penetrant system. In principle, a possibility to develop such diffusion
modelings, is to simulate theoretically the process of penetrant diffusion in a polymer
matrix by computer calculations.
For this one starts by considering only an appropriate set of �first principles�

which describe at a truly atomistic level, the polymer and the penetrant. Then, these
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data about the atoms and molecules of the polymer are used to generate, by some
means, a polymeric structure that has the �microscopic� and�macroscopic� properties
of the true polymer, i.e., a low-energetic state, an appropriate distribution of torsional
angles, a physically acceptable distribution of unoccupied volume, density, and so on
(Catlow et al. 1990; Roe 1991; Gusev et al. 1993b; M€uller-Plathe 1994; Theodorou
1996). Once this structure is generated a number of penetrant molecules are
randomly �inserted� in it (where enough unoccupied volume is available). Then,
the system is left to pursue its �molecular dynamics,� i.e., the atoms andmolecules of
the system are allowed to move in the force fields and under the interactions acting
inside the system, over a certain time interval. During this process there is no
interference from the outside and, in particular, no heuristic assumptions are made
about the molecular motions. If the process is simulated consistently for enough
time, by observing, for example, the average displacement of the penetrant species,
one can eventually calculate their diffusion coefficient (M€uller-Plathe 1994). Though,
this scheme sounds very elegant and attractive its practical achievement is a complex
and demanding task. Because of that computer simulation, as a method for the
estimation of the diffusion coefficients in polymers, has only lately become a
practicable approach.
The prerequisites that make the development of �atomistic� simulations of

diffusion in polymers possible are the development of powerful methods for the
simulation of polymer microstructures and dynamics and also great computation
capabilities of the computers.
The first attempts in the direction of simulating theoretically at an atomistic level

the diffusion of simple gas molecules in a polymer matrix were made at the
beginning of the 1970s (Jagodic et al. 1973). But, the systematic development of ab
initio computer simulations of penetrant diffusion in polymeric systems dates only
from the late 1980s (Rigby and Roe 1988; Boyd and Pant 1989; Shah et al. 1989;
Trohalaki et al. 1989). At the beginning of the 1990s it was achieved to simulate some
qualitative aspects, such as the diffusion mechanism, temperature, and pressure
dependence of diffusion coefficients (Takeuchi and Okazaki 1990; Takeuchi 1990;
Takeuchi et al. 1990; Boyd andPant 1991;M€uller-Plathe 1991a). The polymers chosen
for investigation mainly fell into two categories, either they were easily described
(model elastomers or polyethylene) or they were known to have, for simple perma-
nent gases like H2, O2, N2, H2O or CH4, large diffusion coefficients (polydimethyl-
siloxane (PDMS), Sok et al. ; Tamai et al. 1994, 1995 and atactic polypropylene (aPP),
M€uller-Plathe 1992a). The advantage of simulation at room temperature, for exam-
ple, the diffusive motion of H2 in aPP (D about 10�6 cm2/s), is that the diffusive
motion of the hydrogen molecules can already be sampled in relatively short
simulations, about 0.5 ns (M€uller-Plathe 1992a).
Based on these encouraging achievements, since the mid-1990s, the interest of

the researchers shifted from easy-to-compute polymer–penetrant systems to those
which have interesting technological potentials in such fields as: gas barriers (M€uller-
Plathe 1993; Gusev et al. 1993a; Han and Boyd 1996; Bharadwaj and Boyd 1999), gas
or liquid separation processes (Niemel€a et al. 1996; Fritz and Hofmann 1997;
Hofmann et al. 1997; Charati and Stern 1998; Fried and Goyal 1998), molded
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objects (packagings, for example) (Hedenqvist et al. 1998), or swelling of polymers
by solvents (Tamai et al. 1996; M€uller-Plathe 1996a, 1998; M€uller-Plathe and van
Gunsteren 1997).
Trying tomodel, theoretically, the transport of small penetrants in polymermatrices,

one realizes that the characteristic lengthand timescales varygreatly anddependon the
polymer morphology (M€uller-Plathe 1994). Most of the polymers used technologically
are either amorphous or partially crystalline. From experimental results obtained over
the past five decades it is commonly assumed that both diffusion and sorption in
crystallinepolymersareordersofmagnitudesmaller than inamorphousones (Stannett
et al. 1979; Frisch and Stern 1983; Koros 1990; Stern 1994; Piringer and Baner 2000;
Vitrac et al. 2006). These facts determine that different theoretical and computational
techniques will be appropriate for modeling the diffusion in different polymer–pene-
trant systems (M€uller-Plathe 1994). For the diffusion of small penetrants, i.e., simple
gases and vapors of water and/or simple organic substances, in purely amorphous
polymers the computational techniques of choice will be molecular dynamics, MD
(Gusev et al. 1993b;M€uller-Plathe1994; Theodorou1996;AllenandTildesley 1987; van
Gunsteren and Weiner 1989; Baranyai 1994) or the transition-state approach, TSA
(Gusevetal. 1993a;GusevandSuter1992,1993a,1993b). Ina semicrystallinepolymera
similar taskcanbeapproached, forexample,byaMonteCarlo two-phasemodel (M€uller-
Plathe 1991b). So far, the �atomistic� modeling of diffusion of small penetrants in
polymerswas predominantly done for amorphous polymers and using theMDor TSA
techniques, which will be presented briefly in the next section.

5.2.1
Molecular Dynamics

Because time is explicitly present in the formulations of MD, this technique is the
most straightforwardway of computer simulating themotion of penetrantmolecules
in amorphous polymermatrices (Gusev et al. 1993b; M€uller-Plathe 1994; Theodorou
1996). TheMDmethod allows one to look at a truly �atomistic� levelwithin the system
as it evolves in time. Excellent reviews on the use of MD for simulating penetrant
diffusion in polymers have been published in (Roe 1991; Gusev et al. 1993b; M€uller-
Plathe 1994; Theodorou 1996). A summary of the basic concepts and some relevant
results obtained so far with MD will be presented below.
To start aMD simulation of a diffusional process an amorphous polymer structure

of the host material must first be theoretically generated. This structure must be low
in energy and have the known physical properties of the polymer: chain length and
distribution of torsional angles of polymer chains, density, distribution of free
volume, etc. The origins of the MD approach to the problem of generating polymer
structures lie in works done in the late 1970s to investigate theoretically amorphous
bulk polymers (de Vos and Bellemans 1974; Skvortsov et al. 1977; De Santis and
Zachmann1978;Wall and Seitz 1977; Bishop et al. 1980;Weber andHelfand 1979). A
MD approach to the problem of modeling the structure of amorphous polymers was
introduced by Theodorou and Suter 1985a and a few years later developed by
Theodorou and Suter 1985a and M€uller-Plathe 1993 to allow a detailed description
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of such systems. An overview of the various MD methods used to generate
amorphous polymer structures can be found by Hofman et al. 1996. The principal
methods are (i) structural generation methods which in an ideal case are used to
generate a structure which needs no further refinement, (ii) structural refinement
methods that ideally are so efficient that the starting structure can be arbitrary, and
(iii) coarse-graining methods in which the atomistic model of a polymer is mapped
into a coarse representation of several atoms or even monomers.
To generate a polymer structure theoretically itsmatrix is presented as an ensemble

of microscopic structures, which satisfies the requirements of detailed mechanical
equlibria (Theodorou andSuter 1985b). For every atom its initial position and velocity
have to be specified. Chain bond lengths and bond angles are fixed. Molecular
movements are allowed to occur exclusively through rotations around the skeletal
bonds of macromolecules. A polymer chain meeting these assumptions is built in
vacuum by an iterative process that is started from an initially guessed �parent�
structurewhichis thenrelaxedtoastateofminimumpotentialenergy (Theodorouand
Suter1985b).Thedensityof thestructureobtainedmustbeeventually equal thatof the
simulated polymer. The free volume in the polymer can be estimated from the
generated structure. To obtain a statistical average of this free volume, a number of
structures are generated starting from different �parent� chain configurations. Once
the host structure was generated the next step in theMD simulation of diffusion is to
�place� (insert) thediffusantmolecules into thecomputedstructure.Theconditionfor
insertingthepenetrantmoleculesintothestructureis tofind�free-volumes�wherethe
energy is below a certain threshold and that any two of the penetrant molecules are
separated by some minimum distance. Then the penetrant and polymer molecules
areallowedto interactwitheachotherandmovewithin the limitsofconstrains theyare
subjected to. The straightforward technique is now to follow by computer simulation
thedisplacement of thepenetrants into thepotentialfieldof the systemandeventually
to estimate the mean-square displacement (MSD) of the penetrant species.
Among the first remarkable results of MD simulations was the finding that

diffusion of small molecules in amorphous polymeric structures proceeds by
�hopping� (jumping) motions (Takeuchi 1990). From a phenomenological point of
view this is not a new result if one takes into account that such a mechanism was
intuitively assumed in some �microscopic� diffusion models long before the devel-
opment of computer simulation techniques, see the preceding section. The new
aspect is that the computational approach has led to this picture of the diffusion
mechanism starting from true �first principles� of the penetrant–polymer system
and not on the basis of �shrewd guesses.� To illustrate this type of motion in
Figure 5.5, a typical trajectory of a water molecule through an amorphous elastomer
(PDMS) is presented (Fritz and Hofmann 1997; Hofmann et al. 1997).
From this figure, one can discern that the voids forming the free volume of the

rubbery polymer are clearly separated from each other and that there are two types of
motion of the penetrant molecule:

1. For a relatively long period of time (typically a few 100 ps) the penetrant molecule
stays confined in certain small regions of space, the �cavities� of the polymer
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matrix. It explores the cavity thoroughly without being able to move beyond the
confines of the volume it resides in. Thereby, the penetrant is reflected by the
polymer matrix about every few picoseconds (M€uller-Plathe 1994; Fritz and
Hofmann 1997; Hofmann et al. 1997);

2. The quasistationary period is interrupted by quick leaps from one such cavity to
another close by. The jump between the two neighboring cavities is preceded by
the formation of a channel between them. Under favorable circumstances (right
momentum) the penetrant then slips through this opening, essentially without
activation energy ormore exactly surpassing a small energy barrier, due to the fact
that the channels are on average narrow (M€uller-Plathe 1994). The jump duration
is short, compared to the residence time in the cavities.

A �hopping� event in a polymer matrix, as found typically in MD simulations is
presented in Figure 5.6 (Takeuchi 1990).
As announced above these findings are in astonishing agreement with the

�heuristic� pictures of the diffusion mechanism discussed in the framework of
some �microscopic� diffusion models. But, besides being free of the conceptual
drawbacks (the ad hoc assumptions) of the �classical� diffusion models the MD
method of computer simulation of diffusion in polymers makes it possible to get an
even closer look at the diffusion mechanism and explain from a true atomistic level
well-known experimental findings. For example, the results reported by Fritz and
Hofmann 1997 and Hofmann et al. 1997 on the �hopping� mechanism reveal the
following additional features, namely.
In a rubbery polymer with flexible macromolecular chains (PDMS, for example)

the cavities forming the free volume are clearly separated from each other. The
detailed evaluation of the movement of a penetrant particle from cavity (1) to the

Figure 5.5 A typical trace of the center of mass of one
representative water molecule in a PDMS matrix (Fritz and
Hofmann 1997).
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Figure 5.6 Molecular dynamics simulation of a �jump� of an O2

molecule in a glassy – CH2 – matrix (Takeuchi 1990).
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neighboring (2), did not show any immediate back jumps (2)! (1). This is mainly
due to the fact that the channel between (1) and (2) closes quiet quickly. In a polymer
with stiff chains (a glassy polyimide, PI, for example) the individual cavities are closer
to each other and a rather large number of immediate back jumps occurred during
the time interval simulated (Hofmann et al. 1997). This indicates that once a channel
between two adjacent cavities in a stiff chain polymer is formed it will stay open for
some100ps. Thismakes the back jump (2)! (1) of the penetrantmore probable than
a jump to any other adjacent hole (3), a process which seems to be one cause for the
general tendency that the diffusion coefficient of small penetrants in stiff chain glassy
polymers is smaller than in flexible chain rubbery polymers.
The results ofMD simulations will be useful if they are able to reproduce diffusion

coefficients measured experimentally with sufficient accuracy. Given the scatter
between the results of different experiments reported in the literature, a computa-
tional method can be considered accurate enough if, for absolute diffusion coeffi-
cients, it reproduces the experimental values within one order of magnitude. Such
results are presented in Table 5.1.
The results given in Table 5.1 show that the agreement between the diffusion

coefficients, predicted from MD simulations and experimental ones, ranges from
reasonable to excellent. At temperatures around 300K this is found both for polymers
which are above their glass transition temperature, Tg (PDMS, PIB, PE, and aPP) and
for polymers which are below Tg (PET, PS, PTMSP, PI, and PAI). As a trend one can
notice, and this not only fromTable 5.1 but also fromotherworks published in the last
decade, that the agreement between MD simulations of diffusion and solvation of
small penetrants in polymers and experiment steadily improved. These are encour-
aging developments, showing that modern software and powerful computers are
today capable to model and predict diffusional processes in a certain types of
polymer–penetrant systems. To perform a consistent MD simulation the general
condition is tied to the ability of the MD procedure to simulate a polymer–penetrant
system large enough to sample the configurational statistics of the polymer suffi-
ciently well. For a simple polymer like linear polyethylene with flexible chains one
may need a few hundred [–CH2–] repeat units of a few hundred to a few thousand
atoms (M€uller-Plathe 1994). To generate a bulk PDMS structure in which three water
molecules are �inserted� 220monomer units [–Si(CH3)2–O–], i.e., 2238 atoms, were,
for example, used by Fritz and Hofmann 1997. One might expect that many more
repeat units are needed if the polymer has stiff chains (M€uller-Plathe1994). However,
it should be noted that it is the number of flexible bonds in a chain and not just the
number of repeat units that is a decisive parameter for the achievable quality of the
amorphous polymeric structure generated from a chain (Sok et al. 1992). Other
factors determining the range of application of the MD method arise from the
mobility of the penetrant itself. To be sufficiently precise with the computer
simulation one needs to observe, say, 10 jump events for every single penetrant
(which is probably the bare minimum). At equilibrium and assuming hopping
motion the diffusion coefficient can be given by Eq. (5.1), where l is now the mean-
square �jump� distance and v�1 the average residence time between jumps. Hence
for a D of about 5· 10�6 cm2/s (a comparatively high-diffusion coefficient for
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packaging applications) and a �jump distance� of about 0.5 nm – see Bharadwaj and
Boyd 1999, for example – one finds that in a 1-ns simulation one will encounter about
12 jumps on average. It is interesting to notice that if the MD simulation is done in
steps of 1 fs¼ 106 time steps must be computed to complete a 1 ns simulation (Fried
andGoyal 1998). To simulatewithMDslower diffusion processes, i.e., smallerD, one
must either extend the duration of the simulation (andhence the computing time and
costs) or to �insert� several penetrants at the same time in the generated polymer
structure and thereby improve the quality of the sampling (M€uller-Plathe 1994;
Bharadwaj andBoyd 1999; Fritz andHofmann 1997;Hofmann et al. 1997).However,
the later option is valid only if the diffusion coefficient is not very sensitive to the
penetrant concentration. With nowadays software and computers MD simulations
can be extended to about 10 ns, which brings the Ds of about 5 · 10�7 cm2/s within
reach of the method. Diffusion processes which evolve at a rate of 5 · 10�7cm2/s or
faster are typical for:

. the diffusion, at very low concentrations, of small penetrants (simple gases or
vapors) in low-barrier polymers, i.e., siloxanes (Tamai et al. 1994; Fritz and
Hofmann 1997), polypropylenes (Stern et al. 1987; M€uller-Plathe 1992b), poly-
butylenes (M€uller-Plathe et al. 1992, 1993; Pant and Boyd 1993) and polyethylenes
(Tamai et al. 1994; Stern et al. 1987; Pant and Boyd 1993) at room temperature or
polystyrene (Han and Boyd 1996), polyethylenetherephthalate (Bharadwaj and
Boyd 1999) well above room temperature;

. the diffusion, at room temperature, of simple gases and vapors through glassy
polymers with large interchain regions, i.e., poly[1-(trimethylsilyl)-1-propyne]
(Niemel€a et al. 1996).

However, in the packaging sector the large majority of the diffusion processes in
polymers imply penetrants with a relative molecular weight, Mw, ranging between
100 and 1200 g/mol and have often quite complex structures. Recently, a MD
simulation of limonene, an small organic substance with Mw¼ 136.2 g/mol, diffu-
sion in PE between 77 and 227�C was reported in Karlsson et al. 2002. A diffusion
process ranging from 2 to 100 ns was simulated and the obtainedDp – ranging from
about 6 · 10�6 to 2· 10�5cms�1 – was within 30% of the experimental values.
However, from experiments one knows that for organic molecules with 100<Mw<

1200 g/mol, in most polymer used in the packaging sector, Dp ranges from 10�9 to
10�14 cm2/s or even lower levels (see Appendix I). M€uller-Plathe 1994 stated that to
study with MD techniques polymer–penetrant systems in which the diffusion
coefficients are that small, is certainly out of reach for several generations of
supercomputers to come. As for personal computers, PCs, Karlsson et al. 2002
stated that with today�s PC power aMD run to simulate a diffusional process ofmore
than 100 ns takes too long a time for practical reasons.
The possibility of extending MD to slower diffusion processes has been discussed

(M€uller-Plathe 1994; Karlsson et al. 2002). But applying such algorithms has a trade-
off on the overall quality of the computational approach. To perform calculations at
time scales beyond those accessible to MD is possible nowadays by using the
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transition state approach (TSA) proposed by Gusev et al. 1993a,1993b and Gusev and
Suter 1993b. This method will be presented briefly below.

5.2.2
The Transition-State Approach

As already mentioned in Section 5.1.1.1 one of the early theoretical models of gas
diffusion in solid polymers (Barrer 1937, 1939, 1951) was based on the transition-
state theory (TST) (Glasstone et al. 1941). More than 60 years ago it was assumed ad
hoc that gasmoleculesmove through a dense polymer in a series of activated �jumps�
between �holes� which exist in the polymer matrix. Fortunately, results of ab initio
MD simulations, Section 5.2.1, demonstrate that the computed trajectories of small
penetrants in atomistic structures of dense polymers are consistent with the
�heuristic� picture of this early �classical� model. In its framework it was estimated,
from solubility data, that at room temperature the vibrational frequency vo of the gas
molecule trapped by the surrounding chains is of about 1012 s�1 model (Barrer
1947b). This finding is also in reasonable agreement with the bouncing frequency of
a small gas molecule inside a �cavity� of the polymer matrix, as found in MD
simulations. These results indicate that the �jumps� of a penetrant in a dense
polymer could be treated as an elementary process, thus justifying the use of TST for
developing a computer simulation technique to evaluate the rate of the penetrant
jumps and out of this the diffusion coefficients. The development of a TSAbased on a
simplified description of thermal motions in the host matrix and stochastic methods
in treating the penetrant dynamics, promises to allow much longer simulation
intervals than MD can practically achieve nowadays (about 100 ns). This feature is
important because: (i) the occurrence, in some polymer–penetrant systems, of
anomalous diffusion (Gusev et al. 1993b; Gusev and Suter 1993a) leads to the
necessity of carrying out very long MD simulation runs for penetrants to enter the
Einstein diffusive regime (Gusev et al. 1993b; M€uller-Plathe 1994) and (ii) unprac-
ticably long MD simulations would be needed to simulate and predict slower
diffusion processes, Section 5.2.3 and Appendix I.
In the development of the TSA besides the �jumping� mechanism already

mentioned another fundamental mechanistic features assumed that the penetrant
dynamics is coupled to the elastic motion of the polymer chains, but, to a first
approximation, is independent from the structural relaxations of the matrix (Gusev
et al. 1993a, 1993b; Gusev and Suter 1993a, 1993b).
The thermal motion causes the polymer matrix to move in its configurational

space. At short times the vibrational modes of motion dominate: vibration of
chemical bonds or bond angles, small-amplitude rotations of side groups or wiggling
of torsion angles. As time goes by, the system tends to perform structural relaxation,
for example, through torsional transitions in themain chain or in side groups. Using
MD to simulate an appropriate penetrant trajectory one can specify an upper bound
for times at which the system at hand can be treated as essentially executing elastic
motions (Gusev et al. 1993b). Elastic motion implies that the atoms of the matrix
fluctuate about their equilibrium positions. Allow now a small dissolved molecule to
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reside in the system and suppose that one can neglect the correlation between the
structural relaxation of thematrix and the dynamics of the penetrant. In this case one
can write a penetrant distribution function r(r) which is obtained by integrating over
all possible values of the deviations of the host atoms the result of the potential energy
of interaction between the dissolved molecule and the host atoms and a normalized
probability density, W({D}), describing the elastic fluctuations (Gusev and Suter
1993b). The function r(r) is related to the Helmholtz energy, A(r), of the dissolved
molecule at location r according to a general equation given byBarrer 1947b. The TST
can be used then for describing the spatial movement of a dissolved molecule as a
series of activated jumps between adjacent local minima of A(r) (Gusev and Suter
1993b). The rate constants Rij for the penetrant transition from site i to site j can be
written as (Glasstone et al. 1941):

Ri;j ¼ k�
kT
h

Qi;j

Qi
ð5:9Þ

whereQi,j andQi denote partition functions of penetrant on the crest surface between
sites i and j and in site i, respectively. In Eq. (5.9), k* is a transmission factor taken to be
about 0.5 (Gusev andSuter 1993b). It was shown that in the quasiclassical case one can
linkQi,j andQi to the function r(r) (Landau and Lifshitz 1967). Hence, specification of
the elastic fluctuations of the atoms of the host matrix through the probability density
W({D}) yieldsr(r) which, in turn, yield the transition ratesRij (Gusev andSuter 1993a).
If the network of local minima of A(r) with the associated Rij are known, one can use
stochastic methods to evaluate the correlation function describing the penetrant
dynamics (Gusev and Suter 1992, 1993b). The procedures of simulating the dynamics
of guestmolecules on the network of sites and of evaluatingW({D}) were described by
Gusev and Suter 1992, 1993b, respectively. An important parameter in these proce-
dures is themean-square deviation hDa

2i of host atoma from its average position. The
values of hDa

2i are expected to depend on the time scale of averaging: for very short
times hDa

2i increases with time approaching then, by definition of elastic motion, an
asymptotic value. Using atomistic short-scale trajectories calculated with MD and
specifying an averaging time one can calculate for hDa

2i a �smearing� factor hD2i and
use it in the TSA simulations (Gusev et al. 1993b; Gusev and Suter 1993b). Another
possible way to evaluate hD2i is to match the short-time region of the mean-square
displacement hr2i of the penetrant versus time curves obtained from TSA with those
from MD calculations (Gusev et al. 1993b).
To actually carry out a TSA simulation a three-dimensional grid, with grid interval

of about 0.2 (5· 106 equispaced points by Gusev and Suter 1993b) is built and the
Helmholtz energies at all grid points are computed. Before this can be done in
practice, a value for hD2imust be found. Then, local minima and the crest surfaces
must be found, using the procedures given byGusev and Suter 1991, 1992, 1993b. To
study the dynamics of the penetrant molecules on the network of sites aMonte Carlo
procedure is employed (Gusev et al. 1993b).
Eventually, the stochastic trajectory of a dissolved molecule is obtained and

subsequently, by averaging a large number of such trajectories, about 103 in Gusev
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and Suter 1993b, the diffusion coefficient D of the penetrant in the polymer can be
calculated from the plot of hr2i versus the time t (using for the linear portions
(Einstein diffusion) of the curves a simple equation similar to Eq. (5.3)). In Figure 5.7
the hr2i of He and Ar in glassy PC at 300K, as calculated with TSA, are shown. The
results plotted in this figure represent averages over 500 independent simulation
paths. The simulations presented in Fig. 5.7 show a region of �anomalous diffusion�
of the penetrantHe for hr2i smaller than�103 (simulation interval of�0.5 ns). This is
similar to those reported by M€uller-Plathe 1992b, 1994 on the MD simulation of He
diffusion in rubbery polyisobutylene, where the transition to normal diffusion was
captured at around hr2i � 10�2 and a simulation interval of�0.1 ns. It is believed that
this anomalous behavior is caused by a separation of time scales consistent with the
jumping pattern (M€uller-Plathe 1994).
The very fast motions of the penetrant molecules inside the cavities (timescales of

several 100 ps) are determined by the shape of these cavities. Therefore, these
motions do not have a random-walk-like behavior and consequently it is not
appropriate to use the Einstein equation, i.e.,D¼hr2i 6t (which similar to Eq. (5.1)),
to calculateD. In fact the Einstein equation holds true if the slope of the loghr2i versus
log t plot is equal to one. A direct consequence of this fact is that, in order to predict
diffusion coefficients, a MD or TSA computation must simulate a time interval long
enough to get fulfilled the above requirement. For some polymer–penetrant systems,
thismeans already, theneed to carry out simulations over time intervals that are out of
reach of the MD method (t> 100 ns) (Hofmann et al. 1997; Gusev and Suter 1992,
1993b). In these cases, the method of choice will be the TSA.
In Table 5.2 a comparison between diffusivities obtainedwith the TSAmethod and

experimentalDs is presented. From this table one can see that, in all cases computed
Ds agree with experimental data to within an order of magnitude. Moreover, most of
theseDs are considerably smaller than the 5 · 10�7 cm2/s lower threshold assumed to

Figure 5.7 Computed dynamics of He and Ar in polycarbonate at
300 K (Gusev and Suter 1993b).
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be in reach of nowadaysMDsimulations Section 5.3. This is an encouraging sign that
computer simulations of diffusional processes are already able to predict, with a
reasonable accuracy and for small and simple penetrants, D�s around 10�10 cm2/s.
From the point of view the packaging sector it would be interesting to learn if and
when further theoretical developments of the TSA method will be able to simulate
(predict) such slow diffusional processes for organic penetrants with a much more
complex structure, see Appendix I.
Two �atomistic� approaches havebeenpresented briefly above:molecular dynamics

and the transition-state approach. They are still not ideal tools for the prediction of
diffusion constants because: (i) in order to obtain a reliable chain packing with a MD
simulationone still needs the experimental density of thepolymer and (ii) thoughTSA
doesnot require classical dynamics it involves anumberof simplifying assumptions, i.
e., duration of jumpmechanism, elastic polymer matrix, size of smearing factor, that
impair to a certaindegree theab initio character of themethod. However,MDandTSA
are valuable achievements, they are complementary in several ways and can be used to
predict the diffusion coefficients of small penetrants (so far simple gases and simple
organic vapors) in both rubbery and glassy amorphous polymers. These computa-
tionalmethods canbeused tounderstand thebehavior of small penetants in thematrix
of a polymer starting from an �atomistic level� andwithout ad hoc assumptions on the
movements of the polymer chains. In this respect,MD is the less coarse grained of the
two methods. The main drawback of MD is the computational cost that nowadays
prohibits simulations beyond100ns,which are still being far fromroutine.TheTSA is
well suited to extend the time-scale of simulations, bringing new phenomena within
reach. In this respect, it is important to use MD and TSA in conjunction. The
limitations of the TSA, as developed so far, are evident when one intends to simulate
penetrant–polymer systems where there is a strong interaction between the penetrant
and the host atoms, or where larger penetrant molecules require a deformation of the
polymer structure for their passage. In such systems as well as in systems where the
penetrant induces a swelling of the polymer matrix MD seems to be the method of
choice to properly simulate the diffusion mechanism (M€uller-Plathe and van Gun-
steren 1997; M€uller-Plathe 1996b, 1998).

5.3
Conclusions

A process or manufacturing engineer is often confronted with the difficult and
expensive task of measuring experimentally the migration (diffusion) of rather
complex organic molecules in rubbery or glassy semicrystalline polymer matrices.
For such systems the knowledge/prediction of diffusion coefficients would be crucial
for the theoretical estimation of substance transfer, for example, from a polymeric
packaging into the wrapped good (foodstuff, medicine, etc.). Therefore, a theoretical
method/model for performing the true prediction of diffusion coefficients for small
organic penetrants in polymers would be of great help to reduce the costs and work
time nowadays spent in the field of polymer packaging research and law enforce-
ment. The problem is that ideally such a theoretical method/model should be (i) as
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simple as possible, (ii) rely on parameters which are well known and easily available,
and (iii) at last but not least, the use of the method to predict diffusion processes
should not consume more time and resources than the direct migration/diffusion
experiments. If a given diffusion model cannot meet the one or the other of these
requirements, from a purely pragmatic point of view, a process engineer or law
enforcer may not see incentives to use the theoretical approach instead of a well-
established experimental one.
Unfortunately, it seems that none of the diffusion models presented in the above

sections meets completely these practical goals.
It is beyond any question that the type of �classical� diffusionmodels presented in

Section 5.1were, at the time of their conceivement, important steps for the qualitative
understanding of the phenomenology of penetrant diffusion in polymers. Moreover,
some of these models are very successful in rationalizing average experimental
diffusion coefficients with macroscopic parameters as temperature and penetrant
concentration. Trying to use these models for predicting diffusion coefficients for
penetrant–polymer systems, which are specific in the packaging sector one is
confronted with several problems.
With no exception, in all �classical� diffusion models one or more adjustable

parameters enter in the formula of the diffusion coefficient. To calculate the
magnitude of this/these parameter/s a number of diffusion experiments must be
performed, preferably with the very penetrant–polymer systemwhich one intends to
simulate theoretically. In one of the most widely used �classical� models – the free-
volume models of Fujita, Vrentas, Duda, and their alternatives (Kosiyanon and
McGregor 1981; Paul 1983; Doong andHo 1992; Lodge et al. 1990; Frick et al. 1990) –
more than a dozen structural and physical parameters are needed to calculate the free
volume in the penetrant–polymer system and subsequently, the diffusion coeffi-
cients. This might prove to be a relatively simple task for simple gases and some
organic vapors, but not for the nonvolatile organic substances (rest-monomers,
additives, stabilizers, fillers, plasticizers) which are typical for polymers used in the
packaging sector.
Once the adjustable parameters of the diffusion model are known its expressions

can be used to make predictions of the diffusion coefficient and further use them to
estimate a migration process. However, in order to make realistic migration
estimations, the parameters of the simulated migration process – temperature,
migrant concentration, pressure, degree of polymer swelling – should not differ too
much from those of the said diffusion experiment.
The question now is: �How will a practitioner from the field of polymer packaging

prefer to establish the level of migration from his samples?�

. Perform direct experimental migration tests with his samples. or

. Perform first a series of diffusion experiments (which often require quite sophisti-
cated equipment), derive from the obtained results, with the aid of a �classical
model,� the parameters to calculate the diffusion coefficient (the theoretical
schemes to do this are often nontrivial) and then use another theoretical formalism
to estimate the migration.
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Most likely the practitioner will chose scheme (a) unless the theoretical estimation
of the migration cannot be done in a much simpler manner than scheme (b). A
prerequisite for this would be a simple and reliable scheme to obtain the diffusion
coefficients needed in themigration estimation. Recently an attempt in this direction
was reported for some selected polymers by Vitrac et al. 2006. Classification and
regression tree (CART) algorithms were used to build up a scheme to predict
diffusion coefficients in PEs and PPs. For this more than 650 diffusion coefficients
reported in the literaturewere classified by using threemolecular descriptors: the van
der Waals volume of the diffusant, its gyration radius, and a dimensionless shape
parameter. A characteristic CARTstructure, as shown in Figure 5.8 for a certain class
of polyethylenes, can be reached by a stepwise division of the population (diffusion
coefficients) at a node into branches in such a way that the subpopulations were
internally as homogenous and externally as heterogeneous as possible with respect to
the classification criterion. The algorithms used to obtain such a CARTdiagram for a
certain polymer and diffusion temperature can be used, in principle, to predict
the diffusion coefficient for molecules not included in the database with which the
diagram was generated. For this one determines the magnitude of the three
molecular descriptors mentioned above and implements them into the CART
algorithms. The CART calculations will eventually associate to the descriptors a
diffusion coefficient Dp which can then be used for migration estimations.
However, the usefulness of this scheme to estimate Dp is limited. To build up a

CART scheme, as presented in detail in Vitrac et al. 2006, is not a trivial task. One
must develop for this a special software and one needs a comprehensiveDp database
for each type of polymer and diffusion condition.
Based on the progress which was recorded in recent years in the computer

simulation of diffusion processes in polymers one may be confident that these

Figure 5.8 Clustering of diffusion coefficient according to the
pruning level of the full classification tree for medium and high-
density polyethylene at 23�C (Vitrac et al. 2006).
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methodswill one day able to provide a true prediction of diffusion coefficients needed
for migration estimations from polymeric packaging materials. However, to reach
this goal a series of problem must yet be solved.
As mentioned in Section 5.2, a MD simulation is better suited to describe at a

true atomistic level the host matrix and the dynamics of the penetrants. However,
most of the MD performed so far are dealing with purely amorphous polymers
and with very simple penetrants. Such MD simulations use cells with a length of a
few nm. In the packaging practice, however, most of the polymers are partly
crystalline and the penetrants are often complex organic molecules. Crystallite
dimensions may range from several 10 nm to several micrometers and crystallites
often aggregate to form larger domains of macroscopic dimensions (Paul and
Koros 1976; Stern and Saxena 1980). In (M€uller-Plathe 1994) it was mentioned that
a straightforward atomistic MD simulations of a semicrystalline material is not yet
achievable. Moreover, at an atomic level, the interaction of most such organic
molecules with the host matrix is much stronger and difficult to quantify that the
interaction of the simple and relatively inert molecules investigated so far with MD
simulations.
Even assuming that further developments of the MD and/or Monte Carlo two-

phase techniques will be able to cope with these problems, a question remains: how
long will be the time interval simulated? According to those mentioned in
Section 5.2.1 simulations of a few 100 ns to a few ms are needed to predict a D in
the range of 10�10 to 10�11 cm2/s, which is often found in technical applications of
polymers. From today�s perspective the computer time (and costs) needed for a MD
simulation of such duration are out of practical reach.
With the TSA developed by Gusev et al. 1993a and Gusev and Suter 1992, it was

possible to almost reach simulation intervals of 1 ms. This makes, in principle,
possible to predictDs as small as a few 10�12 cm2/s. Therefore, the TSA seems to be a
good choice to predict Ds for the type of diffusion processes encountered in
packaging applications. But for this, the actual TSA algorithms must be developed
to take into account also strong interactions between the penetrant and the host
atoms, and the deformation of the polymer structure at the passage of complex
penetrant molecules.
To evaluate if the �atomistic� computer simulation of diffusion processesmay help

to reduce the considerable volume and costs of experimental migration testing
performed nowadays, it is necessary to consider also the following aspects.
Howmuch software development and computing time will be needed to predictD

for a penetrant–polymer system? Hofmann et al. 1997 stated that even rather the
fast TSA simulation technique will presumably not lead to a fast predictability of
transport parameters for large numbers of hypothetical polymers in the near future.
This was mainly attributed to the fact that the construction of well-equilibrated
polymer packing models is still demanding large amounts of computer time (not to
mention the much longer time needed to effectively develop the appropriate
algorithms).
Then an important aspect is how precise the predicted D will be? So far an

agreement within one order of magnitude between an experiment and an atomistic
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simulation is considered to be a good achievement. Certainly, such a D prediction
precision would be of practical value for migration estimations too. However, a
question remains: �To what sophistication must be developed the computer simula-
tion approaches tomeet this requirement for the type of penetrant–polymer systems
which are usual in packaging sector?�
In the end it is legitimate to mention that for a considerable number of process

engineers and law enforcement personnel the material costs of using an atomistic
computational approach to predict a D and subsequently, uses it in a migration
estimations will also play an important role. Pragmatically speaking one can expect
that somebody interested to reduce its expenses formigration testing frompolymeric
packaging, will not have too much interest to replace these tests with much more
expensive and less precise theoretical simulations.
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6
A Uniform Model for Prediction of Diffusion Coefficients
with Emphasis on Plastic Materials
Otto Piringer

6.1
Introduction

Diffusion is a mass transport process resulting from random molecular motions.
Such molecular motions occur in gases and condensed phases and can be described
in principle as using the commonly held theoretical picture of �random walk.� This
means the particles (molecules, atoms) move in a series of small random steps and
gradually migrate from their original positions. Each particle can jump through a
distance l in time t. But the direction of each step may be different, and the net
distance traveled must take the changing directions into account. The coefficient of
diffusion D is related to l and t in the Einstein–Smoluchowski equation:

D ¼ l2

2t
ð6:1Þ

If l=t ¼ �c, and l are interpreted as the mean speed of the particle and the mean free
path, then Eq. (6.1) has the same structure as the following equation obtained from
the kinetic theory of gases:

DG ¼ 1
3
l c�¼ 1

3
kT

21=2sp

� �
8kT
pm

� �1=2

ð6:2Þ

where k is the Boltzmann constant, s¼pd2 is the collision cross-section of a
particle with diameter d, m¼ uMr is the mass of a particle with its relative
molecular weight Mr and atomic mass unit u, p is the pressure, and T the
absolute temperature. This implies that the diffusion of a perfect gas is a random
walk with an average step size equal to the mean free path. The value of the self-
diffusion coefficient DG can be obtained with two specific parameters, s and m,
for the diffusing particle.
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From a detailed analysis of molecular motion in dilute gases, it is observed that a
much better prediction of diffusion coefficients results with the Chapman–Enskog
equation. This equation, which describes amixture of two solutesA andB (binary gas
system), is

DG;AB ¼ 3
16

ffiffiffiffiffiffiffiffiffiffiffi
4pkT
MAB

s
1

nps2
ABWD

f D ð6:3Þ

where MAB¼ 2[(1/MA)þ (1/MB)]
�1, with molecular weights MA, and MB, sAB is a

characteristic length, n is the number density of molecules in the mixture, OD is the
diffusion collision integral, and fD is the correction term with the order of unity.
The collision integral for diffusion depends upon the choice of the intermolecular

force law between collidingmolecules and is a function of temperature. It is observed
that the characteristic length depends upon the intermolecular force law selected. In
comparisonwith the simple Eq. (6.2) for perfect gases, Eq. (6.3) takes into account the
interactive forces between realmolecules. But, while in the first case only two specific
parameters are needed, the diffusion collision integral, OD, in the second case, is a
complicated function of several parameters.
Whereas l and t are characteristic parameters of microscopic particle motion, the

diffusion coefficient D is a specific macroscopic parameter. The main difficulty in
predicting D for condensed systems lies in the derivation of correct expressions for
the microscopic parameters.
The most common basis for estimating diffusion coefficients in liquids is the

Stokes–Einstein equation:

DL ¼ kT
6pha

ð6:4Þ

in which DL is related to another macroscopic parameter, the viscosity Z of the
medium. The solute radius is denoted by a. It must not be forgotten, however, that
Eq. (6.4) was derived for a very special situation, in which the solute is much larger
than the solvent molecule. Nevertheless, many authors have used the form of
Eq. (6.4) as a starting point in developing empirical predictions. A significant
difference in Eq. (6.4) compared to Eqs. (6.2) and (6.3) for gases lies in the effect
of temperature on the diffusion coefficient in liquids. This can be assumed via the
viscosity Z to be an exponential function of the form A exp(�B/T).
Diffusion coefficients in solids are commonly expressed as exponential functions:

DS ¼ D0 exp � EA

RT

� �
ð6:5Þ

where the pre-exponential athermal factorD0 and the molar activation energy EA are
estimated empirically (Murch 1995).
As shown in Chapter 5, the diffusion behavior in polymers lies between that of

liquids and solids. As a consequence, themodels for diffusion coefficient estimation
are based on ideas drawn from diffusion in both liquids and solids.

164j 6 A Uniform Model for Prediction of Diffusion Coefficients



In general, diffusion coefficients in gases can often be predicted accurately (Kestin
et al. 1984). Predictions of diffusion coefficients in liquids are also possible using the
Stokes–Einstein equation or its empirical parallels. On the contrary in solids and
polymers, models allow coefficients to be correlated but predictions are rarely
possible (Cussler 1997).
The aim of this chapter is the development of a uniform model for predicting

diffusion coefficients in gases and condensed phases, including plastic materials.
The starting point is a macroscopic system of identical particles in the gaseous state.
All particles in the gas are treated as monoatomic particles. However, the main
distinction of this treatment from the kinetic theory of perfect gases lies in taking
interactions between particles into consideration from the beginning. The difference
from the treatment of perfect gases is accounted for by two parameters, the critical
temperature, Tc and the critical molar volume,Vc. The self-diffusion of noble gases is
used for validation of this model.
Liquid systems occupy a special place between gaseous and solid phases. The high

mobility of particles in a liquid and the values of diffusion coefficients falling in a
narrow range, support the assumption of a nearly constant free volume, as a
prerequisite for the manifestation of the typical properties of a liquid phase.
Equations for diffusion coefficients in the liquid state can be achieved from both
sides, the gaseous and solid state.
The self-diffusion of metals in the solid state refers also to a system with

monoatomic particles, but in another extreme situation regarding the interaction
processes. For diffusion in solid states, the melting temperature, Tm, of the con-
densed phase is a basic specific parameter instead of the critical temperature for
gases.
Whereas the noble gases and metals are simple systems with monoatomic

particles, polymers aremuchmore complicated in structure. An amorphous polymer
phase is considered to be a pile having maximum disorder amongst the particles.
Such a close-packed assemblage has some similarity with liquids. An amorphous
solid phase with interacting particles, having a certain degree of mobility, is consid-
ered to be essential for the diffusion process in plastic materials. For these systems,
the homologous series of n-alkanes is used as a reference class of chemical
compounds, which asymptotically reach an unlimited molecular chain in the form
of polymethylene. The structures of the individual members of this series do not
deviate significantly from one another. Out of all known classes of chemical
compounds–the saturated open-chain and nonbranched (normal) hydrocarbons–the
n-alkanes or n-paraffins, represent the most frequently studied homologous series
with the largest number of available members in pure form. The number i of carbon
atoms in n-alkane or more exactly, the i structural methylene groups including the
twomethyl end groups, can be interpreted in such comparisons as playing the role of
i identical subunits, which compose the molecule. The properties of a macroscopic
n-alkane sample can then be described as a function of i subunits making up every
molecule of the macroscopic system. The homologous series of n-alkanes is used as
the reference backbone. Eachmember of the series represents amacroscopic system
of identical particles (the n-alkane molecules) and the particles of the system
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themselves represent subsystemsof iuniformstructural units. At room temperature,
these systems in all physical states occur among the series of n-alkanes.
The self-diffusion coefficients in solid and liquid alkanes are also derived theoreti-

cally, as well as the diffusion coefficients of additives in polyethylene, which is con-
sidered as the reference structure for all polymers.

6.2
Interaction Model

As mentioned in the introduction, the discussion starts from a macroscopic system
composed of n� 1 identical particles. Among the particles there exists an attractive
interaction that is responsible for the formation of condensed phases. The particles
on the other hand possess a certain degree of freedom of motion in any direction
within the system.
The background process in all interactions is an energy exchange between the n

particles of the system.

6.2.1
Model Assumptions

The following assumptions apply to systems of n identical particles (molecules,
atoms) that leave their chemical identities essentially unchanged. Above a certain
number of particles in the system, the sum of all interactions on a single particle by
the other particles of the system becomes independent of the number of particles.
This allows the identification of a macroscopic system by its specific properties, e.g.,
its melting point.

1. The interactions between the n particles are based on an exchange of finite values
er¼ e/e0 of energies, where e is relative to a reference amount e0. The consequence
of this exchange is a relative density of interaction energy, qr,n¼ (1þ er/n)n, in the
formof a n-fold product with the limit value qr¼ exp(er), for n!¥. The exponential
expression is assumed because:

. it reaches a constant value, independent of the number of particles in a
macroscopic system with n� 1.

. the exponential function represents a mathematical order of magnitude
which is higher than that of any other power of er, this means expðer=ear!¥
for a> 1 and er!¥.

The relative density qr is responsible for specific properties of a macroscopic
system, e.g., its melting point and critical temperature and again is considered as
a starting point for additional dynamic processes occurring in the system. Self-
diffusion of the particles is an example of such a process. Based on the same
mathematical assumption, themagnitudeof thediffusion coefficientD¼Du exp(qr)
is derived as an exponential function of qr with a unit amount Du. This
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assumption is further supported by many empirically established equations
describing dynamic properties of macroscopic systems.

2. The exchange of energy between the interacting particles is propagated by periodi-
cal processes. The proportional factor 2p takes this into account, where the relative
energy transferred from one particle during an interaction step is written as er¼ e/
e0¼ 2p (e0þ a)/e0¼ 2pþa, with a specific parameter a of the system.

3. Mathematically, the exchange of energy between n particles can be treated as a
permutation. The whole process can be understood formally as a result of n!
consecutively occurring in the individual interaction steps. Each individual step
represents a transport of one energy quantum from one particle to another and is
interpretedmathematically as one change of places between the two particles. The
total number of such place exchanges equals n!. The relative number, pn, of
exchanges related to n! in which no particle remains in its starting position is then:

pn ¼
1
2!
� 1
3!
þ � � � þð�1Þn 1

n!
lim
n!¥

pn ¼ pe ¼
1
e

ð6:6Þ
The limit value pe¼ 1/e for n� 1 is designated as the maximal probability of a
place exchange in a macroscopic system
With these assumptions a common characteristic of all macroscopic particle
systems can be expressed as qr¼ exp(er)¼ exp(2pþ a) (assumptions 1 and 2).
However, taking into consideration a diminution of er, which is proportional to the
maximum probability pe of place exchange (assumption 3), the value qr¼ exp
(erpe)¼ exp[(2pþa)/e]¼ ea/ee2p/e¼C1/ew becomes the specific relative density of
interaction energy with the specific parameter C1/e¼ ea/e for a system and with
w¼ e2p/e.

4. A special case occurs whenever the n particles are molecules from a homologous
seriesof chemical compounds, e.g.,n-alkanes. In suchacase the specificparameterC
can be enlarged into C¼C0(1þ 2p/i)i, where i represents the number of carbon
atoms in an unbranched alkane chain and C1/e¼C0

1/e(1þ 2p/i)i/e¼Kwi,e results
with a common specific parameter K¼C0

1/e for all members of the homologous
series. Theproduct (1þ 2p/i)i is a consequenceof assumptions 1 and2 and increases
asymptotically to the limit e2p for very long molecular chains (i� 1). The i sub-
structures in the formofmethylene groups –CH2–, including the twomethyl groups
–CH3 at the ends of a n-alkanemolecule, domanifest their relative individualities in
the form of amultiplicative effect on the interaction intensity between themolecules
of the macroscopic system.

Summarizing the above results, the relative density qr,i of interaction energy
between the particles of a macroscopic system of n-alkane with i carbon atoms in
the molecular chain is

qr;i ¼ Kwi;ew ¼ C 1=e
0 1þ 2p

i

� �i=e

e2p=e ð6:7Þ

If a specific property f (i) of the macroscopic system can be correlated with qr,i in the
form of a direct proportionality, then a simple dimensionless relationship between
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the values of this property for one member i and a member with i� 1 of the
homologous series results from Eq. (6.7):

f ðiÞ
f ð¥Þ ¼

qr;i
qr;¥

¼ ð1þ2p=iÞi=e
e2p=e

¼ wi;e

w
ð6:8Þ

The number w¼ e2p/e derived from the above assumptions of the model is the
common limit value of the two power sequences:

wn ¼ 1þ 2p
n

0
@

1
A

n
ð1þ1=nÞn

and wi;e ¼ 1þ 2p
i

0
@

1
A

i=e

with lim
n!¥

wn ¼ lim
n!¥

wi;e ¼ e2p=e ¼ w
ð6:9Þ

These power sequences, designated as interaction functions, represent the mathe-
matical backbone of the model described in this chapter.

6.3
Prerequisites for Diffusion Coefficients

This subchaptermay be skipped by readers interested only in the resulting equations
for diffusion coefficients. But it is important for understanding the ideas which have
led to these equations.
In order to support the above assumptions and the interaction functions, Eq. (6.9)

was developed from themodel. The next three sections contain direct correlations of
the relative density of interaction energy, qr with specific properties of macroscopic
systems.

6.3.1
Critical Temperatures of n-Alkanes

The critical temperature may be considered to be a measure of the intensity of
interaction between n particles of a system, as produced by van der Waals forces.
Critical temperatures are especially suitable for the comparison of numerical values
within a homologous sequence because at these temperatures the systems are in
corresponding states. The essential characteristic of a particle system in its liquid
state is the unordered translational movement of the particles in comparison to the
particle vibrations in the x, y, and z directions in a solid. In a liquid system there is a
continuous exchange of placeswhich occurs between the system�s particles and there
are no particular spatial orientations. These considerations greatly simplify the
problem of modeling liquid systems.
Although the critical temperature for n� 1 is practically independent of the number

of particles, there exists a possibility for estimating the influence of the number
of i structural subunits composing a particle based on the value of the critical tempera-
ture of a macroscopic system. If Tc,i represents the critical temperatures of an n-alkane
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containing i carbon atoms, we may tentatively let the dimensionless ratio Tc,i/Tc,1 be
equal to the ratio of the two corresponding interaction functions wi,e and w in Eq. (6.8),
due to the common specific parameter K¼C0

1/e for all members of the homologous
series:

Tc;i

Tc;¥
¼

1þ 2p
i

� �i=e

e2p=e
¼ wi;e

w
ð6:10Þ

Experimental values for the critical temperatures of n-alkanes are known up to eicosane
(i¼ 20) (Reid et al. 1987). For longer molecular chains, the experimental determination
of the critical temperature is not possible with sufficient accuracy due to the onset of
thermal decomposition.
By means of Eq. (6.10) it is possible to calculate, starting from each experimental

value corresponding to i carbonatoms, a limit valueTc,1, (Table6.1).Due to the fact that
the terminal methyl groups in the initial members of the n-alkane represent an
important deviation from a system containing only methylene groups, it is more
convenient to use alkanes having chains as long as possible for the determination of
Tc,1. As seen in Table 6.1 these deviations become unimportant after i¼ 9. This is
because the individual Tc,1 values are irregularly distributed for the 12 longest chains
(i¼ 9� 20). The mean limit value obtained from Table 6.1 is �Tc;¥ ¼ Tc ¼ 1036:2 K.
Figure 6.1 shows the estimated curve for Tc,i fromEq. (6.10) using Tc,¥¼Tc¼ 1036.2K
as well as the experimental values of Tc,i for 1� i� 20.
The remarkable coincidence between the ratios of the critical temperatures, Tc,i/Tc

within the homologous series and the ratios of the corresponding values of the
interaction functionwi, e/w supports the interpretation that this function is ameasure
of the energy density of interaction.
Due to the translation and rotation of particles in the liquid state of a macroscopic

system, the value of the interaction function may be assumed to be independent of

Table 6.1 Critical temperatures of n-alkanes.

i Tc , (K) Tc, 1 (K) Tc� Tc, 1

9 594.6 1039.1 �2.9
10 617.7 1036.8 �0.6
11 638.8 1035.5 þ 0.7
12 658.2 1034.9 þ1.3
13 676 1034.8 þ1.4
14 693 1036.0 þ0.2
15 707 1034.7 þ1.5
16 722 1036.7 �0.5
17 733 1034.4 þ1.8
18 748 1039.2 �3.0
19 756 1035.4 þ0.8
20 767 1036.8 �0.6
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the configuration of the particles within the system. Therefore, there is no need for
data related to orientation. This is also valid for the i chainlike subunits of an alkane
molecule. Due to the possibility of a free rotation of any of the i subunits around the
bond axis with the neighboring subunits, a relative motion of segments of several
subunits is also possible.

6.3.2
Melting Temperatures of n-Alkanes

The melting point of a pure substance is one of the most important specific
macroscopic properties for its characterization and identification. It is also a specific
parameter for crystalline polymers. In a macroscopic crystal composed of n-alkane
molecules the individual alkane chains lie in arrangements laid out next to one
another. Very long chains can be folded but still have chain segments lying next to
one another. The result of such an arrangement is a structure composed of lamellae
lying on top of one another. The thickness of the lamellae is determined by the chain
length. Compared to its thickness, the length and width of lamellae in principal can
be of any size. The crystal in the direction of the extended chains is therefore
composed of any number of layers (lamellae).
When the amplitude of vibration of the particles reaches a certain fraction of the

distance from their neighbors, the crystalmelts. Since there are different orientations
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Figure 6.1 Critical temperatures, Tc,i of n-alkanes as a function of
the relative molecular mass, Mr¼ (14iþ 2). Calculated values
using Eq. (6.10) (trace 1), experimental values (trace 2).
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along the coordination axis, one can assume that the vibrations in the x, y, and z
directions are not equal. This propagation of interactions in the solid state is
significantly different from the case in liquids.
The melting points of macroscopic alkane crystal samples are determined mainly

by the chain length of the molecules, e.g., by the number i of the methylene groups
(particles) including the twomethyl end groups. If one lays an alkane chain along the
x-axis of the coordination system, then one can express the x-direction material
specific constant C1=e

x with the help of an analogue of the product in the form
C 1=e
x ¼ C 1=e

0;x ð1þ2p=iÞi=e ¼ Kxwi;e. Thematerial constantKx is a specific parameter
for the alkane homologous series.
The molecule chains, each of which are composed of i particles are assumed to be

oriented along the x-axis and are bound to one another head to head by van derWaals
forces. A different orientation exists in the other two coordinate axis directions where
van derWaals forces exist between themethylene group (particle) of onemolecule to
that in the corresponding neighbor particle.
If the melting point of a macroscopic alkane sample is determined solely by the

lamellae thickness of its crystal, then one can set the melting point, Tm,i, of an alkane
with iCatoms proportional to the value of the x-component qr,i(x)¼Kxwi,ew Eq. (6.7).
However, the interactions occurring in both the y and z axes must also be taken into
account. The strength of these interactions is comparable to those in a system
composed of particles similar in size and structure to the methylene groups, that
means for particles with i¼ 1. But whereas Kxwi,e with i> 1 refers to molecules with
covalent bondsbetween the subparticles i in thex-direction, no suchbonds exist in the
y and z-directions. Therefore the value of the constant Kx must not be the same as
Ky¼Kz.Taking this intoaccount, a relative interactioncontribution in they- andz-axis,
respectively, of qr,i(y)¼ qr,i(z)¼ (Kx/w)w1, ew is assumed as an approximation. For the
relative contribution Ky¼Kz¼Kx/w of the interactions in the y- and z-directions the
w-value for an infinite methylene chain is chosen as reference. Even the constant Kx

may increase slightly with i at the beginning of the homologous series, but reaches a
constantvaluefor i� 1.Thentheratioof themeltingpoint foranalkanewith iCatoms,
Tm,i and the limit value, Tm, 1 for i� 1 can be represented by the following equation:

Tm;i

Tm;¥
¼ 2 � ðKx=wÞ � w1;e � wþKx � wi;e � w

2 � ðKx=wÞ � w1;e � wþKx � w � w ¼ 2ðw1;e=wÞþwi;e

2ðw1;e=wÞþw
ð6:11Þ

In order to determine the melting point Tm, 1, an accurate melting point of a known
alkane is necessary. The first few members of the homologous series do not show a
regular increase in their melting points with carbon number. This irregularity
is caused by crystal structural differences between molecules with even and odd
i values aswell as by themethyl end groups. To avoid these effects one should select as
large an alkanemolecule as possible as a reference. On the other hand shorter chains
have sharpmelting points, i.e., the transition fromsolid to liquid state occurswithin a
small temperature interval, e.g., approximately 0.25K for i¼ 44. A slower, more
gradual melting process is observed for longer chains which can lead to large
measurement errorswhennot taken adequately accounted for. In a related systematic
study (Stack et al. 1989) a melt temperature of Tm,i¼ 400.65K was determined at the
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equilibrium between the melted and crystalline state for synthesized straight chain
alkane, C192H386. With the value for i¼ 192 as reference a value of Tm, 1¼ 415.14K
was calculated using Eq. (6.11). In Table 6.2 andFigure 6.2,melting temperaturesTm,i

of the unbranched alkanes, calculated with Eq. (6.11) are compared with experimen-
tally measured values (Broadhurst 1962). The reason for the deviation of the
measured melting points to smaller values than the calculated temperatures for
short chains (i< 24) are due to the above mentioned structural differences and the
slightly increase of Kx with i.
In a model (Hagemann and Rothfus 1979), which incorporates the possible crystal

systems into which alkanes can crystallize (hexagonal, orthorhombic, monoclinic or
triclinic), the possible interactions between all atoms of an alkane were calculated and
summed using the known distances between atoms and bond angles between H–C
andC–C. In thisway results are expressed as a function of chain length for every crystal
system. Using nonlinear (parabolic) curve fitting onto the experimental melting point
curves for the triclinic system in the range from 26� i� 100 the limit value for an
infinitely long alkane chain was found to be Tm, 1¼ 415.55K. This value is used in
Table 6.2 as the limit melting temperature for unfolded polymethylene.

Table 6.2 Comparison of calculated and experimental melting
temperatures, Tm,i for n-alkanes with i> 23 carbon atoms.

i Tm,i (K) calc Tm,i (K) exp DT calc–exp

24 324.6 324.0 þ0.6
25 327.4 326.7 þ0.7
28 334.7 334.6 þ0.1
29 336.9 336.9 0.0
31 341 341 0.0
32 342.8 343.2 �0.4
34 346.3 346 þ0.3
35 347.9 347.9 0.0
37 350.9 350.9 0.0
38 352.3 352.2 þ0.1
40 355 354.7 þ0.3
43 358.5 358.3 þ0.2
44 359.6 359.5 þ0.1
46 361.7 362.2 �0.5
50 365.4 365.3 þ0.1
58 371.5 371.4 þ0.1
64 375.2 375.2 0.0
66 376.3 376.8 �0.5
67 376.8 377.3 �0.5
70 378.3 378.4 �0.1
82 383.3 383.5 �0.2
94 387.1 387 þ0.1
100 388.7 388.4 þ0.3
192 401.0 400.7 þ0.3
720 411.6 411.7 �0.1
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When alkane chains become long enough (i> 200) they start to fold. The layer
thickness of a lamella is then no longer proportional to the total chain length but rather
proportional to the lengthof the chain segment betweenaCH3endgroup and a folding
point or the segment between two folding points. Because the thickness of the lamella
and consequently the number of C atoms in a chain segment is responsible for the
melting process of an alkane, themelting point can lie below the corresponding i value
of the alkane. A melt temperature of Tm,1¼ 411.65K was measured for a particularly
carefully crystallized polyethylene (Flory and Vrij 1963). A segment length of approxi-
mately 720 C atoms was found from the measured layer thickness in these samples.
With Eq. (6.11) one obtains a melting point of Tm,i¼ 411.57 for i¼ 720, with Tm,1
415.55K.However, themelting point temperature curve for large i values changes very
little with each additional chain segment, e.g., 0.1K for Di¼ 20 (Table 6.2).

6.3.3
Melting Temperatures of Atom Clusters

Spherical particles crystallize preferably into one of the densest spherical packing, e.g.,
argon andgold atoms are cubic close-packed (ccp). The ccp structure gives rise to a face-
centered unit cell, somay also be denoted cubic F (or fcc, for face-centered cubic). In a
cluster, assumed to be approximately spherical and composed ofN spherical particles,
the diameter of the cluster behaves as though d¼N1/3d0, that means it is composed of
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approximatelyN1/3 particles with diameter d0 arranged along one coordination axis. In
a ccp system each atom is surrounded by 12 atoms, which means 12þ 1 atoms are in
direct contact but only 13/3 along one axis. Because each atomhas two neighbors along
one axis, the total number of interacting atoms along one axis is n¼ (13/6)N1/3¼
2.17N1/3. If the difference in interactions between particles on the surface and inside
the cluster is neglected, then it can be assumed in the case of spherically shaped
particles that no anisotropy occurs in the properties of the cluster.
When the amplitude of vibration of the particles reaches a certain fraction of the

distance from their neighbors, the crystal melts. Since there is no preferred
orientation, one can assume that the vibration in the x, y, and z directions are equal.
When one disregards any material specific characteristics in the first approximation
so that the specific parameterC¼ 1, then all systems composed of spherical particles
can be treated in a similarmanner. The relationship of themelting point temperature
Tm,N of a cluster composed of N spherical particles to the melting point Tm of a
macroscopic sample composed of the same type of particles can be correlated with a
relation similar to Eq. (6.8), where instead of the interaction function wi,e for
macroscopic systems, the interaction function wn defined in Eq. (6.9) for n particles
interacting along one coordination axis is used:

Tm;N

Tm
ffi 3wn

3w
with wn ¼ 1þ2p

n

� � n
ð1þ1=nÞn

and n¼ 2:17N1=3 ð6:12Þ

The factor 3 indicates the contributions of the interactions along the three coordina-
tion axis. To test the application of the expression in Eq. (6.12), published data (Buffat
andBorel 1976)measuring themelting of gold clusters ranging in diameter from2 to
25 nm can be used. The number of atoms (particles)N in such large sited clusters lies
between 300 to over 2 million. Even the melting points of such large clusters are
significantly lower than the melting point of macroscopic gold samples where
Tm¼ 1336K. With an atomic diameter of gold, d0¼ 0.288 nm, the particle number
n used in Eq. (6.12) ranges from 8 to 80. In Table 6.3 the average values of published

Table 6.3 Calculated and experimental melting points of atomic
gold clusters as a function of the particle number and in
comparison with the melting point of gold, Tm¼ 1336 K.

d (nm) N1/3 Tm,N (K) calc Tm,N (K) exp

2.5 8.69 1025 500
5.0 17.37 1155 1088
7.5 26.06 1208 1177
10.0 34.75 1237 1240
12.5 43.43 1256 1256
15.0 52.12 1268 1268
17.5 60.81 1277 1277
20.0 69.49 1284 1284
22.5 78.18 1290 1290
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experimental melting point data obtained for different cluster diameters d are
presented in comparison with the calculated Tm,N. values. At cluster diameters below
5nm the differences between calculated and measured temperatures become
significant due to additional effects, e.g., a different behavior of atoms at the surface
or errors in the temperature measurements of very small particles.
The following three sections contain direct correlations between certain values of

the interaction functions defined in Eq. (6.9) and other important parameters which
characterize macroscopic systems.

6.3.4
Critical Compression Factor

The first term w1¼ (1þ 2p)1/2 of the power series wn defined in Eq. (6.9) plays a
special role within the interaction model. It can be assumed to represent the relative
molar energy of a perfect gas phase in which no attractive interaction between the
particles occur. But as a member of the series this value is related to the other
members and especially to the limit value w. Then the limit value w represents the
relative molar energy of the same system in the condensed state, resulted from the
attractive interactions between the particles. If Vc, pc, Tc, and R represent the critical
molar volume of a compound, the critical pressure and critical temperature of the
system and the gas constant, respectively, then the ratio w1/w can be identified as the
critical compression factor, Zc:

pcVc

RTc
¼ Zc ¼ w1

w
¼ ð1þ2pÞ1=2

e2p=e
¼ 0:2675 ð6:13Þ

Taking into account an empty (free) volume fraction in the critical state, the critical
molar volume is written asVc¼w1V0¼ 2.7V0, whereV0 represents themolar volume
of the particles in the system which is comparable with the constant b in the van der
Waals equation, with Vc¼ 3b.
From a data collection with 349 experimental values for the critical compression

factor (Reid et al. 1987) obtained with organic and inorganic compounds and
elements, a mean value of Zc¼ 0.2655 is obtained with a standard deviation of
s¼ 0.0346.
Thecritical constants obtained from thevanderWaals equation,Vc¼ 3b,pc¼ a/27b2

and Tc¼ 8a/27Rb deliver a critical compression factor Zc¼ 3/8¼ 0.375> 0.2675,
which is higher than the mean experimental value.

6.3.5
The Entropy of Evaporation

Systems with comparable amounts of disorder are especially important for develop-
ing a common basis for relationships between diffusion coefficients. Such a
comparable amount of disorder is generated when any liquid evaporates and
becomes a gas. According to Trouton�s rule the entropy of evaporation has values
around 85 J K�1mol�1 for many liquids at their boiling point Tb at a standard
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pressure of 1 bar. This rule was modified by Hildebrand in 1915 (Hildebrand et al.
1970). According to Hildebrand, the value of the molar entropy of evaporation, DSv,
for many substances is nearly the same at temperatures where their molar vapor
volumes are equal to the standard value of 24.8 dm3mol�1 at 25 �C. The validity of
this rule extends over boiling points ranging over three orders of magnitude and for
classes of substances as different as monoatomic noble gases, high boiling metals,
and compounds with polyatomic molecules with complex structures. The deviation
from the mean value of 84.9 J K�1mol�1 does not exceed 1.5 J K�1mol�1 with few
exceptions when using the Hildebrand correction.
As a conclusion from the Hildebrand/Trouton rule, the definition of a standard

vapor phase in a standard state with a well-known amount of disorder, related to the
corresponding liquid phase, can be made. This definition can be used as a starting
point for modeling diffusion coefficients of gases.
The change in entropy DS for a reversible isothermal expansion of an ideal gas

from its initial volume V1 to a volume V2 is DS¼R ln(V2/V1) and therefore V2/
V1¼ exp(DS/R). By setting V2/V1 equal to the ratio between the molar volume
V�

G ¼ 24:8 dm3 mol�1 of an ideal gas under standard conditions (T¼ 298.15K,
p¼ 1 bar) and assigning a volume V�

L to one mole of a liquid at Th, then V�
G=V

�
L ¼

exp(DSv/R)¼ exp(DHv/RTh). The value DHv stands for the molar enthalpy of evapo-
ration at theHildebrand temperature,Th, andDSv is themolar entropy of evaporation.
By using DSv¼ 84.9 J K�1mol�1 the value V�

L ¼ 0:91 cm3 mol�1 is obtained. An
interpretation of the Hildebrand/Trouton Rule is that this �free� volume, V�

L, allows
for the freedom ofmovement ofmolecules (particles) necessary for the liquid state at
the temperature Th. The explanation of the constant entropy of evaporation is that it
takes into account only the translational entropy of the vapor and the liquid. It has to
be pointed out that V�

L does not represent the real molar volume of a liquid, but
designates only a fraction of the corresponding molar volume of an ideal gas V�

G,
derived from the entropy of evaporation. The real molar volume VL of the liquid
contains in addition the molar volume occupied by the molecules V0. As a result the
following relations are valid: VL ¼ V�

LþV0 and VG ¼ V�
GþV0. However while

V�
L <V0 and VL is practically independent of the pressure, V0 � V�

G in the gaseous
phase. Only in the critical state does VG/VL¼ 1 and the entropy difference between
the two phases vanishes.
In the next section the correlation of the molar entropy of evaporation and the

molar volumes with the interaction functions will be shown.

6.3.6
The Reference Temperature and the Reference Molar Volume

Now let us consider a macroscopic system in which the particles are members of a
homologous series of the kind defined above in the 4th assumption. In this case the
particles themselves represent subsystems made of chains with i interacting parti-
cles, e.g., atoms or group of atoms. The relative density of interaction energy, qr,i in
such a system is defined in Eq. (6.8). But as already mentioned in Section 6.3.2 the
first term w1,e plays an outstanding role in the series wi,e because no chains with
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covalent bonds between the subparticles i exist forw1,e. This situation is similar to the
outstanding role of the first term w1, which represents perfect gases without any
interactions, in contrast with the other terms in the series wn. But w is the limit value
of both the series wn and wi,e. The difference w1�w1,e between the two first terms of
the two interaction series is interpreted to be a pure translational contribution to the
energy of the system and can therefore be related to its temperature. In order
to establish a connection between the difference w1�w1,e and SI units let us
start with n¼ 1000mol of hypothetical particles with the atomic mass unit u¼
1.66054· 10�27 kg in a volume V¼ 1 m3. This system with N¼ nNA¼ 103 (mol)
6.02214· 1023 (mol�1) particles defines the mass unit of Nu¼ 1 kg. The total energy
of the system is E¼Pnieiwhere ni particles are in the state with energy ei. Using the
Boltzmann distribution and E¼ (N/q)Sei exp(�bei) with b¼ 1/kT, the following
relationship between the internal energy of the system and the two terms w1 and
w1,e is postulated to be:

EP
i eie�bei

¼ N
q
¼ w1�w1;e ¼ ð1þ2pÞ1=2�ð1þ2pÞ1=e ¼ 0:6227236 ð6:14Þ

With the translational partition function q¼V/l3 and l3¼ h3/(2pukT)3/2 a value for the
temperatureT¼ 2.98058Kresults,whenusing the values forN,V,u, thePlanck constant
h¼ 6.62608· 10�34 J s and the Boltzmann constant k¼ 1.38066· 10�23 JK�1.
The self-diffusion of particles and the entropy of the system are both a result of

random particle motions. With the Sackur–Tetrode equation the molar entropy, Sm,
of the above system can be calculated at temperature T and pressure p:

Sm ¼ R ln
e5=2kT

pl3

 !
ð6:15Þ

As shown in the previous section a common feature of all systems in the liquid
state is their molar entropy of evaporation at similar particle densities at pressures
with an order of magnitude of one bar. Taking this into account a reference
temperature, Tr, will be selected for systems at a standard pressure, p� ¼ 105Pa¼
1bar, having the same molar entropy at the pressure unit, pu¼ 1Pa at T¼ 2.98058K.
As can easily be verified, the same value of molar entropy and consequently the
same degree of disorder results at p� if a 100-fold value of the above T-value is used
in Eq. (6.15). This value denoted as Tr¼ 298.058 K is the reference temperature for
the following model for diffusion coefficients. The coincidence of Tr with the
standard temperature T � ¼ 298.15K is pure chance. With Tr a reference molar
volume of gas, VG,r¼RTr/p� ¼ 24.782 dm3mol�1 is defined, which by chance is
very close to the value of the standard volume V�

G ¼RT �/p� ¼ 24.79 dm3mol�1.
But due to these coincidences, the values of the standard temperature and
standard volume are used in the following equations for the reference values:
Tr ’T � ¼ 298.15K and VG;r ’ V�

G ¼ 24:79 dm3 mol�1.
With the reference temperature and the limit valuew of the interaction functionwn

for a macroscopic system we can also define the �free volume� V�
L mentioned in

Section 6.3.5 and a reference critical molar volume.
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Assuming that the molar volume V�
L discussed in the previous section is a

consequence of interaction between the particles in a condensedmacroscopic system,
a reference molar volume, VL,r, is defined using the reference volume VG,r and w:

VG;r

VL;r
¼ exp

DSr
R

� �
¼ exp

wR
R

� �
¼ ew ¼ 24078:88 ð6:16Þ

VL,r¼VG,r/e
w¼ 1.03 cm3mol�1. The productwR¼ 10.0891· 8.31447¼ 83.8854 JK�1

mol�1 defines a reference entropy of evaporation, DSr, and lies within the limits of
deviation from the values of the Hildebrand entropy of evaporation. The effect of the
interaction function lies in an isothermal contractionof the gaseousphaseproportional
to 1/ew.
If we further consider an ideal gas phase at unit pressure, pu¼ 1 Pa, at temperature

T0¼ 1K and with an energy amount R0¼ 1 J K�1mol�1 instead of R¼ 8.314 J K�1

mol�1 then the molar volume of this hypothetical gas phase is V0,G¼ 1m3mol�1.
With the same application of the interaction function a reference critical molar
volume results: Vc,r¼V0,G/e

w¼ 4.153 · 10�5m3mol�1.

6.4
The Diffusion Coefficient

The interaction functions wn, and wi,e with the limit value w defined in Eq. (6.9) have
been correlated directly with different properties of macroscopic systems. These
numbers can now be considered again as starting points for dynamic processes
occurring in macroscopic systems. In all aggregate states diffusion is considered to
be a consequence of interactions between the particles that are in conformity with the
first assumption of the model. This means the diffusion coefficient can be described
as an exponential function of an interaction energy. The uniform structure of this
function for all aggregate states is

D ¼ D0 expðwn�A=A0�EA=RTÞ ð6:17Þ
The first term in the exponent, w1 for monoatomic gases, w1,e for monoatomic
particles in condensed states and wi,e for chains made of i particles in condensed
states, represents an ideal system in conformity with Eq. (6.8) and the limit value w.
The second and third term in the exponent refer to real systems. A is proportional to
the molar cross-section of the diffusing particle, whereas EA represents an activation
energy proportional to the critical temperature, Tc, for gases and to the melting
temperature,Tm, for condensed states, respectively. These last two terms act as brakes
of the diffusion process.

6.4.1
Diffusion in Gases

At constant temperature the ratio DG,2/DG,1 of the diffusion coefficients in a gas at
two states 1 and 2 equals the ratio V2/V1 of the system volumes at these states. Then
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together with the first assumption a starting point formodeling diffusion coefficients
will be the relation DG,2¼ (V2/V1)DG,1¼ (V2/V1)Duexp(qr) with the unit value
Du¼ 1m2 s�1 and qr¼w1 for a perfect gas. By selecting V1 ¼ 105V�

G ¼ RT�=pu at
pu¼ 1 Pa as a reference volume and with V2¼RT/p, the following equation results
for a self-diffusion coefficient, DG, in a perfect gas:

DG ¼ T � pu
T0p

Du expðw1Þ ð6:18Þ

This equation is typical for an ideal gas in which neither an interaction term in the
form of activation energy nor the size of the diffusing particles are considered. At
p¼ 1 bar and T¼ 273K for example, DG¼ 1.36 cm2 s�1 is obtained using Eq. (6.18)
compared with 1.4 cm2 s�1 measured in He (Landolt–B€ornstein 1969).
For real gases two additional terms in the exponent of Eq. (6.18) must be

introduced, acting as brakes:

1. A molar activation energy EA of diffusion is defined as the product EA¼w1,eRTc,
with the critical temperature, Tc, of the system. This definition takes into account
the connection between the interaction terms of the model, w1 and w1, e and IS
units, as shown inSection 6.3.6. At the critical temperature,Tc, a pure translational
amount, w1�w1,e, of the relative energy density is responsible for the magnitude
of DG at pressures p < pc.

2. The second term takes into account the size magnitude of the diffusing
particle. Let Am ¼ V2=3

0 m2 mol�1 be the molar cross-sectional area of the
diffusing particle. When moving through the system a particle with this
cross-sectional area must overcome the force exerted on it by the other particles
in the system while they are moving about in a disordered fashion. The
magnitude of this force F divided by the unit area Au¼ 1m2 to which the
force is being applied defines a pressure, p¼ F/Au. The product pAmd¼ (Am/Au)
Fd¼Em,A Jmol�1 represents the necessary molar work to overcome the resis-
tance of the matrix by moving Am along the distance d in a direction
perpendicular to it. Referred to the corresponding work for moving Au along
the same distance, Eu,A¼Fd J, we get Em,A/Eu,A¼ em,A¼Am/Au¼Ammol�1. On
the other hand, the pressure p can be expressed as p¼m(N/V) hv2i, where N/V
is the density of the moving matrix particles, m¼Mru is the particle mass and
hv2i is the mean value of the square of the particle velocity. With the atomic
mass unit u, the relative particle mass Mr , the amount of particles n (mol), the
Avogadro constant NA and the volume V, we get p¼Mru(nNA/V) hv2i¼ uNA

hv2i Mr/(V/n). The product p(V/n)¼ uNAMr hv2i¼ 10�3Mr hv2i¼Em,k Jmol�1

defines the molar kinetic energy of the moving particles. Referred to the
corresponding energy Eu,k¼muMr hv2i J, using the mass unit mu¼ 1 kg instead
of the molar mass unit, Mu¼ uNA¼ 10�3 kgmol�1, we get Em,k/Eu,k¼ em,k¼
10�3mol�1. From the above considerations a dimensionless value, em¼ em,A/
em,k¼ 1000Am¼ 1000V0

2/3¼ 1000(Vc/w1)
2/3 results as relative measure of the

resistance against the movement of the diffusing particle.
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Collecting the above results, the following final equation can be established for the
self-diffusion coefficient in a macroscopic system in the gaseous state:

DG ¼ T
To

pu
p
Duexp w1�103

Vc

w1

� �2=3

�w1;e
RTc

RT

 !
ð6:19Þ

With Eq. (6.19) a system (0) can be formally defined, for which DG, 0¼Du¼ 1m2 s�1.
This state is obtained with a hypothetical gas havingTc¼Tr¼ 298.15K. At p¼ pu¼ 1Pa
andT¼ Tr the unit value forDG, 0 is obtained ifw1�w1;e ¼ 103ðVc;0=w1Þ2=3 ¼ 103V2=3

0 .
From this condition a critical molar volume value Vc, 0¼ 4.19376� 10�5m3mol�1

results, which is very close to the reference critical molar volume, Vc,r¼ 1/ew¼
4.153� 10�5m3mol�1 defined above. Then an expansion coefficient, a, must be
considered for themolar volumeV0¼Vc, 0/w1 of the particles in the system at T¼ Tr.
Taking this into account one can write Vc,r(1þaTr)¼ (1/ew)(1þaTr)¼Vc, 0¼V0w1

and in the above relation, w1�w1, e¼ 103[(eww1)
�1(1þaTr)]2/3, a value a¼ 3.29�

10�5 K�1 results, which is typical for expansion coefficients in solids. For example,
iron's expansion coefficient is a¼ 3.54� 10�5 K�1. These considerations are used
further in Section 6.4.2 for the diffusion in the solid state.
Using measured values of critical molar volumes and critical temperatures, the

self-diffusion coefficients of substances in the gas phase at pressures p< pc signifi-
cantly below their critical values can be calculated using Eq. (6.19). In Table 6.4 the
self-diffusion coefficients of noble gases at 1 bar, calculated with Eq. (6.19) are
compared with the experimental values (Kestin et al. 1984). Helium behaves like a
perfect gas at T� Tc (Eq. 6.18) without interaction (Tc¼ 0) and atomic size (Vc¼ 0).
Molecular hydrogen has the same behavior.

Table 6.4 Self-diffusion coefficients of noble gases at 1 bar.

Tc (K) Vc · 105 (m3mol�1) T (K) DG (cm2 s�1) calc DG (cm2 s�1) exp

He 5.19 5.74 50 0.093 0.089
100 0.21 0.29
200 0.44 (1.0)a 0.92
300 0.67 (1.5)a 1.82

Ne 44.44 4.16 50 0.021 0.021
100 0.11 0.08
200 0.34 0.27
300 0.59 0.53

Ar 150.8 7.49 200 0.083 0.087
300 0.21 0.19
373 0.32 0.28

Kr 209.4 9.12 200 0.040 0.045
300 0.12 0.10
373 0.20 0.15

Xe 289.7 11.84 300 0.058 0.058
373 0.11 0.09

aValues obtained for a perfect gas with Tc¼ 0 and Vc¼ 0.
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6.4.2
Diffusion in the Critical State

Equation(6.19)canbeeasilyadaptedforthecriticalstateifp issubstitutedwiththecritical
pressure, pc, obtained fromEq. (6.13) and ifw1 in the exponent is substitutedwithw1, e.
This takes into account the absence of a pure translational energy contribution in the
criticalstate.Onthecontrary,anadditionalnegative term,thecriticalcompressionfactor
Zc¼w1/w, is introduced in the exponent, taking into account the decrease in diffusion
velocity caused by attraction between the particles. As a result the following equation
gives the coefficient of self-diffusion in the critical state:

Dc ¼ Vcpu
RTo

w
w1

Du exp �103
Vc

w1

0
@

1
A

2=3

�w1

w

0
B@

1
CA

¼ Tc

To
pu
pc

Du exp �103
Vc

w1

0
@

1
A

2=3

�w1

w

0
B@

1
CA

ð6:20Þ

The diffusion coefficients at the critical state are the upper limits for the diffusion
coefficients in liquids. Therefore Eq. (6.20) will be used later for the development of
equations for the liquid state.

6.4.3
Diffusion in Solids

6.4.3.1 Self-diffusion Coefficients in Metals
In comparison with the behavior of a gas, the expansion of the system is neglected
and the ratio of the volumes at two states is V2/V1ffi 1. Then together with the first
assumption a starting point for modeling diffusion coefficients in the solid state is
DS¼Du exp(w1, e) with the unit value Du¼ 1m2/s and the interaction function w1, e

for a macroscopic system made of monoatomic particles. But as for real gases, two
additional terms must be introduced in the exponent acting as brakes and the
following equation resultsfinally for the self-diffusion coefficient,DS, in solidmetals:

DS ¼ Du exp w1;e�103w
1
ew

ð1þaTÞ
� �2=3

�ww2=3
1;e TmR=RT

 !
ð6:21Þ

Whereas the diffusing particles in the gas phase move through a matrix in which all
particlesare in thesameconditionofmovement, thediffusingatomsin thesolidmetal
move through a rigid matrix made of immovable particles. This different situation is
taken intoaccountwith the limit valuewof the interaction functionasaproportionality
factor in the second term of the exponent. The bracket at exponent 2/3 contains the
criticalmolar volume,Vc, 0, at temperatureT, as defined in Section 6.4.1. In contrast to
thegaseous statewhere themolar volumeV0¼Vc/w1of thediffusingparticles isused,
in the above equation the value Vc, 0 is introduced, because the molar cross-sectional
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area of themoving particles is larger than the area resulting from the diameters of the
atoms in themetallic bonds. The difference between the particle radius which results
fromVc, 0 and theparticle radius fromV0 is about 0.072 nm.This value corresponds to
thedifferencebetweenavanderWaals radius andanatomic radius ina covalent bond.
The jumpof an atom froman interstitial place in thematrix to another place needs the
bigger cross-sectional area resulting from the van der Waals radius.
The factor w in the third term in the exponent of Eq. (6.21) plays the same role as

w1,e in the equation for the diffusion in gases. But instead of the critical temperature,
Tc, the melting temperature, Tm, of the solid phase is introduced. In addition the
factorw 2=3

1;e is introduced. This takes into account the contribution of the interaction
energy, relative tow, which results from the interaction between themoving diffusing
particle (its cross-sectional area) with the solid matrix.
In Table 6.5 the calculated self-diffusion coefficient values for 10metals at different

temperatures are listed togetherwith the corresponding experimental values collected
from the literature (Landolt–B€ornstein 1991). In addition the empirically determined
pre-exponential factor values,D0, and activation energies of diffusion, EA, in Eq. (6.5)
are given, as well as the calculated activation energies, EA¼w(w1, e)

2/3TmR, from
Eq. (6.21). In the temperature range between 300K and 3000K the DS values are
obtained between 10�8 and 10�23 cm2 s�1. The ratio between calculated and experi-
mental values in most cases are in the range 0.3–3. The values and the remarkable

Table 6.5 Comparison of self-diffusion coefficients for 10 metals
calculated with Eq. (6.21) and experimental values.

Tm (K)
Eexp
(kJmol�1)

Ecalc
(kJmol�1)

D0 exp

(cm2 s�1) T (K)
Dexp

(cm2 s�1)
Dcalc

(cm2 s�1)

Mg 92.3 135 126 1 740 3.0· 10�10 4.7· 10�10

910 1.8· 10�8 2.0· 10�8

Zn 693 96 95 0.18 513 3.0· 10�11 9.2· 10�11

690 9.7· 10�9 2.6· 10�8

Cd 594 82 81 0.18 400 3.5· 10�12 1.0· 10�11

590 9.9· 10�9 2.5· 10�12

Y 1825 252 249 0.82 1100 8.9· 10�13 4.9· 10�13

1600 4.9· 10�9 2.1· 10�8

Al 933 126 127 0.18 300 2.1· 10�23 2.7· 10�23

480 3.5· 10�15 5.4· 10�15

V 2192 308 299 0.36 1100 8.5· 10�16 2.0· 10�15

1600 3.2· 10�11 5.0· 10�11

Nb 2741 396 374 0.52 1300 6.4· 10�17 2.9· 10�16

2600 5.8· 10�9 6.8· 10�9

Ta 3269 424 446 0.21 1200 7.4· 10�20 1.2· 10�20

2900 4.8· 10�9 1.9· 10�9

Pt 2042 279 279 0.22 1500 4.2· 10�11 5.9· 10�11

2000 1.1· 10�8 1.4· 10�8

Au 1336 176 182 0.12 900 7.3· 10�12 9.1· 10�12

1200 2.6· 10�9 3.7· 10�9
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agreement between the calculated and measured self-diffusion coefficients result
mainly from the activation energies. The similarity between the empirical activation
energies and the values EA¼w(w1, e)

2/3TmR supports the assumption which led to
Eq. (6.21). The influence of the melting temperature in the exponent is much bigger
than the pre-exponential factor D0 (Murch 1995). In Eq. (6.21) the pre-exponential
factor results from the nearly constant value 103w(e�w(1þ aT))2/3. Values calculated
for additional 20 metals lie generally within one order of magnitude with the
experimental data. The 10metals shown in Table 6.5 crystallize in cubic close-packed
structures (Al, Pt, Au), in hexagonally close-packed structures (Mg, Zn, Cd, Y) and
cubic I (body-centered cubic) structures (V, Nb, Ta).

6.4.3.2 Self-Diffusion Coefficients in Semiconductors and Salts
It is interesting to compare the diffusion coefficients in the metallic state with the
self-diffusion coefficients in nonmetallic state, but in important electronic materials
as silicon and germanium. The three-dimensional structure based on covalent
bonds between the atoms with a tetrahedric orientation suggests that the diffusing
particles are notmonoatomic as in themetallic state. If instead ofw1, e the valuew6, e is
introduced in Eq. (6.21) than the self-diffusion coefficient, DS of the silicon-type is

DS ¼ Du exp w6;e�103w
1
ew

ð1þaTÞ
� �2=3

�ww2=3
6;e TmR=RT

 !
ð6:22Þ

With this equation a very good agreementwith themeasured data occurs (G€osele and
Tan 1995). The same good agreement is obtained for germanium as shown in
Table 6.6.
A different behavior results for diffusion in crystallized salts. For the self-diffusion

of the Cl� anion in NaCl, w2, e must be used in Eq. (6.21), whereas w1 is held for the
diffusion of the cation Naþ (Laurent and Benard 1957).

Table 6.6 Comparison of self-diffusion coefficients in
semiconductors and salts calculatedwith Eq. (6.22) and Eq. (6.21)
with experimental values.

Tm
(K)

Eexp
(kJmol�1)

Ecalc
(kJmol�1)

D0 exp

(cm2 s�1) T (K)
Dexp

(cm2 s�1)
Dcalc

(cm2 s�1)

Si 1683 425 405 20 1100 1.3 · 10�19 3.1· 10�19

1670 1.0 · 10�12 9.8· 10�13

396 405 8 1100 1.3 · 10�18 3.1· 10�19

1670 3.3 · 10�12 9.8· 10�13

Ge 1220 300 294 21.3 770 9.5 · 10�20 7.0· 10�20

1200 1.9 · 10�12 8.6· 10�13

NaCl Cl� 1081 215 182 110 1073 3.8 · 10�9 9.9· 10�10

873 1.5 · 10�11 9.7· 10�12

NaCl Naþ 1081 155 0.5 1073 1.4 · 10�8 2.2· 10�8

873 2.7 · 10�10 5.2· 10�10
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6.4.3.3 Self-Diffusion Coefficients in n-Alkanes
Let us now consider a macroscopic system made of n-alkanes. In the following
section an equation for the self-diffusion coefficient of a n-alkane with a number i of
carbon atoms in the molecule will be derived in a manner analogous to that for
metals. The starting point is Eq. (6.21) formetals. The first term in the exponent,w1,e,
must be replaced withwi,e to take into account the polyatomic chain with imethylene
groups, inclusive of the two methyl end-groups. The same substitution is necessary
in the third term.
Using the homologous series of n-alkanes as a reference structure series a relation

of the molar cross-sectional area 103V2=3
0 ¼ 103ðVc=w1Þ2=3 to the specific properties

of n-alkanes is derived in the following manner. In the special situation of a n-alkane
with repeating –CH2– groups in the molecular chain, a constant value of the ratio
between the critical volume and its relative molecular mass, Vc,i/Mr,i can be expected
for the homologous series except the first member, methane. For the n-alkanes with
i¼ 2� 18 a mean value Vc,i/Mr,i¼ 4.4594� 10�6m3mol�1 is obtained (Reid et al.
1987). With this value 103(Vc,i/w1)

2/3¼ 103(4.4594� 10�6Mr,i/w1)
2/3¼ 0.14

Mr, i
2/3¼ 0.14(14iþ 2)2/3 results because the relative molecular mass of an n-alkane

with iCatoms isMr,i¼ 14iþ 2. But as in Eq. (6.21) for solidmetals, the critical volume
is used instead of the molar volume and consequently 0:14ðw1Mr;iÞ2=3 ¼
0:14w2=3

1 ð14iþ2Þ2=3 replaces the product 103Vc, 0 in the second term. Also w in this
term is substituted with wi,e because the brakes which the diffusing particle must
overcome are the molecular chains with van der Waals interactions in the matrix in
comparison with the much stronger metallic bonds. The resulting equation for self-
diffusion coefficients in crystallized n-alkanes is

DS;i ¼ Du expðwi;e�wi;e � 0:14w2=3
1 ð14iþ2Þ2=3�ww2=3

i;e Tm;iR=RTÞ ð6:23Þ

Taking n-heptane as an example, a valueDS,i¼ 7.7· 10�21 cm2 s�1 in the solid phase
near themelting temperature Tm,i¼ 183K results with the above equation. Although
no experimental data for this case are available, the order of magnitude at that
temperature seems not unrealistic in comparisonwith the data formetals in the solid
state. The above equation is important as a starting point for treating diffusion
coefficients in liquids, especially in plastic materials.

6.4.4
Diffusion in Liquids

6.4.4.1 Self-Diffusion Coefficients in Metals
When the temperature reaches the melting point, the rigid matrix changes into the
liquid state, in which the metallic particles can move much easily. This is taken into
account by introducing the molar volume V0¼Vc, 0/w1 in Eq. (6.21) instead of Vc, 0

and the diffusion coefficient for liquid metals, DL at the temperature T is

DL ¼ Du exp w1;e�103w
1

ew � w1
ð1þaTÞ

� �2=3

�ww2=3
1;e TmR=RT

 !
ð6:24Þ
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This equation can be considered as a reference for all metals, because at T¼ Tm the
value of DL depends only slowly from T and has the typical value of about 1·
10�5 cm2 s�1 for the liquid state.

6.4.4.2 Self-Diffusion Coefficients in n-Alkanes
Equation (6.23) can be adapted for the self-diffusion-coefficient, DLm,i in liquid
n-alkanes at the melting temperature Tm,i in the following manner:

DLm;i ¼ Du expðwi;e�wi;e � 0:14ð14jþ2Þ2=3�ww2=3
j;e Tm;iR=RTÞ ð6:25Þ

with
j¼ (Mr,i� 2)/14)1/3.

The first term in the exponent, wi,e, remains unchanged. In the second term w1

disappears because themolar volume replaces the bigger critical molar volume, as in
the liquid metals and in the gas phase. The product 0.14(14jþ 2)2/3 in the second
term represents the relative molar cross-sectional area of the diffusing particle. As
shown inSection 6.4.1 this area, 1000Am ¼ 1000V 2=3

0 ¼ 1000ðVc=w1Þ2=3 results as a
measure of the relative resistance against themovement of the diffusing particles. In
the special situation of a n-alkane 103ðVc;i=w1Þ2=3 ¼ 0:14M2=3

r;i ¼ 0:14ð14iþ 2Þ2=3
results as shownabove. But in contrast to the crystalline state, the diffusingmolecules
in the liquid state can be considered in a first approximation to be present in the form
of spherical coils, which offer a smaller cross-sectional area, than the sum of i
methylene groups. As a consequence, a relative diameter of (Mr,i� 2)/14)1/3¼ j
results in comparison to i and the factor (14jþ 2) is used instead of 14iþ 2. With j, a
corresponding interaction function, wj,e¼ (1þ 2p/j)j/e results, which is used in the
third term of the exponent in Eq. (6.25).
The change from a linear orientation to spherical coils in the whole matrix can be

understood as a gradual process, which occurs only to a small degree at very low
temperatures, e.g., near themelting point, with short chains of smallmolecules.With
increasing temperature and longer chains the transformation to spherical coils takes
places to a much higher extent. In any case the diffusing particles can be assumed to
exist in all situations in a more or less well coiled form. The consequence of these
considerations is a gradual change from the use of wi,e in the second term to wj,e for
thematrixmolecules. The limit valuew remains in the third term as in the solid state,
because it refers to this state, from which the activation energy is derived together
with themelting temperature. The above picture of the liquid phase near themelting
temperature is naturally an extreme simplification. Taking again n-heptane as an
example, with Eq. (6.25) a value DLm,i¼ 4.14· 10�6 cm2 s�1 results in the liquid
phase at themelting point of 183K. The smallmolecules of the heptanematrix at this
low temperature can be assumed to existmainly in a crystalline-like state and thus the
coil formation, as explained above, is done if at all, only to a small extent. This means
wi,ewith the real carbonnumber i in the second termof the exponent in Eq. (6.25), can
be used. Due to the gradual transformation of the matrix molecules into coils as
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described above, the calculated diffusion coefficients for bigger alkanes remain
smaller than the experimental values ifwi,e is used for thematrix. But with long chain
alkanes (i> 18) the calculated values fit well with experimental data if wj,e instead of
wi,e is used in the second term in Eq. (6.25)
The melting of n-alkanes with very long chains occurs slowly and at the corre-

sponding high temperatures one can assume that most of the molecules at the
melting point are in spherical shapes. The relativemovement of thematrixmolecules
has the consequence that instead ofw the interaction functionwi,e, or evenwj,e at high
temperatures, must be used in the last term of Eq. (6.25). Alkanes with long chains
have already a behavior similar to polymers.
It is now possible to arrive in the critical state starting from the liquid state at the

melting temperature. An analogous equation for the critical state as Eq. (6.20) is used
with the only difference in the first term in the exponent. Based on the above
consideration about the coil formation at high temperatures a corresponding expres-
sionforthefirst termintheexponentofEq. (6.20)canbegiven.Itrepresents therelative
cross-sectional area for an n-alkane with i carbon atoms in the critical state. Together
with the critical temperature Tc,i¼ 1036.2(wi,e/w) from Eq. (6.10) and the critical
pressure, pc,i fromEq. (6.13) the following formula results fromEq. (6.20) for the self-
diffusion coefficient of an n-alkane with i carbon atoms, in the critical state:

Dc;i ¼ 1036:2 � ð14iþ2Þ
298:058 � 5:155� 108

exp �wj;e � 0:14ð14jþ2Þ2=3�w1

w

� �
ð6:26Þ

The lower limit for the diffusion in liquids is at themelting point. An equation for the
self-diffusion coefficient of n-alkanes in the liquid state between the melting and
critical temperature can now be written. The upper limit of the self-diffusion
coefficient in the liquid phase is obtained at the critical temperature,Tc,iwith Eq. (6.26)
for the n-alkane series and the lower limit at the melting temperature, Tm,i, with
Eq. (6.25). It can be assumed that the self-diffusion coefficientDL,i at a temperature T
betweenTm,i andTc,i follows the exponential functionD¼ ae�b/T. Collecting all results
from the above steps and writing DLm,i¼ a exp(�b/Tm,i) and Dc,i¼ a exp(�b/Tc,i), the
following equation is obtained for the diffusion coefficient DL,i:

DL;i ¼ a exp � bR
RT

� �
ð6:27Þ

with

b ¼
ln

DLm;i

Dc;i

� �

1
Tc

w
wi;e

� 1
Tm;i

and a ¼ Dc;i exp
b
Tc;i

� �
¼ Dc;i exp

b
1036:2

w
wi;e

� �

Taking into account that for the reference homologous series of n-alkanes the
relative molecular mass of the member i in the series is Mr,i¼ 2þ 14i, the self-
diffusion coefficient DL,i can be calculated with Eqs. (6.25) and (6.26). This can be
done by using only two values based on experimental results, the limit value of

186j 6 A Uniform Model for Prediction of Diffusion Coefficients



the critical temperature, Tc¼ 1036.2 K and the mean value for the ratio, Vc,i/Mr,i¼
4.4594 · 10�6m3mol�1.
Table6.7andFigure6.3 showacomparisonbetweenexperimental(Landolt-B€ornstein

1969) self-diffusion coefficients and calculated values obtained with Eq. (6.27).
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Figure 6.3 Temperature dependence of self-diffusion coefficients
of n-heptane. Calculatedwith Eq. (6.27) (trace 1) and experimental
values (trace 2).

Table 6.7 Comparison of experimental self-diffusion coefficients
in n-alkanes with values calculated with Eq. (6.27).

i Mr T (�C) T (K)
DL,i · 105

(cm2 s�1) calc
DL, i · 105

(cm2 s�1) exp Remarks for use of Eq. (6.25)

7 100 25 298 3.2 3.1 with wi, e
a

8 114 25 298 1.4 2.8 with wi, e
a

84 357 3.0 4.5 with wi, e
a

9 128 25 298 0.9 1.7 with wi, e
a

84 357 2.1 4.0 with wi, e
a

10 142 25 298 0.4 1.3 with wi, e
a

84 357 1.1 3.7 with wi, e
a

12 170 60 333 0.2 1.4 with wi, e
a

18 254 50 323 2.2 0.5 with wj, e
a

32 450 100 373 0.5 0.3 with wj, e
a

82 1150 120 393 0.04 0.1 with wj, e
a and wi, e

b

94 1318 120 393 0.015 0.055 with wj, e
a and wi, e

b

awi, e, or wj, e in the second term;
bwi, e instead of w in the third term.
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6.4.5
Diffusion in Plastic Materials

The diffusion behavior in polymers lies between that of liquids and solids. As a
consequence, the models for diffusion coefficient estimation are based on ideas
drawn from diffusion in both liquids and solids.

6.4.5.1 Diffusion Coefficients of n-Alkanes in Polyethylene
The self-diffusion in n-alkanes can now be used as basis for modeling the diffusion
coefficients,Dp, of additives in polyethylene. This polymer is thematrix which results
asymptotically from the homologous series of n-alkanes for i� 1.
From the above discussion one can assume that thematrix molecules are to a high

extent, spherical coils above the glass temperature, Tg. The same assumption can be
made for diffusing n-alkanes. Thismeans the polymermatrix is similar to thematrix
of an n-alkane in the liquid state at the melting point. The following equation follows
directly fromEq. (6.25) for the diffusion coefficient of ann-alkanewith i carbon atoms
and the relative molecular mass Mr,i¼ (14iþ 2) in polyethylene with the relative
molecular mass Mr,p and the melting temperature Tm,p:

DP;i ¼ Du expðwi;e�wp;e � 0:14ð14jþ2Þ2=3�ww2=3
j;e Tm;pR=RTÞ ð6:28Þ

with i¼ (Mr,i�2)/14
wi,e¼ (1þ 2p/i)i/e, j¼ (i1/3), wj,e¼ (1þ 2p/j)j/e, p¼ (Mr,p/14)

1/3, wp,e¼ (1þ 2p/p)p/e
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Figure 6.4 Comparison ofmeasured diffusion coefficients (cm2/s)
at 25 �C for 10 n-alkanes with calculated values (curve) using
Eq. (6.28) for HDPE with Tm, p¼ 110 �C and Mr, p¼ 50,000.
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The only difference from Eq. (6.25) lies in the use of the interaction function
wp,e¼ (1þ 2p/p)p/e, where p¼ (Mr,p/14)

1/3, with the relative molecular mass of the
polymer and the melting temperature, Tm,p K. The numbers i, j, wi,e, and wj,e refer to
the diffusing molecule and have the same meaning as defined above.
Figure 6.4 shows a comparison between calculated and experimental (Koszinowski

1986 and Appendix I) values of diffusion coefficients for n-alkanes in high density
polyethylene (HDPE) at 25 �C.
In Figure 6.5 a comparison between calculated and experimental values for the

diffusion of n-alkanes in low-density-polyethylene (LDPE) are shown. From Appen-
dix I the values of diffusion coefficients at 40 �C from all n-alkanes are considered as
far as possible. With Eq. (6.28) an upper limit with Mr,p¼ 3000 and Tm,p¼ 353K
(80 �C) and a lower limit withMr,p¼ 100,000 and Tm,p¼ 393K (120 �C) are calculated,
respectively. A polymer like LDPE is polydisperse in the sense that a sample spans a
large range ofmolar masses. From the diffusion point of view, the smaller molecules
probably play a relatively more important role in comparison with the bigger
molecules due to the easier movement of the diffusing solute through a matrix
with a large portion of smallmolecules. Themolecularmass range between 3000 and
100,000 forMr,p and the temperature range between 80 and 120 �C for Tm,p, correlate

0 100 200 300 400 500
12

11

10

9

8

7

6

5

Mr

lo
g

(D
p

)

Figure 6.5 Comparison of the diffusion coefficients (cm2 s�1) at
40 �C of the n-alkanes from Appendix I in LDPE with calculated
values (curve) using Eq. (6.28), with Tm, p¼ 363 K (90 �C) and
Mr,p¼ 30,000. An upper limit with Mp¼ 3000 and Tm, p¼ 353 K
(80 �C) and a lower limit with Mp¼ 100,000 and Tm, p¼ 393 K
(120 �C) are also given (dashed curves).
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well with the properties of LDPE. The experimental values are from many different
sources of low-density polyethylene samples with probable different ranges of molar
masses.
In Figure 6.6 the activation energy, EA ¼ w � w2=3

j;e � Tm;p � R as a function ofMr,i is
given for two melting points of PE, Tm,p¼ 353K (80 �C) and Tm,p¼ 403K (130 �C).
At temperatures T> Tm,p the interaction function wp,e instead of w will be used

in the third term: This term represents the interaction between the relative cross-
section area of the diffusing particle expressed asw2=3

j;e , and thematrix particles. In the
molten matrix the interaction takes place mainly with individual spherical coils
insteadwith thewholemacroscopic phase expressed asw. The diffusion coefficient of
the alkane i in PE above the melting temperature, T> Tm,p is therefore

DP;i ¼ Du expðwi;e�wp;e � 0:14ð14jþ2Þ2=3�wp;ew
2=3
j;e Tm;pR=RTÞ ð6:29Þ

In Figure 6.7 the log(Dp,i)-curve calculated with Eq. (6.29) is shown, where Mr,p¼
15,000, Tm,p¼ 363K (90 �C) and T¼ 450K (177 �C) are used (trace 1). Four experi-
mental values (trace 2) were used, obtained with deuterated polyethylene segments
(Gell et al. 1997).
In a first approximation one can use Eq. (6.28) or (6.29) for all additives dissolved in

polyethylene, where i¼ (Mr,a� 2)/14 andMr,a represents the relative molecular mass
of the diffusing additive. Only the adequate values for Mr,p and Tm,p must be known.
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Figure 6.6 The activation energies in PE obtained from Eq. (6.28)
with Tm, p¼ 353K (80 �C, lower limit, continuous curve) and
Tm, p¼ 403K (130 �C, upper limit, dashed curve).
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6.4.5.2 Diffusion Coefficients of Additives in Polymers
Due to the very complex structures of many plastic materials, with many unknown
parameters, it is practically not possible to predict with sufficient precision the values of
diffusion coefficients without additional empirical parameter values. If this additional
empirical information obtained for a plastic material sample from migration mea-
surement is denoted with AP ¼ A

0
P�t=T , with the athermal, dimensionless number

A
0
P and the parameter t with the dimension of a temperature, respectively, then a

general applicable equation (see Eq. (6.28)) can be written as follows:

DP ¼ Du expðwi;eþAP�wp;e � 0:14ð14jþ2Þ2=3�ww2=3
j;e Tm;pR=RTÞ ð6:30Þ

Both values,A
0
P and tP can be obtained from two diffusionmeasurements at different

temperatures, using a reference solute in the polymer matrix (see Chapter 15).
Diffusion coefficients of additives at temperatures below the glass point Tg of

polyethylene are not known due to the low value of these temperatures. But for
polyethyleneterephthalate (PET) with Tg	 80 �C values of Dp exist below and above
this temperature. Although thematrix structure of PETdiffers significantly from that
of PE, one can use in a first approximation the above equations for estimation of the
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Figure 6.7 Comparison of the diffusion coefficients (cm2/s) of
5 deuterated PE-samples at 177 �C with calculated values (middle
curve) calculated with Eq. (6.29), with Mp¼ 15,000, Tm, p¼ 363K
(90 �C). Anupper limit withMr, p¼ 10,000, Tm, p¼ 353K (80 �C) and
a lower limit with Mr, p¼ 30,000, Tm, p¼ 373K (100 �C) are
also given.
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diffusion coefficients in PET. For T< Tg an equation analogous to Eq. (6.23) for
n-alkanes in the solid state can be used:

DP;i ¼ Du expðwi;e�wp;e � 0:14 � w2=3
1 ð14jþ2Þ2=3�ww2=3

i;e TgR=RTÞ ð6:31Þ

with i¼ (Mr,i� 2)/14, wi,e¼ (1þ 2p/i)i/e, p¼ (Mr,p/14)
1/3, wp,e¼ (1þ 2p/p)p/e and Tg

instead of Tm,p.
At temperatures near Tg the above equation is used without the factor w1 because

the molar volume instead of the critical volume in the second term in the exponent
marks the transition from the glassy to the rubbery state of the polymeric matrix:

DP;i ¼ Du expðwi;e�wp;e � 0:14 � ð14jþ2Þ2=3�ww2=3
i;e TgR=RTÞ ð6:32Þ

At temperatures T� Tg but below the melting point Tm,p Eq. (6.28) for the rubbery
phase is used.
InFigure6.8, a comparisonbetween thediffusioncoefficientsobtained foradditives in

PET with the three Eqs. (6.31) at 40 �C, (6.32) at 80 �C and (6.28) at 175 �C with
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Figure 6.8 Comparison of measured diffusion coefficients
(cm2/s) of several compounds in PET at

a) 40 �Cwith calculated values (lower, continuous curve) using Eq.
(6.31) with Mr, p¼ 10,000, Tg¼ 80 �C;
b) 80 �C with calculated values (middle, dashed curve) using Eq.
(6.32) with Mr, p¼ 10,000, Tg¼ 80 �C;
c) 175 �C with calculated values (upper, dashed curve) using
Eq. (6.28) with Mr, p¼ 10,000, Tm,p¼ 528 K (255 �C).
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experimentallyobtaineddata(Begleyetal.2005)areshown.Intheseequations,Tg¼ 353K
(80 �C), Tm,p¼ 528K (255 �C) andMr,p¼ 10,000 are used (see Chapter 2).
Due to the big range over more than ten orders of magnitude, a good agreement

between experimental and calculated values results from this comparison.
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7
Transport Equations and Their Solutions
Otto Piringer and Titus Beu

7.1
The Transport Equations

Interactions between packaging and product are always connected with transport
processes occurring within the packaging system. A transport process is understood
to be a general movement of mass, energy, or other quantity from one location to
another. An example of mass transport in packed liquid products is the convection
that occurs during the heating or shaking of the package. Macroscopic regions of the
liquidmove with different speeds, relative to one another, and causemixing to occur.
With heating, a simultaneous transport of heat takes place alongwithmass transport.
The convection ofmass and energy takes place in liquid products during distribution
of the packaging from the manufacturer to its final storage destination and during
heating and cooling of the package.
Mixing by convection in viscous and solid packed products has very little or no

practical significance. A special case is themixing of particulate products by shaking,
which gives results similar to convection. Themost important transport processes in
solid-, viscous-, and liquid-filled products during the storage period are diffusion and
thermal conductance. Mass transport by diffusion and energy transport by conduc-
tance have a common molecular basis. They are both affected by the unordered
movement of molecules in the medium in which transport takes place. It is the
vibration of atoms and groups of atoms transmitted to neighboring atoms which is
responsible for conductance in solids. Unordered collisions between the mobile
molecules of a liquid or gas are also a source of mass transport by diffusion
(Chapters 5 and 6).
A further example of energy transport through packaging into the filled product is

electromagnetic radiation. This radiation in the form of light can start chemical
reactions or, in the case of microwaves, be transformed into heat and then further
distributed through the packaging system by conduction or convection.
In addition to mass and energy, other quantities can also experience transfer.

Flowing layers with different flow rates in a convection stream can influence one
another. The slower flowing layer acts as a brake on the faster layer, while at the same
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time the faster layer acts to accelerate the slower one. The cause of this behavior is
the inner friction of the liquid appearing as a viscosity difference, which is a
consequence of the attractive forces between the molecules. Viscosity can be
explained as the transport of momentum. The viscosity of different media can be
very different and thus plays an important role in transport processes.

7.1.1
The Terminology of Flow

For the mathematical description and understanding of transport processes, it is
advantageous to have several common characteristics, regardless of the nature of
the transport quantity, to allow them to be treated in a similar manner. Without
knowledge of their fundamental causes at the molecular level, which corresponds to
their historical development, transport processes can be described with help from
quantities that can be quantitatively measured on a macroscopic level. One such
quantity is that of flux.
The flux J is understood to be the amount of a quantity transported per unit time

through a unit surface area.
Flux is a vector forwhich a directionmust be specified in addition to the quantity or

contribution J. This is accomplished with the help of the unit vector e giving

J ¼ Je ¼ Jx þ Jy þ Jz ¼ Jxi þ Jy j þ Jzk ð7:1Þ

Jx, Jy, and Jz are the vector components in the x-, y-, and z-axis directions of the
coordinate system, Jx, Jy, and Jz are their contributions, and i, j, and k are the
corresponding unit vectors. Given amass quantitym that is transported during time t
through an area A, then let J represent the contribution of the mass flux. For energy
transport, then J is the contribution of the energy flux with the dimensions J/m2 s
(J represents Joule).
In a very general sense, the flux of a quantityG is proportional at a given location

to the gradient of the scalar field produced by the flux a(x, y, z). Mathematically, one
obtains the contributions of the three components with the gradient of a (grad a)
from the partial derivative of a at the coordinates x, y, and z which for the flux G
results in

JðGÞ ¼ �b grad a ¼ �b
qa
qx

i þ qa
qy

j þ qa
qz

k

� �
ð7:2Þ

The location-independent proportionality factor is designated as b. Theminus sign in
Eq. (7.2) shows that the flux goes in the direction of decreasing a values. This means
that the quantity G �flows� down the gradient.
The usefulness of the flow terms as common characteristics for transport

processes allows them to illustrate such seemingly diverse processes as convection,
momentum transport (viscosity), diffusion, and heat conductance. To simplify
the written expression, the flux components of the four processes are expressed in
Eq. (7.3) in the direction of one axis of the coordinate system whereby, instead of
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the partial derivative for the function, a variable and useful form of the derivative
expression is used

ðaÞ Jxðmass; convectionÞ ¼ r
dx
dt

i

ðbÞ Jzðmomemtum in x directionÞ ¼ �h
dnx
dz

k

ðcÞ Jxðmass; diffusionÞ ¼ �D
dc
dx

i

ðdÞ Jxðenergy; conductionÞ ¼ �k
dT
dx

i

ð7:3Þ

InEq. (7.3a),randdx/dtare thecontributionsof thedensityandthevelocityof the liquid
in the x direction, respectively. The material-specific constants Z, D, and k are for the
viscosity, diffusion, and thermal conductivity coefficients, respectively. The derivatives
inthezandxdirections,dux/dz,dc/dx, anddT/dxarefor thevelocitycomponents(inthe
xdirection), the concentration, and temperature, respectively. Acomparison of the four
equations in Eq. (7.3) shows the similarities between the expressions.
With respect to their individual historical development, the four expressions are

quite separate. While this representation of momentum can be traced back to
Newton, the expression for heat conductance was first derived by the mathematician
and physicist Joseph Fourier at the beginning of the 19th century. The physiologist
Adolf Fick, who was concerned with measuring the transport of oxygen in blood,
recognized the analogy of diffusion to heat conductance and published in 1855
the diffusion equation now known as Fick�s first law Eq. (7.3c). The relationships
between the different processes at the molecular level was first recognized by
Einstein and other physicists and led to quantitative relationships between materi-
al-specific constants, in particular between D and Z, which are important for
calculating their respective contributions (see Chapters 5 and 6).

7.1.2
The Differential Equations of Diffusion

During a diffusion process, e.g., the migration of an additive from a plastic into the
atmosphere, a change in the concentration of the diffusing substance takes place at
every location throughout the plastic. The mass flux caused by diffusion is repre-
sented by a vector quantity, whereas the concentration c and its derivative of time t is a
scalar quantity and connected by thefluxwith the help of the divergence operator. The
following example serves to emphasize this relationship.
In a body with any given shape, e.g., a piece of soap, there is an aroma compound

which is initially uniformly distributed throughout the entire body. During storage
without any packaging, a decrease in concentration takes place due to diffusion into
the atmosphere, particularly in the outer layers of the soap. The resulting scalar
concentration field with the levels c1> c2> c3 (Figure 7.1) forms a gradient field that
describes the external direction of the aroma compound flux.
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Now consider only a suitably small section of the soap in the form of a cube with
side lengths of Dx, Dy, and Dz (Figure 7.2).
The aroma compound will diffuse in as well as out of the cube because of its

perpendicular-side surface areas. Due to the greater decrease in the aroma near the
soap�s external surface, the flux out of the side of the cube closer to the surface is
greater than the flux into the side of the cube that lies deeper in the soap. The
difference between the aroma diffusing in and out will be positive which means one
can consider the cube as an aroma source. As a consequence of the flux out of the
cube, the concentration in the cube decreases with time. The concentration is also a
function of time, c¼ c(x, y, z, t), and its decrease with time, i.e., the partial derivative

Figure 7.1 Diffusion and the divergence operator.

Figure 7.2 Diffusion through a volume element.
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�qc=qt in the cubic volume DV¼Dx Dy Dz, represents the net flux out of the cube
and designated div J the divergence of the flux.
Mathematically, the divergence is obtained as the sum of the differences between

flux components in and out of the cube in the coordinate axis direction with respect to
the cube�s volume. Placing the coordinate axis parallel to the corners of the cube as a
helpful construction (Figure 7.2), one can label the incoming flux component con-
tributions through the side walls Dy Dz at the location x with Jx(x) and the outgoing
component through the opposite side wall at xþDx on the x-axis with Jx(xþDx).
When this is done in the same manner for the other components, then one gets

� qc
qt

¼ ½ Jxðx þ DxÞ � JxðxÞ� Dy Dz
Dx Dy Dz

þ ½ Jyðy þ DyÞ � JyðyÞ� Dx Dz
Dx Dy Dz

þ ½ Jzðzþ DzÞ � JxðzÞ�Dx Dy
Dx Dy Dz

ð7:4aÞ

By letting the length of the cube�s sides Dx, Dy, and Dz become infinitely small, and
then the differences on the right side of Eq. (7.4a) become the partial derivatives of the
flux component contributions at the location P(x, y, z) and one obtains

qc
qt

¼ � qJx
qx

þ qJy
qy

þ qJz
qz

� �
¼ D

q2c
qx2

þ q2c
qy2

þ q2c
qz2

� �
ð7:4bÞ

Then the contributions of the diffusion flux in the direction of the three coordinate
axis, according to Eqs. (7.2) and (7.3a), are

Jx ¼ �D qc=qx Jy ¼ �D qc=qy; and Jz ¼ �D qc=qz: ð7:5Þ
With help from the divergence and gradient, one obtains the same result in the

form of the following expression:

qc
qt

¼ �div J ¼ D div grad c ¼ Dr2c ¼ D
q2c
qx2

þ q2c
qy2

þ q2c
qz2

� �
ð7:6Þ

The mathematical operator r, called Nable or del, appearing in Eq. (7.6), has the
following structure:

r ¼ q
qx

i þ q
qy

j þ q
qz

k ð7:7Þ

When del is applied to concentration c, rc¼ grad c, and to the vector of the
diffusion flux J¼�D grad c, it gives rJ¼�div J¼D div grad c¼Dr2c. The
application of the del operator twice leads to a scalar, to a vector, and once again
to a scalar, then i � i¼ j � j¼ k � k¼ 1 and i � j¼ i � k¼ j � k¼ 0, and subsequently to

r2 ¼ q2c
qx2

þ q2c
qy2

þ q2c
qz2

� �
ð7:8Þ

Equations (7.5) and (7.6) are known as Fick�s second law for the case where the
diffusion has a constant diffusion coefficient.
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The immediate result of the above discussion is that the diffusion equation can
be transformed into the differential equation for heat conduction by substitution
of c by T and D by k. This analogy has the consequence that practically all
mathematical solutions of the heat conductance equation are applicable to the
diffusion equation. The analogy between diffusion and conductance should be kept
in mind in the following discussion although the topic here will be mainly the
treatment of the diffusion equation, which represents the most important process
of mass transport.

7.1.3
The General Transport Equations

If diffusion and convection currents are similar inmagnitude, then the total transport
is the sum of all the individual contributions. While convection currents caused by
mild shaking of low-viscosity liquids lead to a much faster mixing than by diffusion
processes, the influence of convection decreases with increasing viscosity (e.g.,
mayonnaise).
A decrease in concentration in addition to physical transport effects can also be the

consequence of a chemical reaction taking place. The concentration decrease per unit
of time caused by chemical reaction is defined as the rate of reaction r and is a
function of the concentrations present at the reaction site:

r ¼ dc
dt

¼ k cn ð7:9Þ

The proportionality factor k is the reaction rate constant. The exponent n, usually 1 or
2, specifies the order of the reaction.
The simultaneous occurrence of reaction and transport processes can be repre-

sented by adding the contributions together, and for the total concentration decrease
over time at a given point P(x,y,z) in the media considered by the general transport
equation one obtains

�
����qcqt
����
total

¼ div J ðDiffusionÞ þ div J ðConvectionÞ þ r ðreactionÞ

¼ �D
q2c
qx2

þ q2c
qy2

þ q2c
qz2

0
@

1
Aþ nx

qc
qx

þ ny
qc
qy

þ nz
qc
qz

0
@

1
Aþ k cn

ð7:10Þ

A typical example of transport and reaction occurring during storage of a package is
the spoilage of fat-containing food by oxidation with oxygen transported from the
atmosphere through the packaging.
Equation (7.10) is a mass balance. At every location, a decrease in concentration of

substance i takes place by transport and chemical reaction. Thus the total decrease
�qc/qt is equal to the amount of substance leaving the location, which includes the
changes due to diffusion and convection plus the loss due to chemical reaction. By
this, the description of the location where the processes take place is properly
described as the source of substance i.
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7.2
Solutions of the Diffusion Equation

For interactions between packaging and product, the above descriptions of
both material transport processes by diffusion and convection as well as the
simultaneous chemical reactions come into consideration. The general trans-
port equation (7.10) is the starting point for solutions of all specific cases
occurring in practice. Material loss through poorly sealed regions in the package
can be considered as convection currents and/or treated as diffusion in the gas
phase.
A solution of the general equation delivers the concentration contribution at

every point in time and at every location throughout the volume considered
and thus c¼ c(x, y, z, t). The general form of the transport equation as a
second-order partial differential equation has no solution. Analytical solutions
are given, however, for numerous special cases. For solutions involving com-
plicated cases, simplifying approximations are used or numerical solutions
are carried out. Since the general equation (7.10) represents a starting point
not only for interesting interactions but also for the complete chemical reaction
technology, there are numerous solutions described in the literature which
can be applied to interaction problems. The usefulness of analogous consi-
derations was already mentioned in the comparison of diffusion and heat
conductance.
Since Eq. (7.10) is composed of the sum of its members, it is logical to consider

next the contribution of each individual component. The fastest step in a group
of simultaneous overlapping processes is the most important. If the overall
process is the result of a series of processes taking place one after another, for
example as a consequence of transport processes through one or more boundary
surfaces, then the slowest step of the process determines the rate of the overall
process. Mass transport by diffusion is without doubt the most important process
throughout the storage of packed products. The discussion of the solution begins
then with the diffusion equation (7.5) or (7.6). In order to start with the most
general case in which the diffusion coefficient D is not constant, one can also
write

qc
qt

¼ r2 D c ¼ q2D c
qx2

þ q2D c
qy2

þ q2D c
qz2

ð7:11Þ

While numerical methods come into question for solutions involving variableD,D
can be assumed to be constant or practically constant for most cases of practical
interest. In addition, simplified solutions for diffusion along the x-axis can be used
instead of the general solution, except for some particular cases which will be
pointed out later. This greatly simplifies presentation of the problem and the
resulting equation for diffusion is

qc
qt

¼ D
q2c
qx2

ð7:12Þ
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7.2.1
Steady State

The simplest case to solve is when the concentration stays constant over time in the
polymer. If diffusion occurs only along the direction of the x-axis, then

D
q2c
qx2

¼ 0 ð7:13Þ

This particular case exists, for example, in the diffusion of a substance through a film
with thickness d (Figure 7.3), if the concentrations at the two surfaces c1 at x¼ 0 and c2
at x¼ d remain constant (stationary case).
The first integration of Eq. (7.13) then gives

dc
cx

¼ constant ð7:14Þ

A constant concentration gradient exists in the film perpendicular to the film�s
surface, and consequently there is a constant diffusion flux in the x-axis direction
according toEq. (7.3c) at every location between x¼ 0 and x¼ d. IntegratingEq. (7.14)
again leads to

c � c1
c2 � c1

¼ x
d

ð7:15Þ

and the amount of the flux through the film is

Jx ¼ �D
dc
dx

¼ D
c1 � c2

d
ð7:16Þ

7.2.2
Nonsteady State

A number of solutions exist by the integration of the diffusion equation (7.12),
which are dependent on the so-called initial and boundary conditions of special

Figure 7.3 Diffusion (permeation) through a film at steady state.
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applications. It is not the goal of this section to describe the complete mathematical
solution of these applications or to make a list of the most well-known solutions. It
is much more useful for the user to gain insight into how the solutions are arrived
at, their simplifications, and the errors stemming from them. The complicated
solutions are usually in the form of infinite series from which only the first or first
few members are used. In order to understand the literature on the subject, it is
necessary to know how the most important solutions are arrived at so that the
different assumptions affecting the derivation of the solutions can be critically
evaluated.
It is highly recommended to solve, or at least to read, the examples and their

solutions given in this chapter. The necessary mathematical data are given in
corresponding tables, and only a pocket calculator is needed. One goal followed
with these very simple examples is to obtain a feeling for the many possibilities of
problem solving with easily manageable mathematical tools. But it reveals also the
limitations of such methods due to the enormous variety and complexity of practical
problems for which a user-friendly software is needed. In Chapter 9, the examples
from this chapter are again solved with such a tool and in addition much more
complex case studies will be treated. The mathematical background for these is the
same as that shown inChapters 7 and 8, but the problemsolving today is only possible
with corresponding programs.
Most solutions of the diffusion equation (7.12) are taken from analogous solutions

of the heat conductance equation that has been known for many years:

qT
qt

¼ k
q2T
qx2

ð7:17Þ

which can be directly applied to diffusion problems. The standard reference work on
the mathematics of diffusion is by Crank 1975, from which most of the solutions
contained in this chapter have been taken. The solutions themselves have their
origins in the older andmore comprehensive reference work on heat conductance in
solids by Carslaw and Jaeger 1959.
The selection of diffusion equation solutions included here are as follows:

diffusion from films or sheets (hollow bodies) into liquids and solids as
well as diffusion in the reverse direction; diffusion-controlled evaporation from
a surface; influence of barrier layers and diffusion through laminates; influ-
ence of swelling and heterogeneity of packaging materials; coupling of diffu-
sion and chemical reactions in filled products as well as permeation through
packaging.

7.2.3
Diffusion in a Single-Phase Homogeneous System

The diffusion problem is simplest to solve analytically if the diffusing substance is
concentrated at the beginning of the process in an infinitely thin sheet (plane) and
then diffuses perpendicular to the plane of this sheet into an infinite liquid media
found on both sides of the sheet. The flowing away fromor diverging from the source
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is, once more, a graphic example for the expression of the diffusion equation in the
form represented in Eq. (7.6):�qc/qt¼ div J. Amodel corresponding to this situation
can be represented by a long cylindrical shape made from a polymeric material, e.g.,
polyethylene, with a cross-section of 1 cm2. In the middle of the material, there is a
very thin layer of material colored with a pigment which acts as a diffusion source
(Figure 7.4(a)). The colormolecules then diffuse outward toward both ends of the bar
along the x-axis of the coordinate systemwithout reaching the ends of the bar during
the time interval considered.
At the beginning of diffusion, time t¼ 0 and the total amount of color havingmass

m are located at position x¼ 0. Because of the theoretically infinitely thin layer dx of
the color source, the initial concentration there is infinite and the concentrations at all
other positions of the bar are zero. The solution of the diffusion equation (7.12) is
immediately given as

c ¼ A

t1=2
exp � x2

4Dt

� �
ð7:18Þ

where A is the integration constant whose formation can be easily checked from the
partial derivatives qc/qt and q2c/qx2 from Eq. (7.12). The expression in Eq. (7.18) is

Figure 7.4 (a) Two-sided diffusion from an infinitely thin layer
(source); (b) distribution of concentrations for different values of
the product Dt.
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symmetric with respect to x¼ 0 because of x2 and goes to zero if x becomes positively
or negatively infinite and t> 0. After substitution

x2

4Dt
¼ q2 dx ¼ 2ðDtÞ1=2dq ð7:19Þ

and because the total amount m is obtained, which means

m ¼
ðþ¥

�¥
c dx ð7:20Þ

one can write

m ¼ 2AD1=2
ðþ¥

�¥
expð�q2Þdq ¼ 2AðpDÞ1=2 ð7:21Þ

The values forA resulting fromEq. (7.21) are used in Eq. (7.18), and then one obtains
the solution

c ¼ m

2ðpDtÞ1=2
exp � x2

4Dt

� �
ð7:22Þ

for the spreading of the color by diffusion. The increased spreading with time can be
seen in Figure 7.4(b).
In the above case, half of the substance diffuses in the positive direction and the

other half in the negative direction of the x-axis.
If an absolute barrier is now assumed to exist at position x¼ 0 so that diffusion

can occur only in the direction x> 0, then the half of m diffusing in the x< 0 is
reflected by the barrier and overlaps the other half diffusing in the x> 0 direction
(Figure 7.5(a)). Because the symmetry of the curve of Eq. (7.22) with respect to the
source at the position x¼ 0, one obtains a solution for diffusion in a half openmedia

Figure 7.5 (a) Single layer diffusion from a source with a barrier
on one side; (b) diffusion from an infinitely thick layer represented
as coming from infinitely many sources.
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that is double the value of Eq. (7.22):

c ¼ m

ðpDtÞ1=2
exp � x2

4Dt

� �
ð7:23Þ

The requirement of a barrier layer at x¼ 0 is expressed mathematically by the
boundary condition of qc/qx¼ 0 at x� 0.
The first complication for the application of the diffusion equation (7.12) comes

when the complete left half of the plastic bar,x< 0, isuniformly and completely colored
with coloring agent which can diffuse in the direction of x> 0 (Figure 7.5(b)). The
concentrationof the color is expressedby thefinite concentrationof c0. In order tofinda
solution to the problem, the colored region x< 0 is thought of as being divided into an
infinite number of layers perpendicular to the x-axis. In doing this, the problem can be
related to an infinite number of diffusion sources and themathematical solution canbe
arrived at by overlapping many solutions of the form of Eq. (7.18).
Considering the thickness ds of such a source (Figure 7.5(b)), one gets the amount

of substance contained in the cross-section of the bar, c0 ds, because it has the unit
surface area. One obtains the expression for the concentration cs of the color
originating from this source at a distance s at time t according to Eq. (7.22):

cs ¼ c0ds
2ðpDtÞ1=2

exp � s2

4Dt

� �
ð7:25Þ

The integration of cs over all layers ds gives with Eq. (7.25) the concentration c(x, t) at
any position x> 0 at time t:

csðx; tÞ ¼ c0ds
2ðpDtÞ1=2

exp �ðx þ sÞ2
4Dt

( )

cðx; tÞ ¼
X¥
s¼0

csðx; tÞ ¼ c0

2ðpDtÞ1=2
ð¥
s¼0

exp �ðx þ sÞ2
4Dt

8<
:

9=
;ds

¼ c0

2ðpDtÞ1=2
ð¥
z
e�h2

2ðDtÞ1=2dh ¼ c0
p1=2

ð¥
z
e�h2

dh
ð7:26Þ

with

x þ s

2ðDtÞ1=2
¼ h ds ¼ 2ðDtÞ1=2 for s ¼ 0 h ¼ x

2ðDtÞ1=2
¼ z ð7:27Þ

With cs(x, t), the concentration coming from the source is designated for position x at
time t at a distance s from the initial point.
In order tomake the right side of Eq. (7.26) easier to use, the following relationship

can be considered:

2
p1=2

ð¥
z
e�h2

dh ¼ 2
p1=2

ð¥
z
¥ e�h2

dh� 2
p1=2

ð¥
z
0ze�h2

dh

¼ 1� erf ðzÞ ¼ erfcðzÞ
ð7:28Þ
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where the error function erf (z) is given by

erf ðzÞ ¼ 2
p1=2

ðz
0
expð�h2Þ dh erf ð�zÞ ¼ �erf ðzÞ erf ð0Þ ¼ 0 erf ð¥Þ ¼ 1

ð7:29Þ
for which complete tables are available (Table 7.1). The complement of erf (z) is
designated as erfc (z) and is also given in Table 7.1. The solution Eq.(7.26) can now be
expressed in a convenient and easily useable form:

cðx; tÞ ¼ 1
2
c0 erfc

x

2ðDtÞ1=2
( )

ð7:30Þ

The shape of the concentration curve is shown in Figure 7.6.
At position x¼ 0, c¼ 0.5 c0 for all values of t> 0. The amount of substance diffused

into the uncolored portion of the bar up to time t (shaded region after x> 0) is equal to
the amount of substance diffusing out of the colored portion (shaded region x< 0).

Example 1

A 10-cm high, cylindrical-shaped wheel of cheese contains a homogeneously
dispersed ingredient with a concentration c0¼ 100mg/kg. A second similar wheel
of the same type of cheese without this ingredient is laid on top of the first wheel.

Table 7.1 Table of different error function forms.

z erf z erfc z F(z) z erf z erfc z F(z)

0.00 0.000000 1.000000 0.00000 1.10 0.880205 0.119795 0.59827
0.05 0.056372 0.943628 0.05401 1.20 0.910314 0.089686 0.62146
0.10 0.112463 0.887537 0.10354 1.30 0.934008 0.065992 0.64236
0.15 0.167996 0.832004 0.14908 1.40 0.952285 0.047715 0.66126
0.20 0.222703 0.777297 0.19098 1.50 0.966105 0.033895 0.67841
0.25 0.276326 0.723674 0.22965 1.60 0.976348 0.023652 0.69405
0.30 0.328627 0.671373 0.26540 1.70 0.983790 0.016210 0.70834
0.35 0.379382 0.620618 0.29850 1.80 0.989091 0.010909 0.72144
0.40 0.428392 0.571608 0.32921 1.90 0.992790 0.007210 0.73349
0.45 0.475482 0.524518 0.35775 2.00 0.995322 0.004678 0.74460
0.50 0.520500 0.479500 0.38431 2.10 0.997021 0.002979 0.75488
0.55 0.563323 0.436677 0.40907 2.20 0.998137 0.001865 0.76441
0.60 0.603856 0.396144 0.43220 2.30 0.998857 0.001143 0.77326
0.65 0.642029 0.357971 0.45382 2.40 0.999311 0.000689 0.78150
0.70 0.677801 0.322199 0.47407 2.50 0.999593 0.000407 0.78919
0.75 0.711156 0.288844 0.49306 2.60 0.999764 0.000236 0.79640
0.80 0.742101 0.257899 0.51090 2.70 0.999866 0.000134 0.80310
0.85 0.770668 0.229332 0.52767 2.80 0.999925 0.000075 0.80950
0.90 0.796908 0.203092 0.54347 2.90 0.999941 0.000041 0.81540
0.95 0.820891 0.179109 0.55836 3.00 0.999978 0.000022 0.81540
1.00 0.842701 0.157299 0.57242
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Assuming there is intimate contact between the two wheels of cheese, what is the
concentration of this ingredient in the second block of cheese at a depth of 1mmafter
25 h of contact? D¼ 3E–7 cm2/s.
This problem corresponds to the example in Figure 7.5(b). A 10-cm thick wheel of

cheese can be considered to be infinitely thickwith respect to the diffusion coefficient
provided the contact time is not too long. Equation (7.30) can be used to solve the
problem.

For x¼ 0.1 cm, t¼ 25 h � 3600 s/h¼ 90,000 s, and D¼ 3E� 7 cm2/s,
one calculates

z ¼ x

2ðDtÞ1=2
¼ 0:1

2ð3E � 7� 90000Þ1=2
¼ 0:3

Looking up the value for erfc z in Table 7.1, erfc(0.3)¼ 0.671373, and using this value
in Eq. (7.30), the concentration of the ingredient at this time and distance can be
calculated to be

cðx; tÞ ¼ 1
2
c0 erfc ðzÞ ¼ 0:5� 100� 0:671373 ¼ 34mg=kg

Example 2

What would the distance from the surface of the second wheel for the 34mg/kg
concentration from Example 1 be after (a) 3months and (b) after 1 year? Assume that
the storage conditions remain constant and the properties of the cheese wheels also
remain constant during these times.
Because the z values from Eq. (7.30) will always lead to the same concentration

(i.e., 34mg/kg), one can simply solve z for the distance

Figure 7.6 Concentration distribution curve for diffusion from an infinitely thick initial layer.

208j 7 Transport Equations and Their Solutions



After 3months; ð3mo � 30 d=mo � 24 h=d � 3600 s=h ¼ 77; 76; 000 s

z ¼ x

2 � ðD � tÞ1=2
¼ x

2ð3E � 7 � 7776000sÞ1=2
¼ 0:3

and therefore x ¼ 0:92 cm:

After 1 year:
z ¼ x

2ðDtÞ1=2
¼ x

2ð3E � 7� 31536000sÞ1=2
¼ 0:3

and therefore x¼ 1.85 cm.

7.2.3.1 Dimensionless Parameters and the Proportionality of Mass Transfer
to the Square Root of Time
In order to compare results of studies that are expressed in different quantities,
dimensionless representations are always preferred. Examples of dimensionless
quantities are the relative concentration c/c0 alreadymentioned above and theparame-
terappearing in theerror functionz¼ x/2(Dt)1/2 inFigure7.6. Systemsdescribedwith
the help of the same model but differing from one another with respect to material
constants, e.g., D values, can have the same z and c/c0 values at different times. As
a result, whole series of curves can be represented by a single, easy to read curve.
Since the same z values always lead to the same c/c0 values, the distance xc, which is

the distance of the diffusion front having concentration c, has traveled from the
surface with a constant initial concentration c0 to time t, the definition of z is given as

xc ¼ 2ðDtÞ1=2z ð7:31Þ
Like in the solution given for the diffusion out of a bar colored on one side bar in
Eq (5.30), it can be seen that the same c/c0 values always result for the same z values.
This means that the diffusion front of a given concentration c is proportional to the
square root of Dt.
The error function used in solving the above diffusion problem occurs as a

consequence of the summation of an infinite number of infinitely thin colored
layers, which themselves bring about an exponential distribution of the concentra-
tion. Because of the error function�s significance for numerous practical cases, this
solution will be treated in somewhat more detail.
In the samemanner, one obtains a solution to the diffusion equation startingwith a

colored layer having a finite thickness 2d and an initial concentration c0 in both
directions of the unbounded x-axis (Figure 7.7):

c ¼ 1
2
c0 erf

d � x

2ðDtÞ1=2
 !

þ erf
d þ x

2ðDtÞ1=2
 !" #

ð7:32Þ

In the next example, a short section of length l is cut from the plastic bar (Figure 7.8).
The bar is uniformly colored from one end up to a layer thickness of dwith a pigment
having concentration c0. The zero position of the x-axis is assigned to the colored end
of the bar.With themathematical boundary conditions x¼ l, qc/qx¼ 0, onefinds that
the diffusion of a color molecule in the uncolored section cannot go further than the
theoretical barrier existing at x¼ l and is reflected back. For illustration purposes, the
representations of the concentration profiles of this process are shown by straight
lines with different slopes in Figure 7.8. The reflected path of the curve from a source
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dsnowoverlaps the original curve and the concentration at a given location x of the bar
is the sumof the two contributions. A further reflection takes place at the other end of
the bar at x¼ 0 and then again at x¼ l and so forth, whereby every reflected curve
section overlaps the previous section.
Because the original curve is already represented as the sumof two error functions,

the complete system is represented by a series of error functions:

c ¼ 1
2
c0
X¥
n¼0

erf
d þ 2n l� x

2ðDtÞ1=2

0
@

1
Aþ erf

d � 2n lþ x

2ðDtÞ1=2

0
@

1
A

2
4

3
5

þ 1
2
c0
X�¥

n¼0

erf
d þ 2n l� x

2ðDtÞ1=2

0
@

1
Aþ erf

d � 2n lþ x

2ðDtÞ1=2

0
@

1
A

2
4

3
5

ð7:33Þ

Even though the above method of solution of the diffusion equation (7.12) becomes
impractical for complicated cases, it illustrates the appearance of the error function in
problemswherediffusion fromaninfinitenumberofsourcesoccursand thesolution is
obtained in the form of an infinite series as a result of the overlapping of diffusion
streams. The overlapping diffusion streams are due to an infinite number of repeated
reflections at the ends of the diffusion path which are spaced finite distances apart.
As seen in Figure 7.8, the decrease in concentration is shown by sloping lines so that

after each reflection the corresponding amount relative to the total concentration c
becomes smaller.Due to the exponential character of the solution, the decrease ismuch
more rapid than in the simplified representation shown in the figure and the series
converge very rapidly, so that after a few terms the total concentration at a given location
and time stays practically constant. There are other different methods for solving the
diffusion equation in Eq. (7.12), which are described in mathematics books. Older
methods, in particular separation of variables x and t, are worthmentioning. They also
produce infinite series in their solutions in the formof theFourier trigonometric series.
Further, a very elegant analytical method uses the Laplace transforms (Kreyszig

1993). In addition to analytical solutions, the possibility exists to obtain numerous

Figure 7.8 Single-sided diffusion from a finitely thick layer into a finite layer of the same material.

Figure 7.7 Two-sided diffusion from an infinitely thick layer.
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exact solutions using numerical methods with the help of computers. The advantage
of numericalmethods lies primarily with their application for complicated cases, e.g.,
for nonconstant diffusion coefficients, for which there are no analytical solutions.

Example 3

A 100-mm thick plastic film contains an initial concentration of 100mg/kg of some
additive. Thisfilm is brought in direct contact with another 100-mmthick plasticfilmof
the samematerial initially containing no additive. Assuming ideal contact between the
two films (i.e., no boundary conditions exist to hinder the transfer across the interface).
The exterior sides of the films are not permeable (they are in contact with a glass or
metal surface). Thediffusion coefficient of the additive is 3E–7 cm2/s for both thefilms.
What is the concentration on the outside of the second film after 1min contact time?
This example corresponds to Figure 7.8 in the text. The solution can be obtained

using Eq. (7.33). Putting d¼ 0.01 cm, l¼ 0.02 cm, and x¼ 0.02 cm, one gets a
constant sum of c¼ 13.5mg/kg after two steps n¼ 0 and n¼ 1:

c ¼ 1
2
�c0
X¥
n¼0

erf
d þ 2n � l� x

2ðDtÞ1=2

0
@

1
Aþ erf

d � 2n � lþ x

2ðDtÞ1=2

0
@

1
A

8<
:

9=
;

þ 1
2
� c0
X�¥

n¼0

erf
d þ 2n � l� x

2ðDtÞ1=2

0
@

1
Aþ erf

d � 2n � lþ x

2ðDtÞ1=2

0
@

1
A

8<
:

9=
;

for n ¼ 0 :
d þ 2n � l� x

2ðDtÞ1=2

0
@

1
A ¼ 0:01� 2 � 0 � 0:02� 0:02

2ð3E � 7 � 60Þ1=2

0
@

1
A ¼ �1:1785

for n ¼ 0 :
d � 2n � lþ x

2ðDtÞ1=2

0
@

1
A ¼ 0:01� 2 � 0 � 0:02þ 0:02

2ð3E � 7 � 60Þ1=2

0
@

1
A ¼ 3:5355

for n ¼ 1:
d þ 2n � l� x

2ðDtÞ1=2

0
@

1
A ¼ 0:01þ 2 � 1 � 0:02� 0:02

2ð3E � 7 � 60Þ1=2

0
@

1
A ¼ 3:5355

for n ¼ 1:
d � 2n�lþ x

2ðDtÞ1=2

0
@

1
A ¼ 0:01� 2 � 1 � 0:02þ 0:02

2ð3E � 7 � 60Þ1=2

0
@

1
A ¼ �1:1785

for n ¼ �1:
d þ 2n�l� x

2ðDtÞ1=2

0
@

1
A ¼ 0:01� 2 � 1 � 0:02� 0:02

2ð3E � 7 � 60Þ1=2

0
@

1
A ¼ �5:8926

for n ¼ �1:
d � 2n � lþ x

2ðDtÞ1=2

0
@

1
A ¼ 0:01þ 2 � 1 � 0:02þ 0:02

2ð3E � 7 � 60Þ1=2

0
@

1
A ¼ 8:2496

c ¼ 1
2
100 ferf ð�1:1785Þ þ erf ð3:5355Þ þ erf ð3:5355Þ þ erf ð�1:1785Þg

þ 1
2
100 ferf erf ð�1:1785Þþerf ð3:5355Þþerf ð�5:8926Þþerf ð8:2496Þg

¼ 50f�0:9012þ 1þ 1þ�0:9012g þ 50f�0:9012þ 1� 1þ 1g
¼ 9:88þ 4:94 ¼ 14:8mg=kg
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After terms higher than n¼ 1, the error function terms start canceling them-
selves out.

7.2.3.2 Comparison of Different Solutions for the Same Special Cases
Various methods can give different expressions for the solution of the same
application. Even though these lead to the same result, the solutions of problems
in the form of infinite series can converge at varying rates. Consequently some
solutions are favored over others, depending on the parameters under consideration.
Finally, the considerations of the homogenous plastic bar model will be used as an
example to show the differences between different solutions.
A plastic bar of infinite length (e.g., 1m or longer) is uniformly colored with an

initial color concentration of c0 (Figure 7.9), except for a thin layer in the middle with
thickness d¼ 2 l (approximately 1 cm). As a simplified approximation, it is assumed
that the concentration of the color at the location x¼�l remains constant at c0. The
boundary conditions are expressed mathematically as

c ¼ c0 x ¼ �l t > 0
qc
qx

¼ 0 x ¼ 0 t> 0 ð7:34Þ

The condition of qc/qx¼ 0 at the location x¼ 0 expresses the requirement that no
diffusion can take place through the axis of symmetry at x¼ 0. This leads to the same
result as single-sided diffusion in a layer having half the thickness.
For the solution of the diffusion equation, Eq. (7.12), two different series expres-

sions can be obtained:

1: c ¼ c0
X¥
n¼0

ð�1Þn erfc ð2nþ 1Þx
2ðDtÞ1=2

8<
:

9=
;þ c0

X¥
n¼0

ð�1Þn erfc ð2nþ 1Þ þ x

2ðDtÞ1=2

8<
:

9=
;þ

2: c ¼ c0 � 4c0
p

X¥
n¼0

ð�1Þn
2nþ 1

exp �Dð2nþ 1Þ2 pn t

4l2

2
4

3
5cos ð2nþ 1Þpx

2l
ð7:35Þ

ð7:35Þ
The first series converges very rapidly for not too large values of Dt/l2, in other
words for relatively short diffusion times. For Dt/l2¼ 1, the concentration ratio
c/c0 at location x¼ 0, c/c0¼ 0.9590–0.0678þ 0.0008¼ 0.8920 and for Dt/l2¼ 0.25,

Figure 7.9 Two-sided diffusion in an infinitely thick layer.
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c/c0¼ 0.3146–0.0001¼ 0.3145. The trigonometric series in Eq. (5.35) converges
rapidly for large t values. For Dt/l2¼ 1, it is c/c0¼ 1 – 0.01080¼ 0.8920 and for
Dt/l2¼ 0.25, c/c0¼ 1 – 0.6872þ 0.0017¼ 0.3145.

7.2.4
Diffusion in Multiphase Systems

In this section, the important cases for food packaging are treated. These cases differ
from the previous examples in that mass transfer takes place across an interface
between two different media with different characteristics, e.g., with different
diffusion coefficients. If the value of a quantity is desired, for example the concen-
tration of the substance transported across the interface in one of the twomedia, then
a mass balance must be considered that takes into account the ratio of the contact
surface area and the volume of the corresponding medium.

7.2.4.1 Diffusion in Polymer=Liquid Systems
For the sake of conformity, in the following every quantity related to the packaging is
designatedwith the index P; and the quantities related to the food are labeledwith the
index L.
Figure 7.10(a) shows a model that describes the mass transfer of a component dis-

solved in the filled product L, e.g., an aroma compound, into the packagingmaterial P.
The model is based on the following assumptions:

1. A component i in the liquid phase with an initial concentration cL,0 is sorbed onto
the contact surface area A between the liquid and packaging and subsequently
diffuses into the matrix of the packaging. In so doing, there is a decrease in
concentration in the region of the contact surface which leads to further transport
of i from the matrix of the liquid to the contact surface.

2. The mass transfer, controlled mainly by diffusion taking place in the packaging
during storage, is several orders of magnitude lower than diffusion in the liquid
phase. The difference is even greater when mixing (convection) occurs by shaking,
e.g., during transport. It can be assumed that the concentration of component i in L,
cL,t, is dependent on time t but not on the distance x from the contact surface.

3. A constant distribution of i between L and P takes place that is independent of
concentration of i and time. For relatively small concentrations of i (<1%), this
approximate assumption is fulfilled and one defines the partition coefficientK as a
constant ratio of the concentration i in the packaging material at time t on the
contact surface cP,t (dP) to the concentration of i in the liquid independent of
location at the same time, cP,t:

K ¼ cP;tðdPÞ
cL;t

¼ cP;¥
cL;¥

ð7:36Þ
whereK¼KP/L is the ratio at t¼1 of the equilibrium concentrations of i in P, cP,1 to
that in L, cL,1. This concentration ratio is also sometimes referred to as the relative
solubility constant, Sr , of i in P (relative to cL,t).
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Figure 7.10 Mass transfer between a packaging material and a
liquid product. (a) Diffusion out of the package into the liquid; (b)
diffusion out of the package into the liquid; (c) cross-section of a
representative container; (d) two-sided contact of a package
material with a liquid.
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4. The second important quantity influencing the mass transport is the diffusion
coefficientDP of i in P. For relatively low concentration ranges assumed for i in L,
DP is assumed to be constant. The diffusion controlledmass transport rate of i in P
leads to a decrease in concentration of i with increasing distance from the contact
surface (Figure 7.10(a)). Particularly in the initial stages of diffusion, the total
amount of substance i transferred into the package can be concentrated in a region
near to the contact surface next to L, while the location-dependent concentration of
i in P in the matrix of the packaging is equal to zero.

5. The mass transport is assumed to occur in the x direction perpendicular to the
contact surface. Even though the geometry of the packaging/product system
influences the amount of mass transport occurring (see below), it is of minor
significance for most practical cases.

6. All the above assumptions are valid for mass transfer in the reverse direction as
well. This means that the migration of component i from the package into the
product is also described (Figure 7.10(b)). By considering the corresponding initial
conditions, the mathematical solution of the problem results in the same form.

7. The contact between packaging and product shown in Figures 7.10(a) and (b) is
single sided. This means that the external surface of the packaging at location
x¼ 0 is assumed to be impermeable to i. The model also establishes an absolute
barrier layer at the location x¼ dPþ dL which simplifies the representation of
the problem. A representation closer to conditions in practice is shown in
Figure 7.10(c) for a plastic container with a wall thickness of dP. The single
difference to Figure 7.10(a) is that the sum of the two contact surfacesA0 in Figure
7.10(c) is replaced by A¼ 2A0 in Figures 7.10(a) and (b). In the literature, one
frequently finds a two-sided contact with the packaging using the same model
shown by the representation in Figure 7.10(d). Because the axis of symmetry at
x¼ 0 serves as a barrier layer in the mathematical boundary conditions, the
expression for the solution is not changed when instead of the half layer thickness
dp/2¼ l for two-sided contact of P, the actual layer thickness dP with single-sided
contact is used. This is because in the symmetrical model in Figure 7.10(d), the
total layer thickness of the liquid dL is taken into consideration. The symmetrical
model in Figure 7.10(d) also illustrates the common two-sided contact migration
measurement practice in which a film or sheet is immersed in a liquid. One
obtains the corresponding volumes of the packaging, VP¼ dPA, and liquid,
VL¼ dLA, using the layer thicknesses dP, dL, and the contact surface area A. With
the corresponding densities of the liquid, rL, and packaging, rP, the mass of
liquid, mL¼rLVL and mass of packaging, mP¼ rPVP can be calculated. In many
practical cases, the assumption rL¼rPffi 1 can bemade for simplificationwithout
significant error.

With dimensionless quantities a and T:

a ¼ 1
K
VL

VP
¼ 1

K
dL
dP

and T ¼ Dt

d2P
ð7:37Þ
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one obtains for the mass transfer by diffusion of i from a well-mixed liquid
(Assumption 2) into a package or the migration in the opposite direction the general
expression from Crank:

mt

m¥
¼ 1�

X¥
n¼1

2að1þ aÞ
1þ aþ a2q2n

exp ð�q2nTÞ ð7:38Þ

Equation (7.38) is a solution of the diffusion equation (7.12) for themodels shown in
Figure 7.10, where mt is the mass of i diffusing up to time t from L through the
boundary surface A into the package or opposite direction and m1 is the amount
which has migrated at equilibrium.
The parameters qn in the series are the positive roots of the trigonometric identity

tan qn¼ –a qn. Several values of this parameter for various a and n are given in
Table 7.2. The values of qn lie between np (for a¼ 0) and (n – 1/2)p (for a¼1). For
a� 1, qnffi np/(1þ a), and for the remaining a values, qnffi [n – a/2(1þa)]p.
The solutions of Eq. (7.38) converge rapidly for long diffusion times, while for

short times, e.g., at the beginning of diffusion (Tffi 0.001), approximately 50 terms
are needed. Even though this equation is no obstacle for today�s PCs, it is more
convenient for short times to use the formof the solution based on the error function:

mt

m¥
¼ ð1þ aÞ 1� exp ðz2Þ erfc ðzÞ� � ð7:39Þ

with

z ¼ T1=2

a
¼ K

dL
ðDtÞ1=2 ð7:40Þ

In Table 7.1, the values for the function contained in brackets in Eq. (7.39) are given as

FðzÞ ¼ 1� expðz2Þ erfcðzÞ ð7:41Þ

Table 7.2 Roots of tan qn¼�aqn.

a q1 q2 q3 q4 q5 q6

1 1.5708 4.7124 7.8540 10.9956 14.1372 17.2788
9.0000 1.6385 4.7359 7.8681 11.0057 14.1451 17.2852
4.0000 1.7155 4.7648 7.8857 11.0183 14.1549 17.2933
2.3333 1.8040 4.8014 7.9081 11.0344 14.1674 17.3036
1.5000 1.9071 4.8490 7.9378 11.0558 14.1841 17.3173
1.0000 2.0288 4.9132 7.9787 11.0856 14.2075 17.3364
0.6667 2.1746 5.0037 8.0385 11.1296 14.2421 17.3649
0.4286 2.3521 5.1386 8.1334 11.2010 14.2990 17.4119
0.2500 2.5704 5.3540 8.3029 11.3349 14.4080 17.5034
0.1111 2.8363 5.7172 8.6587 11.6532 14.6870 17.7481
0.000 3.1416 6.2832 9.4248 12.5664 15.7080 18.8496
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Equation (7.39) is particularly suitable for T< 1 and a< 100. A convenient rational
approximation of the error function formula in Eq. (7.39) is

mt

m¥
¼ ð1þ aÞ 1�

X5
n¼1

anr
n

" #
ð7:42Þ

with r¼ 1/(1 · 0.3275911T1/2/a), a1¼ 0.25482592, a2¼ –0.28449636, a3¼
1.42141371, a4¼ –1.45315207, and a5¼ 1.061405429. For T> 1 or a> 100, this
approximation must not be used (Chang et al. 1988).
The solutions in Eqs. (7.38), (7.39), and (7.42) are valid for material transfer of a

component i from food into the package (Figure 7.10(a)), as well as for the migration
frompackaging into the food (Figure 7.10(b)) under the assumptions of the described
model. However, because at the beginning of diffusion in the first case the total
amountm0 of i is in L and in the second case it is in P, the values ofmt andm1 relative
to m0 must be different for the two cases.

1. Mass transfer from L into P
The mass balance for i is given as

VL;¥cL;¥ þ VPcP;¥ ¼ VLcL;0 ¼ mL;0 ð7:43Þ
where cL,0 is the initial concentration of i in L. For the amount m1¼mP,1, the
amount of substance i in P after reaching equilibrium is obtained from Eq. (7.43)
with the definition K¼ cP,1/cL,1 from Eq. (7.36) when Eq. (7.37) is taken into
consideration:

mP;¥ ¼ VPcP;¥ ¼ VLcL;0
1þ VL=ðVPKÞ ¼

VLcL;0
1þ a

¼ mL;0
1

1þ a
ð7:44Þ

The ratio ofmP,1 andmL,0 labeledUP,1 shows the fraction of the total amount of i
in the package at equilibrium:

UP;¥ ¼ mP;¥

mL;¥
¼ 1

1þ a
ð7:45Þ

For a¼ 1, then up to half of i would diffuse into the package at equilibrium.

2. Migration from P into L
The total amount mP,0 of i is contained in P at time t¼ 0 and the mass balance is
expressed as

VL;¥cL;¥ þ VPcP;¥ ¼ VP cP;0 ¼ mP;0 ð7:46Þ
The amount of substance transferred into the food at equilibrium m1¼mL,1¼
VLcL,1 is obtained by combining Eqs. (7.36) and (7.37):

mL;¥ ¼ VPcP;¥ ¼ VPcP;0
1=aþ 1

¼ mP;0
a

1þ a
ð7:47Þ

and related to mP,0 the fraction of the total amount is given by

mL;¥

mP;¥
¼ a

1þ a
ð7:48Þ
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The fraction of i diffused from L into P up to time t, from mL,0¼VLcL,0 and the
fraction migrated from P into L up to time t, from mP,0¼VPcP,0 are

mP;t

mL;0
¼ mP;t

mP;¥

1
1þ a

ð7:49Þ

and
mL;t

mP;0
¼ mL;t

mL;¥

a
1þ a

ð7:50Þ

Example 4

Ten 4-cm diameter, circular 200-mm thick plastic film pieces are mounted on a
stainless steel wire and placed in a glass vial containing 100mL solvent. What
percentage of the additives initially contained in the plastic migrate into the liquid
over the 24-hour period (DP¼ 2.10E� 10 cm2/s)? Note that the plastic additives are
readily soluble in the solvent, the solvent has low viscosity, and the solvent does not
swell the plastic.
This case corresponds to Figure 7.10(b) with variation in Figure 7.10(d). Because

the additives are readily soluble in the solvent, KP/Lffi 1 can be assumed in Eq. (7.36).
The volume of the plastic is

V ¼ 10pr2h ¼ 10p�2 cm2�0:02 cm ¼ 2:51cm3

Using Eq. (7.37), one gets

a ¼ 1
KP=L

�VL

VP
¼ 1

1
� 100
2:51

¼ 39:8

Given the two-sided contact of the liquid with the plastic 0.5 dP¼ 0.5�0.02 cm¼
0.01 cm and thus with Eq. (7.37), one gets for T

T ¼ DPt

d2P
¼ 2:1E � 10 cm2=s�ð24�60�60 sÞ

ð0:01 cmÞ2 ¼ 0:181

With a¼ 39.8, one uses the values for a equal to infiinity (1) in Table 7.2 for the roots
of tan qn.¼�a � qn. Carrying out calculations with Eq. (7.38) for the fraction of
additive migrating at time t to what would migrate at t¼1

mt

m¥
¼ 1�

X¥
n¼1

2að1þ aÞ
1þ aþ a2q2n

exp ð�q2nTÞ

¼ 1� 2�39:8ð1þ 39:8Þ
1þ 39:8þ 39:821:57082

exp ð�1:57082�0:181Þ

� 2�39:8ð1þ 39:8Þ
1þ 39:8þ 39:824:71242

expð�4:71242�0:181Þ

¼ 1� 0:65544� 0:001657 ¼ 0:473
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Note that for the summation, the second term is quite small. Because the
mass balance for migration out of plastic into a liquid (Eq. (7.47)) shows
mL,1¼mP,0

mL;¥ ¼ mP;0
a

1þ a
¼ mP;0

39:8
1þ 39:8

; mL;¥ ffi mP;0

Therefore, the percentage of additive that hasmigrated from the polymer in 24 h is
according to Eq. (7.49) is 46.1%:

UL;t ¼ mL;t

mL;¥
� a
1þ a

¼ 0:473� 39:8
1þ 39:8

¼ 0:461

Example 5

What percentage of the additives migrate out of the plastic into the liquid in
Example 4 when the partition coefficient KP/L¼ 133?

Starting with Eq. (7.38), one first calculates mt/m1:

a ¼ 1
KP=L

�VL

VP
¼ 1

133
� 100
2:51

¼ 0:300

T ¼ DP�t
d2P

¼ 2:1E � 10 cm2=s�ð24�60�60 sÞ
ð0:01 cmÞ2 ¼ 0:181

mt

m¥
¼ 1�

X¥
n¼1

2að1þ aÞ
1þ aþ a2q2n

expð�q2nTÞ

¼ 1� 2�0:3ð1þ 0:3Þ
1þ 0:3þ 0:322:50932

exp ð�2:50932�0:181Þ

� 2�0:3ð1þ 0:3Þ
1þ 0:3þ 0:325:29372

exp ð�5:29372�0:181Þ

¼ 1� 0:13368� 0:00128 ¼ 0:865

Note that the values for qn are estimated by linear interpolation of Table 7.2
values.
Now the fraction migrated from the polymer into the liquid is calculated:

UL;t ¼ mL;t

mL;¥
� a
1þ a

¼ 0:865� 0:3
1þ 0:3

¼ 0:20

The percentage remaining in the polymer is 20%. Compared with Example 4, this
result illustrates the effect of the larger partition coefficient where the migrant is
more favorably retained in the polymer as opposed to the liquid.
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Example 6

Solve Example 4 using Eq. (7.39) and compare the two results.
Starting with a¼ 39.8 and T¼ 0.181 from Example 4 value for z is calculated:

z ¼ T1=2

a
¼ 0:1811=2

39:8
¼ 0:01069

Entering this value for z in Eq. (7.39), one can solve for mt/m1:
mt

m¥
¼ ð1þ aÞ 1� exp ðz2Þerfc ðzÞ� �

¼ ð1þ 39:8Þ½1� expð0:010692Þ erfcð0:01069Þ�
¼ ð1þ 39:8Þ½1� expð0:010692Þ�ð0:98795Þ� ¼ 0:487

Then the fraction migrated is calculated by using the mass balance equation:

UL;t ¼ mL;t

mL;¥
� a
1þ a

¼ 0:487� 39:8
1þ 39:8

¼ 0:475

Thus 47.5% of the additive in the polymer migrates in 24 h which is very close and
within experimental error to the result in Example 4 of 46.1%.
Note that the values of erfc(0.01069) are estimated from Table 7.1 values by linear

interpolation.

Example 7

Edible oil is stored in a plastic bottlewith an external diameter of 10 cmandwith awall
thickness of 2mm. What percent of the antioxidant contained in the plastic bottle
migrates after (a) 100 days and (b) after 2 years into the oil when the antioxidant has a
diffusion coefficient of DP¼ 1E� 11 cm2/s?

(a) This example corresponds to the case shown in Figure 7.10(c). Calculating a, T,
and z as follows:

a ¼ 1
KP=L

�VL

VP
¼ 1

KP=L

dL
dP

¼ 1
1
� 4:8
0:2

¼ 24

T ¼ DP�t
d2P

¼ 1E � 11 cm2=s�ð100�24�60�60 sÞ
ð0:2 cmÞ2 ¼ 0:00216

z ¼ T1=2

a
¼ 0:002161=2

24
¼ 0:00194

For small times one can use Eq. (7.39), and performing linear interpolation on the
z values between 1 and 0.05 in Table 7.1, one gets

mt

m¥
¼ ð1þ aÞ 1� exp ðz2Þ erfcðzÞ� �

¼ ð1þ 24Þ½1� exp ð0:001942Þ erfcð0:00194Þ�
¼ ð1þ 24Þ½1� exp ð0:001942Þ�ð0:997813Þ� ¼ 0:0546

220j 7 Transport Equations and Their Solutions



UL;t ¼ mL;t

mL;¥
� a
1þ a

¼ 0:0546� 24
1þ 24

¼ 0:0524

Thus 100�mt=m¥ ¼ 5.24% migrates.
(b) Using Eq. (7.39), one gets

T ¼ DP�t
d2P

¼ 1E � 11 cm2=s�ð2�365�24�60�60 sÞ
ð0:2 cmÞ2 ¼ 0:01577

z ¼ T1=2

a
¼ 0:015771=2

24
¼ 0:005232

Using the same Eq. (7.39) and performing a linear interpolation on the erfc values
for z between 0.05 and 1.0 in Table 7.1, one gets

mt

m¥
¼ ð1þ aÞ 1� expðz2Þ erfcðzÞ� �

¼ ð1þ 24Þ½1� expð0:005232Þ erfcð0:00523Þ�
¼ ð1þ 24Þ½1� expð0:005232Þ�ð0:994104Þ� ¼ 0:1467

UL;t ¼ mL;t

mL;¥
� a
1þ a

¼ 0:1467� 24
1þ 24

¼ 0:141

Thus 100 � mt/m1¼ 14.1%

Example 8

Plastic film 100-mm thick are placed between 3-mm thick slices of cheese. Howmany
milligrams of plastic additive are found per kg cheese after being in contact for 1 day
given the initial concentration of additive is cP,0¼ 1 g/kg and the diffusion coefficient
in the plastic is DP¼ 2E� 10 cm2/s? The diffusion coefficient in the cheese is DL¼ 1
E� 7 cm2/s and the partition coefficient between the plastic and cheese is KP/L¼ 1.
This problem corresponds to the example shown in Figure 7.10(c). First, it is

necessary to calculate a and T:

a ¼ 1
KP=L

�VL

VP
¼ 1

KP=L

dL
dP

¼ 1
1
� 0:3
0:01

¼ 30

T ¼ DP�t
d2P

¼ 2E � 10 cm2=s�ð24�60�60 sÞ
ð0:01 cmÞ2 ¼ 0:1728

Using Eq. (7.38), one calculates mt/m1:

mt

m¥
¼ 1�

X¥
n¼1

2að1þ aÞ
1þ aþ a2q2n

expð�q2nTÞ

¼ 1� 2�30ð1þ 30Þ
1þ 30þ 3021:57082

expð�1:57082�0:1728Þ

� 2�30ð1þ 30Þ
1þ 30þ 3024:71242

expð�4:71242�0:1728Þ

¼ 1� 0:53931� 0:0020026 ¼ 0:45869
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Given that

KP;L ¼ 1 ¼ cP;¥
cL;¥

;

; cL;¥ ¼ cP;¥

One can use the mass balance equation (7.46) to calculate cL,1.
Using themass balance equation (7.50) to calculate the concentration of additive in

the cheese, one gets

VL�cL;¥ þ VP�cP;¥ ¼ VP�cP;0 ¼ mP;0

0:3 cm3�cL;¥ þ 0:02 cm3�cL;¥ ¼ 0:02 cm3�1mg=cm3

cL;¥ ¼ 0:0625mg=cm3 ¼ 62:5mg=kg

By definition

cL;t
cL;¥

¼ mL;t

mL;¥

Then solving for cL,t, one gets

cL;t
62:5

¼ 0:45869

; cL;t ¼ 28:7mg=kg

In order to take into account the influence of the rate of diffusion in the cheese,
Eq. (7.58) is used to calculate b.

b ¼ 1
KP=L

� DL

DP

� �1=2

¼ 1
1
� 1E � 7
2E � 10

� �1=2

¼ 22:4

The effect of b on Eq. (7.59) versus Eq. (7.60) without b is about b/(1þ b)¼ 0.957,
4.3% smaller.

With Eqs. (7.38) and (7.50), taking the mass balance into account, the migrated
amount mL,t through the contact surface A during time t can be calculated as
follows:

mL;t

A
¼ cP;0rPdP

a
1þ a

� �
1�

X¥
n¼1

2að1þ aÞ
1þ aþ a2q2n

exp �DPt
q2n
d2P

 !" #
ð7:51Þ

The following equation (Eq. (7.52)) represents the simplified form of Eq. (7.51)
for a	 1:

mL;t

A
¼ cP;0rPdP 1� 2

X¥
n¼1

1
q2n

exp �DPt
q2n
d2P

 !" #
ð7:52Þ

qn ¼ ð2n� 1Þp=2:
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Equation (7.53) is an alternative migration equation for small t values using the
error function

mL;t

A
¼ cP;0rPdPa 1� exp

DPt

d2Pa2

 !
erfc

ffiffiffiffiffiffiffiffi
DPt

p
dPa

� �" #
ð7:53Þ

mL;t=mL;¥ � 0:5

The following equation (Eq. (7.54)) is a simplifiedmigration equation for K� 1 and
relatively small t values, for which an infinite thickness of P is assumed:

mL;t

A
¼ 2ffiffiffi

p
p cP;0rPðDPtÞ1=2 ¼ 1:128cP;0rPðDPtÞ1=2 ffi cP;0rPðDPtÞ1=2 ð7:54Þ

The maximum amount of migration derived from the mass balance is

mL;¥

A
¼ cP;0rPdP

a
1þ a

� �
ð7:55Þ

Two typical examples of food packages with the corresponding values of the needed
parameters are shown below, together with the results obtained with Eqs. (7.51)
to (7.54):

A¼ 600 cm2, dP¼ 0.02 cm, rP¼ 1 g/cm3, t¼ 864,000 s (10d), cP,0¼ 1000mg/kg, DP

1.0E� 10 cm2/s, KP/L¼ 1.

Calculated with
equations

VL¼ 1000 cm3,
a¼ 83, mL,t/A (mg/dm2)

VL¼ 300 cm3,
a¼ 25, mL,t/A (mg/dm2)

Eq. (7.51) 1.042 1.030
Eq. (7.52) 1.047 1.047
Eq. (7.53) 1.049 1.049
Eq. (7.54) 1.049 1.049

The maximum amounts mL,1/A calculated with Eq. (7.55) are 1.98 and
1.92mg/dm2, respectively.

Example 9

Solve Example 8 using the approximation equation solution in Eq. (5.57) and
compare the two results.
Given that VL¼AdL¼ 2 cm2 · 0.3 cm¼ 0.6 cm3, one can then calculate cL,t using

Eq. (7.57):

cL;t ¼ mL;t

VL
ffi cP;0

A
VL

DPtð Þ1=2 ¼ 1000
2
0:6

2� 10�10 � 24� 60� 60
� �1=2

¼ 13:9mg=kg

This is a difference of 6.4% between the two results which is well within most
experimental migration measurement errors.
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In order touse themigration equations, especially the generally acceptedEq. (7.51),
values for the partition coefficientK of themigrant between P and L and the diffusion
coefficient DP of the migrant in P are needed. For migrants with a high solubility in
the foodstuff or simulant, the value KP/L¼ 1 can be used and a worst-case estimation
is obtained in this way.
For migrants with a low solubility in the foodstuff or simulant water, KP/L¼ 1000

can be used to obtain a worst-case estimation (see also Chapters 4, 9 and 15).
Currently, there exists only a limited number of reliable diffusion coefficients due

to the enormous requirements needed for the experimental determination.However,
even for diffusion coefficients, useful estimation procedures exist (see Chapters 6
and 15). The diffusion coefficient at a given temperature Tdepends on the nature of
the polymer, the mass and structure of the solute, and on the activation energy Ea in
the diffusion process.
Thematerial transport froma liquid, assumed to bewellmixed, into packaging and

themigration frompackaging into a liquid both vary proportionally to the square root
of time and the square root of the diffusion coefficient.While in the beginning phase
(approximation equation is only valid for small z values, meaning short times), the
mass transfer of i into the package is proportional to KP/L, the migration of i from
the package is independent of KP/L. The partition coefficient plays a deciding role in
the sorption (solution) of i in the packaging layer in contact with the liquid. This leads
to the total amount of sorbedmaterial being concentrated in a thin layer of packaging
material in contact with the liquid, and the transport process in the initial stage is
independent of the material thickness. In contrast, the migration process into the
liquid takes place independent of KP/L. Due to good mixing in the initial stages of
migration, the total amount ofmaterial i is transported away from the contact layer of
liquid into the volumeof the liquid so that the concentration in the liquid contact layer
goes to zero. The rate of diffusion of i out of the package is the rate determining step
and is independent of the layer thickness dP.
With longer migration times, the partition coefficient also plays a deciding role

through the a value because for a� 1 (KP/L	 1),mL,1/mP,1! a and subsequently
only a very small fraction of mP,0 migrates into L (Eq. (7.50)) (Figure 7.11).

7.2.4.2 Influence of Diffusion in Food
The diffusion coefficient in the filled product must be taken into account in liquids
that are not well mixed and in viscous and solid foods. This is done through the
definition of a further dimensionless parameter b:

b ¼ 1
K

DL

DP

� �1=2

ð7:56Þ

which, in addition to the parametersKP/L andDP, contains the diffusion coefficient of
i in the food. This dimensionless parameter can be combinedwith the approximation
formula in Eq. (7.54) in the following way:

mL;t

A
¼ 2ffiffiffi

p
p cPrP

b
1þ b

ðDPtÞ1=2 ð7:57Þ
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From this expression, two limiting cases can be derived as follows:

1. WhereDL	DP and KP/L� 1, then b/(1þ b)! 1 and Eq. (7.57) goes to Eq. (7.54).
This means that for high diffusion rates in the food, the rate of migration is
determined by diffusion into packaging. The same result is obtained for DLffiDP

andKP/L� 1meaning for approximately equal diffusion coefficients of i in L andP
that transport through the packaging determines the rate of the whole process if i
dissolvesmuch better in L than in P. The flux of n through the unit surface area for
equal diffusion coefficients is directly proportional to its concentration.

2. Where DL<DP and KP/L > 1, then b/(1þb)! b which in this case gives the
following expression instead of Eq. (7.57):

mL;t

A
¼ 2ffiffiffi

p
p cPrPðDLtÞ1=2

Here the migration rate of i in the food is determined by the value of the diffusion
coefficient in the food as well as by the partition coefficient. The concentration cL,t of
migrants that are poorly dissolved in the food (KP/L> 1) increases more slowly than
when they are more easily dissolved (Reid et al. 1980).
The exact expression for the differential equation (7.12) that takes into consideration

the diffusion in food and finite values forVP andVL is extremely complicated. For such
problems, numerical solutions of the diffusion equations for multilayers and corre-
sponding computer programs are needed, as will be shown in the next chapters.

7.2.5
Surface Evaporation

A substance diffusing through the packaging toward the external environment will
enter the atmosphere in the absence of a barrier layer. Water or aroma loss through

Figure 7.11 The behavior of mass transfer from a packaging
material into food for different a values.
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permeation and drying of a printed film by evaporation of the residual solvent are
common examples of this process. In cases where the substance reaching the surface
has a very low vapor pressure, e.g., a plasticizer, the rate of evaporation can be slower
than the rate of diffusion through the packaging, thus determining the rate of the
entire process. At very low evaporation rates, the entire process can reach a standstill
or lead to �sweating� in the case of low solubility of the plasticizer in the plastic.
It is also possible to have the reverse process whereby a substance condenses out of

the atmosphere on the package surface, e.g., water, with subsequent diffusion into P.
If the packaging surface (or also that of the food) is dry, i.e., the surface has a lower
water partial pressure than that in the gas phase G, then water can be absorbed, A.
In order to mathematically describe the evaporation and condensation processes,

the simplifying assumption is used that the rate of material transport through the
surface is directly proportional to the difference between the concentration cA,P on the
package surface at that time and the concentration cA,G in G in equilibrium with
the partial pressure of the substance in the atmosphere. Using this assumption, one
obtains the boundary condition for the surface at the location x¼ 0:

�DP
qcP
qx

¼ k ðcA;G � cA;PÞ ð7:58Þ

with the proportionality constant k. If cA,G> cA,P, condensation will take place and if
cA,G< cA,P, then evaporation will take place.
The general solution for this problem in the form of the dimensionless ratio

mt/m1 according to Crank is

mt

m¥
¼ 1�

X¥
n¼1

2L2 expð�b2nDPt=d
2
PÞ

b2nðb2n þ L2 þ LÞ ð7:59Þ

with L ¼ dPk
DP

and b¼ 1.

Values of the positive roots of the equation b tan b¼ 1 are given in Table 7.3. Here,
mt is the amount ofmaterial taken upby the packaging or evaporated from the surface
up to time t, andm1 is the corresponding amount at equilibrium. In Figure 7.12, the

Table 7.3 Roots of b tan b ¼ L.

L b1 b2 b3 b4 b5 b6

0.00 0.0000 3.1416 6.2832 9.4248 12.5664 15.7080
0.01 0.0998 3.1448 6.2848 9.4258 12.5672 15.7086
0.10 0.3111 3.1731 6.2991 9.4354 12.5743 15.7143
0.20 0.4328 3.2039 6.3148 9.4459 12.5823 15.7207
0.50 0.6533 3.2923 6.3616 9.4775 12.6060 15.7397
1.00 0.8603 3.4256 6.4373 9.5293 12.6453 15.7713
2.00 1.0769 3.6436 6.5783 9.6296 12.7223 15.8336
5.00 1.3138 4.0336 6.9096 9.8928 12.9352 16.0107
10.00 1.4289 4.3058 7.2281 10.2003 13.2142 16.2594
100.00 1.5552 4.6658 7.7764 10.8871 13.9981 17.1093
1 1.5708 4.7124 7.8540 10.9956 14.1372 17.2788
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ratio of mt/m1 is given as a function of the dimensionless quantity ðDPt=d
2
PÞ1=2

for various L values. In the absence of evaporation, the curves show a linear increase
at the beginning of diffusion (Figure 7.11), while the obvious curving shown in
Figure 7.12 for small k values is caused by the slower evaporation process.

7.2.6
Permeation Through Homogeneous Materials

Steady-state permeation which follows Fick�s first law has been previously described
in Eq. (7.16).
Assuming the concentration of i in P has a constant value cP,1 at the surface (x¼ 0),

a constant value cP,2 at the other surface (x¼ dP), and at the beginning of permeation
the concentration inside of P has the value cP,0 (t¼ 0), and then a nonsteady state of
diffusion will take place leading to a change in the concentration cP,t within P. For
simplification, one can set cP,0¼ 0 and cP,2¼ 0. The resulting amount of mass
diffusing through the package up to time t is then given as

mt ¼ AdPcP;1
DPz

d2P
� 1
6
� 2
p2
X¥
n¼1

ð�1Þn
n2

expð�DPn
2p2 t=d2PÞ

	 
" #
ð7:60Þ

This equation becomes asymptotic to the straight line:

mt ¼ AdPcP;1
dP

t� d2P
6DP

� �
ð7:61Þ

as t!1. The intersection of this straight line with the t-axis at location Y is

Q ¼ d2P
6DP

ð7:62Þ

Figure 7.12 Sorption or desorption curves in the valid range of Eq. (7.58) for different L values.

7.2 Solutions of the Diffusion Equation j227



This is Barrer�s equation for determining the diffusion coefficient using permeation
measurements (Figure 9.1). The steady-state permeation flux is given by the slope of
the straight line (7.61):

J ¼ mt

At
¼ DP

cP;1
dP

ð7:63Þ

This expression is identical to Eq. (7.16) for cP,2¼ 0.

7.2.7
Permeation Through a Laminate

Diffusion through a barrier layer is a special case of diffusion through a laminate
film composed of several layers with different thicknesses and diffusion coeffi-
cients. The mathematical treatment of the case of nonsteady state is complicated
and can be solved in a general way only with numerical methods as shown in the
following sections of this and the next chapter. The steady-state permeation
case allows the overall transport to be simply treated. Let n films with thicknesses
dP1, dP2, . . .

DC ¼ JdP;1
DP;1

þ JdP;2
DP;2

þ � � � þ JdP;n
DP;n

¼ ðR1 þ R2 þ � � � þ RnÞJ, dPn with corresponding

diffusion coefficients DP1, DP2, . . . , DPn be bound together in a laminate. Because
in steady state, the flux J of the diffusing substance i is the same through every
individual component of the laminate, one obtains an expression for the concentra-
tion gradient as follows:

DC ¼ JdP;1
DP;1

þ JdP;2
DP;2

þ � � � þJdP;n
DP;n

¼ ðR1þR2þ � � � þRnÞJ ð7:64Þ

with the resistance R1¼ dp1/DP1 etc.
The total resistance related to the diffusion is then the sum of the individual

resistances, and the total flux is practically determined by the layer with the smallest
diffusion coefficient.
Diffusion through a liquid boundary layer can be treated as a special case of

diffusion through a laminate. With large KP/L values, that is low solubility of
component i in a liquid food, the material transport through the interface A can
also be determined from the contribution of diffusion in L under conditions of
thorough mixing. Van der Waals attraction forces between the package surface and
the molecules of L in intimate contact with P lead to the formation of a thin but
immobile layer inwhich the diffusion coefficient of i in L,DL, controlsmass transport
(the Nernst diffusion layer). An example will be treated in Chapter 9.

7.2.8
Concentration Dependence of the Diffusion Coefficient

At dilute concentrationDP is usually constant. When swelling is caused by either fat,
water, essential oils, or other organic components found in the product, thenDP can
become concentration dependent in the region of a boundary layer in P. In such
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cases, the diffusion equation (7.12) is no longer valid and the general form of the
diffusion equation (7.11) must be used.
In this case,D¼D(c) is a function of the concentration c of the substance causing

the swelling. The literature holds numerous recommended solutions for treating
such cases, none of which are universally applicable.
A general way for solving problems of this type is to use numerical integration in

combination with a representative model suitable for the specific case. In the initial
stageswhen the food or another product is brought in contactwith the package (t¼ 0),
the migration of the substance i from P into L takes place with a constantDP because
the swelling processes require a certain amount of time before they affect the
migration process of i. After this initial contact phase, the swelling front moves
into P with a certain speed uQ (Figure 7.13). In the region x> xQ, the diffusion of i
takes place with DP and in the region x< xQ with DP,Q>DP. The swelling front xQ
moves into P with the speed uQ:

xQ ¼ uQðt� t0Þ ð7:65Þ
whereby tO> 0 signifies the initial contact phase before swelling takes place. The
result of such a process can be qualitatively seen in Figure 7.13 (Chang et al. 1988).

7.2.9
Diffusion and Chemical Reaction

When a first-order irreversible chemical reaction (e.g., oxygen absorption and
oxidation) takes place simultaneously with diffusion in food for example, then one

Figure 7.13 Migration from a system with swelling under various
conditions (Chang et al. 1988). DP,Q¼ 16E�10 cm2/s,
DP¼ 10E�10 cm2/s; t0¼ 0; vQ: E�5 cm/s in A, E�6 cm/s in B,
E�7 cm/s in C, and E�8 cm/s in D.
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obtains the following expression from the general mass transfer equation (7.10):

qc
qt

¼ D
q2c
qx2

� kc ð7:66Þ

where k is the reaction rate constant. If the reaction takes place in a relatively thin layer
near the surface or boundary layer of L to P, then one can consider L as a half-open
medium (infinitely thick). This leads to a considerable simplification of the mathe-
matical treatment. Furthermore, letting cL,o be a constant surface concentration, one
obtains the absorbed amount mt up to time t:

mt ¼ AcL;0ðDL=kÞ1=2 ktþ 1
2

� �
erf ðktÞ1=2 þ ðkt=p1=2e�k tÞ

� �
ð7:67Þ

For large kt values, the erf(kt)1/2 goes to one and

mt !AcL;0ðDL=kÞ1=2 tþ 1
2 k

� �
ð7:68Þ

that means mt increases linearly with t. For very small values of kt, one obtains

mt¼AcL;0ðDL=kÞ1=2 1þ1
2
kt

� �
ðDLt=pÞ1=2ffiAcL;0ðDL=kÞ1=2 1þ1

2
kt

� �
ðDLtÞ1=2

ð7:69Þ

When k! 0, only diffusion without reaction takes place:

mtffiAcL;0ðDLtÞ1=2 ð7:70Þ

Because the diffusion process and the reaction occur in the samemediumL, the ratio
of A/VL does not come into consideration.

7.3
Numerical Solutions of the Diffusion Equation

7.3.1
Why Numerical Solutions?

Despite a large number of analytical solutions available for the diffusion equation,
their usefulness is restricted to simple geometries and constant diffusion coeffi-
cients. The boundary conditions, which can be analytically handled, are equally
simple. However, there are many cases of practical interest where the simplifying
assumptions introduced when deriving analytical solutions are unacceptable. For
example, the diffusion process in polymer systems is sometimes characterized by
markedly concentration-dependent diffusion coefficients, whichmake any analytical
result inapplicable. Moreover, when the analytical solutions are generally expressed
in the form of infinite series, their numerical evaluation is no trivial task. That is, the
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simplicity of the adopted models is not necessarily reflected by an equivalent
simplicity of evaluation (Koonin and Meredith 1990).
To obtain solutions to the diffusion equation, which more realistically models

practical situations (where, for example, the diffusion coefficient or the boundary
conditions are nonlinear), one must resort to numerical methods. Basically, these
imply restricting the solution of the diffusion problem to a set of grid points,
conveniently distributed within the integration domain, and approximating the
involved derivatives by discrete schemes. Such an approach leads to a system of
linear equations, having as unknowns the solution values at the grid points. The
linear system can be solved in principle by any classical method, even though, for
the sake of computational efficiency, more specialized methods are recommended.
The numerical discretizationmethods affect the essence of the physicalmodelmuch
less than the analytical approximations do, allowing for much more complex
diffusion problems to be treated (Burden and Faires 1985).

7.3.2
Finite-Difference Solution by the Explicit Method

We consider for now the one-dimensional diffusion equation, with constant diffu-
sion coefficient D:

qc
qt

¼ D
q2c
qx2

ð7:71Þ

Such an equation is useful for describing the time evolution of the concentration
profile of some diffusant across a plane sheet of given thickness L and infinite
transverse extension. In order to model a particular experimental arrangement, this
equation must be solved in conjunction with certain initial and boundary conditions.
We will consider that Eq. (7.71) is subject to the initial condition

cðx; t0Þ ¼ c0ðxÞ x 2 ½0; L� ð7:72Þ
which means that the concentration profile at the initial moment t0 is given over
the entire sheet thickness. However, the solution of the initial value (or Cauchy)
problem defined by Eqs. (7.71) and (7.72) cannot be uniquely determined unless
supplementary boundary conditions for t> t0 are specified. For simplicity, we will
assume that the concentration values at the outer surfaces of the sheet are constant
for any t
 t0

cð0; tÞ ¼ c00 cðL; tÞ ¼ c0L ð7:73Þ
Such boundary conditions, specifying the values of the solution, are known as
Dirichlet boundary conditions. The so-called Neumann boundary conditions, which
define the derivative of the solution on the boundaries, form another important
category, considered among others later in this chapter.
The method we use to approximate the solution to the problems (7.71) to (7.73) is

based on finite difference schemes for the derivatives involved by the diffusion
equation (and, in general, by the boundary conditions, too). The straightforward
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approach is to choose equally spaced points along the x and t axes, covering the
space–time integration domain by a regular rectangular grid (Figure 7.14). Denoting
by h and Dt the corresponding mesh constants (with the stipulation that L/h is an
integer), the grid points are defined by the discrete coordinates:

xi ¼ ði� 1Þh i ¼ 1; 2; . . . ;M
tn ¼ nDt n ¼ 0; 1; 2; . . .

ð7:74Þ

HereM represents the number of spatial grid points, and the spatialmesh constant is
given by

h ¼ L=ðM � 1Þ ð7:75Þ
We use the notation cni � cðxi; tnÞ. The time derivative of c at point (xi, tn) can be
obtained from its Taylor series in t for constant x¼ xi:

cnþ1
i ¼ cni þ Dt

qc
qt

� �
i;n

þ 1
2
ðDtÞ2 q2c

qt2

� �
i;n

þ � � � ð7:76Þ

Taking the linear approximation and expressing the first-order time derivative, one
obtains

qc
qt

� �
i;n

¼ cnþ1
i � cni

Dt
þOðDtÞ ð7:77Þ

O(Dt) signifies that in the above approximation, the leading term thatwas neglected is
of the orderDt (we have divided Eq. (7.76) byDt to get Eq. (7.77)). This is the so-called
Euler forward-difference scheme. While it is only first-order accurate in Dt, it has the
advantage that it allows for the quantities at time stepnþ 1being calculated only from
those known at time step n.

Figure 7.14 Space–time grid for the one-dimensional diffusion
equation, evidencing the explicit forward-difference, implicit
backward-difference, and Crank–Nicholson discretization
schemes.
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The discrete approximation for the second-order spatial derivative (q2c/qx2)i,n at
x¼ xi results in a similar manner, namely by expressing the concentrations at the
neighboring grid points xi�1 and xiþ1 from the Taylor series in x at constant t¼ tn:

cniþ1 ¼ cni þ h
qc
qx

� �
i;n

þ 1
2
h2

q2c
qx2

� �
i;n

þ � � �

cni�1 ¼ cni � h
qc
qx

� �
i;n
þ 1
2
h2

q2c
qx2

� �
i;n
þ � � �

ð7:78Þ

On adding we find

q2c
qx2

� �
i;n

¼ cniþ1 � 2cni þ cni�1

h2
þOðh2Þ ð7:79Þ

This second-order approximation is a centered-difference scheme, since it expresses
the spatial derivative at point i by means of data from symmetrically distributed
points. All the implied information is known at time step n.
By substituting relations of Eqs. (7.77) and (7.79) in Eq. (7.71), one obtains the

following finite-difference approximation to the diffusion equation at point (xi, tn):

cnþ1
i � cni

Dt
¼ D

cniþ1 � 2cni þ cni�1

h2
ð7:80Þ

Having in view only the way the time derivative was approximated, this is the
forward-difference representation of the diffusion equation and it is of the order
O(h2þDt). Slight rearrangement yields a formula that expresses the time-propagated
solution cnþ1

i for any interior spatial grid point in terms of the other quantities known
at time step n:

cnþ1
i ¼ lcni�1 þ ð1� 2lÞcni þ lcniþ1 i ¼ 2; 3; . . . ; M � 1 ð7:81Þ

where

l ¼ DDt
h2

ð7:82Þ

The concentration values on the boundaries, cnþ1
1 and cnþ1

M , generally result from the
boundary conditions and, within the simple adopted model, are seen to be constant:

cnþ1
1 ¼ cn1 ¼ c00

cnþ1
M ¼ cnM ¼ c0L

ð7:83Þ

Since the solution of Eq. (7.81) propagated at time step tnþ1 is expressed solely in terms
of data from time step tn, not requiring any previous information, the forward-
difference scheme is said to be explicit, and its essence can be extracted from Figure
7.14, too.
The explicit nature of the recursive process described by Eqs. (7.81) to (7.83)

becomes even more apparent if using matrix notation for the involved linear system

cnþ1 ¼ B � cn n ¼ 0; 1; 2; . . . ð7:84Þ
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The components of the column-vector cn are the values of the solution from all spatial
grid points at time step tn:

cn ¼ ½cn1 cn2 � � � cnM�1 cnM�T ð7:85Þ
and the propagation matrix B has tridiagonal structure, i.e., except for the main
diagonal and the neighboring upper and lower codiagonals, all elements are equal to
0:

B ¼

1 0 0
l 1� 2l l

. .
. . .

. . .
.

l 1� 2l l
0 0 1

2
66664

3
77775 ð7:86Þ

When solving the one-dimensional diffusion equation (7.85) by the explicit forward-
difference formulation described above, one is faced under certain conditions with
severe numerical instability problems. Thismeans that instead of yielding a relatively
smooth spatial profile, the algorithm develops oscillations, which grow exponentially
in time, �unweaving� the solution and making it unusable. This critical behavior
occurs when the used time step exceeds a certain upper limit for a given spatial mesh
constant and is caused by the increasing dominance of round-off errors.
In order to emphasize the critical relationship between the time step and the spatial

step, we consider the one-dimensional diffusion equation with constant diffusion
coefficient D¼ 1:

qc
qt

¼ q2c
qx2

x 2 0; 1½ � t> 0 ð7:87Þ

subject to the simple boundary conditions

cð0; tÞ ¼ cð1; tÞ ¼ 0 t> 0 ð7:88Þ
and initial condition

cðx; 0Þ ¼ sinðpxÞ x 2 ½0; 1� ð7:89Þ
It can be easily verified that the analytical solution to this problem is

cðx; tÞ ¼ e�p2tsinðpxÞ ð7:90Þ
We investigate the behavior of the numerical solution to problems (7.87) to (7.89) at
the moments t¼ 2.0, t¼ 2.5, and t¼ 3.0 for two different time steps, by using the
constant spatial step h¼ 0.05.
Figure 7.15 shows the spatial concentration profiles obtained by using the time

step Dt¼ 0.00125, corresponding to l¼ 0.5 (l is defined in Eq. (7.82)). As one may
notice, apart from the inaccuracies caused by the finite spatial step size, the profiles
resulted from the numerical solution (depicted with dotted lines) fairly reproduce the
analytical results (continuous lines).
Figure 7.16 shows the spatial concentration profiles obtained with the slightly

increased time stepDt¼ 0.0013, corresponding tol¼ 0.52. Even though the solution
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Figure 7.15 Exact and numerical solutions obtained by the explicit
method for the Cauchy problem (8.17) to (8.19), by using the
spatial step h¼ 0.05 and the time step Dt¼ 0.00125.

Figure 7.16 Exact and numerical solutions obtained by the explicit
method for the Cauchy problem (8.17) to (8.19), by using the
spatial step h¼ 0.05 and the time step Dt¼ 0.0013.
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at t¼ 2.0 can hardly be distinguished from the one obtained with Dt¼ 0.00125, it is
apparent that at t¼ 2.5 instabilities begin to develop and they dominate the solution
entirely at t¼ 3.0. Hence, a seemingly insignificant change in the time step leads to a
dramatic qualitative change of the solution. This indicates that the value l¼ 1/2 is
critical and it separates two domains of numerical parameters characterized by
different behavior of the solution: forl< 1/2 the propagation of the solution is stable,
while for l> 1/2 it turns out to be unstable.

7.3.2.1 von Neumann Stability Analysis
An intuitive way of investigating the stability properties of a finite-difference scheme
is the von Neumann stability analysis, which we briefly outline as follows. The von
Neumann analysis is local, being based on the assumption that the coefficients of the
difference equation are so slowly varying in space and time as to be considered
constant. Under such assumptions, the eigenmodes (the independent solutions) of the
difference equation may be written in the general form

uni ¼ xnexp½ikði� 1Þh� ð7:91Þ
i stands for the imaginary unit (not to be confused with the spatial index i), k is the
spatial wave number, which can take any real value, and x¼ x(k) is the so-called
amplification factor, which is a complex function of k. Apart from the spatial details,
the essential feature of the eigenmodes is their time dependence through the time
step index n, as integer powers of the amplification factor.
The time propagation of the solution is considered to be stable if the amplification

factor satisfies the condition

¼ xðkÞj < 1 ð7:92Þ
since no exponentially growing modes of the difference equation can exist under
such circumstances.
In order to express the amplification factor for the forward-difference representa-

tion of the one-dimensional diffusion equation, onehas to replace the general formof
Eq. (7.91) of the eigenmodes into the difference equation (7.81):

x ¼ l expð�i khÞ þ ð1� 2lÞ þ l expði khÞ
By combining the exponentials and employing the trigonometric identity 1�cos
x¼ 2 sin2 (x/2), one obtains for the amplification factor

x ¼ 1� 4l sin2ðkh=2Þ ð7:93Þ
Use of the von Neumann stability criterion, Eq. (7.88) leads to the condition

0 < l < 1=2 ð7:94Þ

which, taking into account the definition in Eq. (7.82) of l, becomes

Dt <
1
2
h2

D
ð7:95Þ
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The significance of this result is that the time step Dt insuring the stability of the
algorithm is limited by an upper bound, which is proportional to the diffusion time
across a cell of width h. Thismakes the explicit scheme, characterized by forward-time
differencing, conditionally stable and proves that the value l¼ 1/2 is indeed critical.

7.3.2.2 The Crank–Nicholson Implicit Method
To obtain an algorithm that is unconditionally stable, we consider an implicit
discretization scheme that results from using backward finite differences for the
time derivative. The corresponding difference equation is most conveniently ob-
tained by approximating the diffusion equation at point (xi, tnþ1):

cnþ1
i � cni

Dt
¼ D

cnþ1
iþ1 � 2cnþ1

i þ cnþ1
i�1

h2
ð7:96Þ

Analogous to the forward-difference method previously discussed, it is only first-
order accurate in Dt. The only formal difference with respect to the forward-
difference equation (8.10) appears to be the fact that the space derivative is evaluated
at time tnþ1, but not at tn.
By rearranging the terms in Eq. (8.26), the following system of linear equations

results:

�lcnþ1
i�1 þ ð1þ 2lÞcnþ1

i � lcnþ1
iþ1 ¼ cni ; i ¼ 2; 3; . . . ;M � 1 ð7:97Þ

where, as before, l¼DDt/h2. By contrast with the forward-difference method, the
propagated concentrations cnþ1

i cannot be explicitly expressed, but result from
solving the above set of simultaneous linear equations at each time step. For this
reason, the discussed backward-difference scheme is said to be fully implicit. The
implicit nature of this method can also be observed from Figure 8.1, which indicates
the data involved.
By using matrix notation, the linear system in Eq. (7.97) can be written as

A�cnþ1 ¼ cn n ¼ 0; 1; 2; . . . ð7:98Þ
with matrix A having tridiagonal structure

A ¼

1 0 0
�l 1þ 2l �l

. .
. . .

. . .
.

�l 1þ 2l �l
0 0 1

2
66664

3
77775 ð7:99Þ

It is apparent from the first and last rows of thismatrix that again the simpleDirichlet
boundary conditions of Eq. (7.73) have been considered. Since l> 0, the matrix A is
positive definite and diagonally dominant. For solving system in Eq. (7.98), the very
efficient Crout factorizationmethod for linear systemswith tridiagonalmatrix can be
applied (see Press et al. 1986, x2.4).
The implicit backward-difference algorithm does not show the stability problems

encountered in the case of the explicit forward-difference method, and this results
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immediately by analyzing the expression of the amplification factor

x ¼ 1

1þ 4l sin2ðkh=2Þ ð7:100Þ

which obviously satisfies the von Neumann stability criterion |x(k)|< 1 for any step
sizeDt.Hence, the backward-difference scheme isunconditionally stable. Provided the
solution of thedifferential equation satisfies theusual differentiability conditions, the
local truncation error of the method is of the order O(h2þDt). The weakness of this
method is, however, the low order of the truncation error with respect to time,
requiring comparatively much smaller time intervals than the spatial step size.
A second-order method with respect to both space and time can be derived by

approximating the diffusion equation at time step tnþ 1/2� tnþDt/2 and employing a
centered-difference scheme for the timederivative, too. Considering the Taylor series
in t at constant x¼ xi

cnþ1
i ¼ cnþ1=2

i þ ðDt=2Þ qc
qt

� �
i;nþ1=2

þ 1
2ðDt=2Þ2

q2c
qt2

� �
i;nþ1=2

þ � � �

cni ¼ cnþ1=2
i � ðDt=2Þ qc

qt

� �
i;nþ1=2

þ 1
2ðDt=2Þ2

q2c
qt2

� �
i;nþ1=2

þ � � �
ð7:101Þ

On subtracting, we find the time derivative sought

qc
qt

� �
i;nþ1=2

¼ cnþ1
i � cni

Dt
þOððDtÞ2Þ ð7:102Þ

The spatial derivative at time step tnþ1/2 can be approximated by taking its average over
the time steps tn and tnþ1. Hence, the discretized diffusion equation takes the form

cnþ1
i � cni

Dt
¼ D

2

ðcnþ1
iþ1 � 2cnþ1

i þ cnþ1
i�1 Þ þ ðcniþ1 � 2cni þ cni�1Þ

h2
ð7:103Þ

This is the so-calledCrank–Nicholson scheme and, formally, it couldhavebeenobtained
by simply averaging the explicit forward-difference and implicit backward-difference
schemes. By conveniently grouping the terms, the following system of linear
equations results:

�lcnþ1
i�1 þ ð1þ 2lÞcnþ1

i � lcnþ1
iþ1 ¼ lcni�1 þ ð1� 2lÞcni þ lcniþ1;
i ¼ 2; 3; . . . ;M � 1

ð7:104Þ

with

l ¼ D
2
Dt
h2

ð7:105Þ

The discretized system in Eq. (7.104) can be represented in the matrix form as

A�cnþ1 ¼ B�cn n ¼ 0; 1; 2; . . . ð7:106Þ
where matrices A and B have tridiagonal structure and are given by Eqs. (7.99)
and (7.86), respectively. Since A is positive, definite, and diagonally dominant, it is
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nonsingular, thus allowing for Crout factorization method for tridiagonal linear
systems to be applied to obtain cnþ1 from cn for any n¼ 0, 1, 2, . . .. It has to be noted
that the evaluation of the right-hand-side members of the system in Eq. (7.106)
requires a little more work than in the case of the fully implicit scheme, implying the
multiplication of the tridiagonal matrix B with the �old� solution vector cn.
The amplification factor resulting from Eq. (7.104) is

x ¼ 1� 4l sin2ðkh=2Þ
1þ 4l sin2ðkh=2Þ ð7:107Þ

and, consequently, the Crank–Nicholsonmethod turns out to be unconditionally stable.
Due to its stability and satisfactory order of convergence O(h2þ (Dt)2), the Crank–-
Nicholson scheme is the recommended approach for any simple diffusion equation.
In order to demonstrate the beneficial influence of the higher order accuracy with

respect to time of the Crank–Nicholson method, we consider again the initial
value problems (7.87) to (7.89), which is solved both by the fully implicit and the
Crank–Nicholson schemes. We investigate the numerical solution at time t¼ 3.0 by
using the constant spatial step h¼ 0.05. Figure 7.17 shows the spatial concentration
profiles obtained by using the time stepDt¼ 0.025, which is 20 times larger than the
largest value to insure the stability of the explicit method (see Figure 7.15). As one
may notice, the profile yielded by theCrank–Nicholson algorithm (depictedwith long
dash) agrees very well with the analytical result (continuous line) even for the large
time step considered. By contrast, the solution obtained by the fully implicit method
(short dash) departs quite substantially from the exact solution. Hence, it should be

Figure 7.17 Comparison of the numerical solutions obtained by
the fully implicit and Crank–Nicholson methods for the Cauchy
problem (8.17) to (8.19). The spatial step h¼ 0.05 and the time
step Dt¼ 0.025 have been used.
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obvious that the stability of the fully implicit scheme (absence of oscillations) does not
automatically guarantee high accuracy.

7.3.3
Spatially Variable Diffusion Coefficient

If the diffusion coefficient is spatially variable, the one-dimensional diffusion
equation has the form

qc
qt

¼ q
qx

D
qc
qx

� �
ð7:108Þ

The correct way to differentiate this equation relies on the following centered-
difference approximation of the spatial derivative at time step tn:

q
qx

D
qc
qx

0
@

1
A
�����
xi;tn

ffi 1
h

D
qc
qx

0
@

1
A
�����
xiþ1=2;tn

� D
qc
qx

0
@

1
A
�����
xi�1=2;tn

2
4

3
5

ffi 1
h

Diþ1=2
cniþ1 � cni

h
� Di�1=2

cni � cni�1

h

2
4

3
5

ð7:109Þ

The midpoints xiþ1/2¼ (xiþ xiþ1)/2 and the corresponding values of the diffusion
coefficient Diþ1/2¼D(xiþ1/2) have been introduced to ensure appropriate centering
of the implied derivatives. A convenient approximation for Diþ1/2 results from
considering the average of the values at the neighboring grid points:

Diþ1=2 ¼ 1
2 ðDi þDiþ1Þ ð7:110Þ

In the case of unequal spacing of the spatial grid points, Eq. (7.109) can be generalized
to give

q
qx

D
qc
qx

� ������
xi;tn

ffi 2
xiþ1 � xi�1

Diþ1=2
cniþ1 � cni
xiþ1 � xi

�Di�1=2
cni � cni�1

xi � xi�1

� �
:

Application of the Crank–Nicholson method based on the spatial difference scheme
in Eq. (7.109) results in the following discretized form of the diffusion equation:

cnþ1
i � cni

Dt
¼ 1

2h
Diþ1=2

cnþ1
iþ1 � cnþ1

i

h
�Di�1=2

cnþ1
i � cnþ1

i�1

h

2
4

3
5

þ 1
2h

Diþ1=2
cniþ1 � cni

h
� Di�1=2

cni � cni�1

h

2
4

3
5

ð7:111Þ

Rearrangement of terms leads to the system of linear equations

�li�1=2c
nþ1
i�1 þ ð1þ 2liÞcnþ1

i � liþ1=2c
nþ1
iþ1

¼ li�1=2cni�1 þ ð1� 2liÞcni þ liþ1=2cniþ1; i ¼ 2; 3; . . . ;M � 1
ð7:112Þ
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with

li ¼ Di

2
Dt
h2

ð7:113Þ

The system (7.112) should be completed with appropriate equations resulting from
the boundary conditions, and it can be solved, in principle, by the same factorization
method of Crout for systems with tridiagonal matrix.
When the diffusion coefficient depends not only on the spatial coordinate

but also on the local concentration, the discretization of the diffusion equation
proceeds in a similar manner, except that one has to solve at each time step
not a system of linear equations, but a quite complicated set of coupled nonlinear
equations.

7.3.4
Boundary Conditions

In the treatment of explicit and implicit difference methods, we have used Dirichlet
type boundary conditions, for the sake of simplicity, which specify the values of the
solution on the boundaries. A more general type of boundary condition can be
defined in the form of a linear combination of the solution and its derivative.
Considering in particular the left boundary, such a mixed boundary condition can be
written as

acðx; tÞ þ b
qcðx; tÞ
qx

� �
x¼0

¼ g ð7:114Þ

For b¼ 0 this is a Dirichlet type condition, while for a¼ 0 it is a Neumann type
condition. a, b, and gmay eventually be functions of time. A practical example for a
mixed boundary condition is the evaporation condition:

qcðx; tÞ
qx

�����
x¼0

¼ a cð0; tÞ � ce½ � ð7:115Þ

where ce is the equilibrium surface concentration.
The simplest finite-difference representation of the mixed boundary condition in

Eq. (7.114)may be readily obtained by considering the forward-difference scheme for
the spatial derivative, implying the concentrations on the boundary, cn1, and at the
neighboring interior grid point, cn2

acn1 þ b
cn2 � cn1

h
¼ g ð7:116Þ

However, this approximation is of the orderO(h), and since the difference equations
for all discussed (explicit and implicit) propagationmethods areO(h2), it is definitely
not the best choice.
An improved O(h2) finite-difference representation of the boundary condition

(7.104) results by approximating the solution in the vicinity of the boundary by the
second-order Lagrange interpolating polynomial passing through the points ðx1; cn1Þ,
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ðx2; cn2Þ, and ðx3; cn3Þ (equally spaced grid points are assumed):

~cðx; tnÞ ¼ 1

2h2
ðx� x2Þðx� x3Þcn1 � 2ðx� x1Þðx� x3Þcn2 þðx� x1Þðx� x2Þcn3
� �

ð7:117Þ
The interpolation properties of this uniquely defined parabola can easily be verified
by direct evaluation for x1, x2, and x3, respectively. The derivative of polynomial
(7.117) is given by

q~cðx; tnÞ
qx

¼ 1

2h2
ð2x� x2 � x3Þcn1 � 2ð2x� x1 � x3Þcn2 þð2x� x1 � x2Þcn3
� �

ð7:118Þ
and for x¼ x1, where we wish to approximate the boundary condition, it takes the
particularly simple form

q~cðx; tnÞ
qx

�����
x¼x1

¼�3cn1 þ 4cn2 � cn3
2h

ð7:119Þ

By replacing this approximation in the boundary condition (7.114), one is left with the
supplementary equation

acn1 þ b
�3cn1 þ 4cn2 � cn3

2h
¼ g ð7:120Þ

Adding this equation to the set of difference equations resulting from the diffusion
equation no longer preserves the tridiagonal structure of the systemmatrix. Indeed,
appearing as the first equation of the system, the coefficient of cn3 does not lie on the
principal diagonal or on one of the two neighboring codiagonals. In such cases, one
has to resort to general methods for solving the linear system, such as Gaussian
elimination or the LU factorization method of Crout.
An absolutely analogous treatmentmay be applied to the right boundary, for which

the boundary condition reads

acnM þ b
cnM�2 � 4cnM�1 þ cnM

2h
¼ g ð7:121Þ

A third possibility of approximating the mixed-type boundary condition, widely
used, implies considering a fictitious external grid point x0 and the corresponding
concentration cn0. The centered-difference approximation of the boundary condition
becomes

acn1 þ b
cn2 � cn0
2h

¼ g ð7:122Þ

The unknown (and in principle �useless�) value of cn0 may be eliminated by using the
diffusion equation approximated at the grid point x1 (see Eq. (7.109)):

qc
qt

�����
x1 ;tn

ffi 1
h

D3=2
cn2 � cn1

h
� D1=2

cn1 � cn0
h

� �
ð7:123Þ
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with D3/2� (D1þD2)/2 and D1/2� (D0þD1)/2¼D1. On replacing cn0 from
Eq. (7.122) in Eq. (7.123) and by considering the Crank–Nicholson scheme, the
following difference equation results:

cnþ1
1 � cn1

Dt
¼ 1

2h
ðD1=2 þ D3=2Þ c

nþ1
2 � cnþ1

1

h
þ 2D1=2

b
ðacnþ1

1 � gÞ
2
4

3
5

þ 1
2h

ðD1=2 þD3=2Þ c
n
2 � cn1
h

þ 2D1=2

b
ðacn1 � gÞ

2
4

3
5

ð7:124Þ

which can be rearranged to become the first equation of the system (7.112). A similar
treatment may be applied to approximate the right boundary condition, which then
becomes the last equation of the system. In the particular case ofNeumann boundary
conditionsmodeling impermeable surfaces (a¼ g¼ 0), the two equations can be cast
in the simple form

ð1þ 2l1Þcnþ1
1 � 2l1cnþ1

2 ¼ ð1� 2l1Þcn1 þ 2l1cn2
�2lMcnþ1

M�1 þ ð1þ 2lMÞcnþ1
M ¼ 2lMcnM�1 þ ð1� 2lMÞcnM

ð7:125Þ

where li is given by Eq. (7.113). Obviously, these approximations of the boundary
conditions preserve the tridiagonal structure of the matrix of the system (7.112).
In certain applications, it is convenient to impose (eventually, instead of one of the

local boundary conditions) a global conditionupon the total amount of diffusant, in the
form of an integral over the entire spatial region:

ðL

0

cðx; tÞdx ¼ Q ð7:126Þ

Such a normalization condition can be readily discretized by considering, for
example, the simple trapezoidal rule for performing the numerical quadrature

h 1
2c

n
1 þ

XM�1

i¼2

cni þ 1
2c

n
M

 !
¼ Q ð7:127Þ

The quantity Qmight be related, for example, to the total amount of diffusant at the
initial moment, but it could equally be a function of time.

7.3.5
One-Dimensional Diffusion in Cylindrical and Spherical Geometry

Therearecertainpractical diffusionproblems,whichcanbe treatedmost appropriately
in cylindrical or in spherical coordinates. In many cases, choosing the natural coordi-
nate system allows for the coordinates to be separated, and one is left with the simpler
problem of dealing with one-dimensional diffusion along the radial coordinate.
Basically, the only technical complication, which arises as compared to the one-
dimensional diffusion in Cartesian coordinates treated so far, concerns the approxi-
mationof the spatial derivative of the concentration involvedby thediffusion equation.
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Assuming constant diffusion coefficient, the equation describing the radial
diffusion in cylindrical coordinates may be written as

qc
qt

¼ D
1
r
q
qr

r
qc
qr

� �
¼ D

q2c
qr2

þ 1
r
qc
qr

� �
ð7:128Þ

In order to approximate its solution, we establish a grid of equally spaced points in
the interval [0, R] of the radial coordinates. Denoting the corresponding mesh
constant by h, the grid points are defined by the discrete coordinates

ri ¼ ði� 1Þh i ¼ 1; 2; . . . ;M ð7:129Þ
A second-order representation of the right-hand side of Eq. (7.128) at point (ri, tn) is

obtained by using centered differences for the spatial derivatives

q2c
qr2

þ 1
r
qc
qr

2
4

3
5
ri;tn

ffi cniþ1 � 2cni þ cni�1

h2
þ 1
ði� 1Þh

cniþ1 � cni�1

2h

¼ ð2i� 1Þcniþ1 � 4ði� 1Þcni þ ð2i� 3Þcni�1

2ði� 1Þh

ð7:130Þ

Aspecial treatment has to be applied to the central grid point r1¼ 0. The singularity
arising in the second term is overcome by imposing the natural boundary condition
that the first-order derivative vanishes at r1¼ 0. By introducing a fictitious grid point
r0¼ r1� h, this condition may be approximated by the second-order centered-
difference scheme

qc
qr

�����
r1;tn

ffi cn2 � cn0
2h

¼ 0 ð7:131Þ

This relation is practically useful only to eliminate further occurrences of cn0. Still, the
second term of the spatial derivative, (1/r)(qc/qr), implies an indeterminate form of
the type 0/0. Making use of L'Hospital's rule results in the following representation:

q2c
qr2

þ 1
r
qc
qr

� �
r1;tn

¼ 2
q2c
qr2

� �
r1 ;tn

ffi 2
cn2 � 2cn1 þ cn0

h2
¼ 4

cn2 � cn1
h2

ð7:132Þ

Having established the appropriate finite-difference expressions of the spatial
derivatives, the diffusion equation may be approximated as follows:

qc
qt

�����
r1;tn

¼ 4D1
cn2 � cn1
h2

i ¼ 1

qc
qt

�����
ri;tn

¼ Di
ð2i� 1Þcniþ1 � 4ði� 1Þcni þ ð2i� 3Þcni�1

2ði� 1Þh i ¼ 2; 3; . . . ;M � 1

ð7:133Þ
The equation for the central point (i¼ 1) actually plays the role of �inner� boundary
condition. The above system should be completedwith onemore boundary condition
for the outer point rM¼R. Irrespective of the type of the used time difference scheme
(explicit, fully implicit or Crank–Nicholson), the further treatment of the resulting
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system of difference equations is absolutely analogous to the one developed for
Cartesian coordinates.
The radial diffusion equation in spherical coordinates may be written for constant

diffusion coefficient as

qc
qt

¼ D
1
r2

q
qr

r2
qc
qr

� �
¼ D

q2c
qr2

þ 2
r
qc
qr

� �
ð7:134Þ

Following the pattern employed in the case of the cylindrical coordinates, one
obtains the following finite-difference approximations:

qc
qt

�����
r1;tn

¼ 6D1
cn2 � cn1
h2

i ¼ 1

qc
qt

�����
ri;tn

¼ Di
icniþ1 � 2ði� 1Þcni þ ði� 2Þcni�1

ði� 1Þh i ¼ 2; 3; . . . ; M � 1

ð7:135Þ
The treatment of the various types of outer boundary conditions (for rM¼R) and of
the complete system of difference equations is again analogous to the case of the
Cartesian coordinates.

7.3.6
Multidimensional Diffusion

The extension of the methods described so far to multidimensional diffusion
problems is straightforward in principle. However, in such an attempt one is faced
with a quite considerable increase in computational effort.
Let us consider for simplicity the two-dimensional diffusion equation as follows:

qc
qt

¼ D
q2c
qx2

þ q2c
qy2

� �
ð7:136Þ

for which we wish to find the solution in the rectangular domain [0,a]· [0,b]. We
assume that c(x, y, t) is knownover thewhole spatial region at t¼ t0 and it is prescribed
on the boundary for any t> t0.
Applying the Crank–Nicholson scheme to Eq. (8.66), relative to a space–time grid

characterized by the points

xi ¼ ði� 1Þh; yj ¼ ðj � 1Þh tn ¼ nDt ð7:137Þ

results in the following difference equation:

cnþ1
i;j ¼ cni;j þ l d2xc

nþ1
i;j þ d2y c

nþ1
i;j þ d2xc

n
i;j þ d2y c

n
i;j

 �
ð7:138Þ

Here, l¼DDt/(2h2) and the second-order, centered-difference operators d2x and d2y
are defined by

d2xcni; j ¼ cniþ1; j � 2cni; j þ cni�1; j

d2y cni; j ¼ cni; jþ1 � 2cni;j þ cni; j�1

ð7:139Þ
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While in the case of the spatially one-dimensional diffusion, the set of difference
equations features a tridiagonalmatrix, the system in Eq. (8.68) can be shown to have
a block tridiagonal matrix, which requires the use of special solving methods.
Avery powerfulmethod for the solution of system inEq. (8.68), widely in use, is the

so-called alternating-direction implicit method, which is based on the idea of splitting
each time step into two substeps of size Dt/2. In each substep, the concentration is
kept constant in one of the spatial dimensions, while in the other one it is treated
implicitly:

cnþ1=2
i; j ¼ cni; j þ l d2xc

nþ1=2
i; j þ d2y cni; j

 �

cnþ1
i; j ¼ cnþ1=2

i; j þ l d2xc
nþ1=2
i; j þ d2y c

nþ1
i; j

 � ð7:140Þ

The first equation treats the x direction implicitly, keeping the y direction unaffected.
In the second equation, the role of the two directions is interchanged. Slight
rearrangement of the system

ð1� ld2xÞcnþ1=2
i; j ¼ ð1þ ld2yÞcni; j

ð1� ld2yÞcnþ1
i; j ¼ ð1þ ld2xÞcnþ1=2

i; j

ð7:141Þ

evidences the great advantage of this method: at each substep, it requires only the
solution of a tridiagonal system. Hence, instead of solving at each time step a system
with block tridiagonal structure, one has to solve two systems with simple tridiagonal
structure.
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8
Solution of the Diffusion Equation for Multilayer Packaging
Valer Tosa and Peter Mercea

8.1
Introduction

In industrialized nations themajority of foodstuffs one finds nowadays in commerce
are displayed and sold in packaged form. In the past the packaging itself was generally
made of monolayer homogenous materials, i.e., different types of polymers, paper/
cardboard, glass, ceramics or metals. It is well documented that during the contact
between such a packaging and the food a net transfer (migration) of impurities/
substances from the packaging into the food may take place. How such a migration
process can be described/quantified theoretically was shown in Chapter 7. In the last
decades, a steadily increasing number of multilayer (ML) materials are used for food
packaging. A ML structure can be designed to add up the properties of the different
materials it is made off, i.e., chemical inertness, low permeability for certain
substances, physical strength, and/or good optical appearance. Thus, aMLpackaging
offers a series of advantages over amonolayer one. However, onemust account that a
migration of impurities/substances fromaML structure into the packaged food takes
place, too. Such a migration process may originate from the contact layer (CL) of the
ML with the food and/or from other layers, adhesives and/or imprinted surfaces of
the ML structure. For quality assurance and/or consumer protection purposes one
investigates the migration from ML packaging with experimental tools. Usually, a
migration experiment is carried out under �worst case� conditions and the concen-
tration of substances/migrants released from theCL of theML into a food simulant is
monitored. The results obtained are then interpreted in the light of the existing
consumer protection laws. Because usually a ML is made of quite different types of
materials the unfolding of a migration process from aML is more complex than that
from a monolayer material. Therefore, a consistent interpretation of the obtained
experimental migration results is often possible only by using an adequate mathe-
matical model and algorithms for substancemigration from theML structure. In the
following sections, a brief presentation of how the migration from a ML can be
quantified theoretically will be given.

Plastic Packaging. Second Edition. Edited by O.G. Piringer and A.L. Baner
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The diffusion of a substance within a monolayer or ML packaging and transfer
(migration) from it into a foodstuff or food simulant is in most cases controlled by
diffusion and partitioning processes. In Chapter 7, the mathematical description of
transport processesoccurringwithin a series of packaging systemswaspresented and
discussed. The transport equation was presented in its most general form, in which
diffusion, convection, and chemical reactionwere accounted for. Particular forms for
the diffusion equations were presented, together with their analytical solutions for
some cases of practical importance for food packaging. However, such (relatively
simple) analytical solutions can be derived only for a packagingmade of a monolayer
homogenousmaterial (polymericorofothernature) inwhich thediffusioncoefficient
of thesubstance/migrant is constant and the foodor foodsimulant,F, is �well-stirred,�
i.e., F is a liquid in which at any time, t, there are nomigrant concentration gradients.
In Section 7.2.9, it was mentioned that for MLs only the steady-state permeation of a
substance through the ML structure could be treated theoretically with simple
analytical equations. However, the steady-state permeation from a ML into a food
accounts only for a relatively limited number of situations occurring in framework of
migrationprocesses fromMLs into foods. Therefore, onefinds out that in the practice
of food packaging there are many cases that cannot be quantified theoretically with
(relatively) simpleanalytical equations.This is already thecase for the relatively simple
system of a monolayer packaging in contact with solid food/medium, F. In such a
situationa time-dependentdiffusionof themigratingsubstance intoF takesplace, i.e.,
for a certain time there is a migrant concentration gradient in F, cF,t(x) 6¼ const.
When one considers now the time dependent migration from a ML structure in

whatever type of food – �well-stirred� liquid, viscous substance or even a solid one –
one cannot quantify these mass transfer processes with analytical algorithms. To
obtain solutions of transport/migration equations in such situations onemust appeal
to numerical methods.
The principles of a numerical method to solve the diffusion equation for a mono-

layer packaging in contact with a liquid F were presented in Section 7.2. In the
followings, this topic will be extended to the one-dimensional (1D) diffusion problem
for ML materials in contact with various types of foods. In this respect, a brief
presentation of themain numerical approaches developed to solve thismass transfer
problemwill be made. Then the presentation will be focused on a numerical method
developed to solve the transport equations for aMLpackaging in contactwith any type
of homogenous foodstuffs, F. This method is based on a finite difference technique
and was developed in 1D for the general case in which the transport processes are
controlled not only by the diffusion coefficients (Di) in the packaging, and respec-
tively, foodstuff (DF) but also by partition coefficients (Kij) between any two adjacent
layers i and j of the packaging as well as between the packaging and foodstuff (Kpf ).

8.2
Methods for Solving the Diffusion Problem in a Multilayer (ML) Packaging

The diffusion of a substance in a homogenous material (packaging) can be treated
theoretically with rather simple tools when the diffusion coefficient, D, in the
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material is constant and there is a 1D transfer between this material and an adjacent
homogenous medium. But if one considers a 2D or even a realistic 3D diffusion in a
ML material in which, for example, in each layer, k, the substance has different
diffusion coefficientsDk, and initial concentrations, cP,0(k), the theoretical treatment
of the process is farmore complex. In addition, if one considers the food, F, diffusing
into the ML packaging and inducing there spatial and temporal changes of the Dk,
then the problem becomes particularly complex.
The numerical treatment of the diffusion equation is, by itself, a large field of

research inmathematics. It is beyond the scope of this publication to treat any aspect
of this topic in detail. Therefore, in the followings only some general aspects of how
one can solve numerically a diffusion equation for a ML packaging in contact with a
food will be presented.
Themain numerical methods applied to the study of diffusion inMLmaterials are

the finite element method (FEM) (Huebner, 1975), the boundary element method
(BEM) (Muzizo and Solaini, 1987), and finite difference (FD) procedures (Clever and
Wassel, 1985).
The FEM is a numerical analysis technique developed and used especially by

practitioners in solid mechanics and structural engineering. FEM was broadly
extended to various other fields, due to its remarkable power and flexibility. The
FEM allows a considerable degree of freedom in putting computational elements
where one needs them, which is very important when one deals with highly irregular
geometries. In Figure 8.1, an example on a FD and, respectively, a FEMdiscretization
of a general domain is given.
The next step in a FEM analysis is to assign nodes to each element, define nodal

values for the field variables, and then choose the type of interpolating function to
represent the variation of the field variable over the element. Thefield variable can be,
for example, pressure, temperature, displacement, stress, impurity concentration, or

Figure 8.1 Finite element (a) and finite difference (b) discretizations of a general domain.
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some other quantity. Certain continuity requirements are imposed at the nodes and
along the element boundaries.
The third important step is to find the element properties, in other words to

determine thematrix equations expressing the properties of the individual elements.
These equations are derived using themathematical approach to the physical pheno-
menon one wishes to model.
Further, it is necessary to find the properties of the overall systemmodeled by the

network of elements. To do this one must assemble all the element properties. In
simpler words one must gather the matrix equations expressing the behavior of the
elements and form thematrix equations expressing the behavior of the entire system.
The matrix equations for the system have the same form as the equations for the
individual element except that they containmanymore termsbecause they include all
nodes. Before the system equations are ready for solution they must be modified to
account for the boundary conditions of the problem.
The last step is to solve the system of equations by using standard solution

techniques if the equations are linear or alternative approaches if they are nonlinear.
The result is the field values in all nodal points of the mesh.
Sometimes additional calculations are needed. For example, if one calculates the

distribution of the impurity/substance concentration over a ML structure, one may
wish to integrate it to find the total amount of impurity left after migration, thus, to
find the impurity which migrated in the food.
Depending on the complexity of the system, and on the desired accuracy to solve

the problem, the number of elements might amount to tens of thousands. From the
above considerations, it is obvious that FEM is a very powerful method, which
is now applied in various practical fields, including diffusion in a ML polymer
system with functional barrier (Han et al., 2003; Pettersen et al., 2004; Safa and
Abbes, 2002). A dedicated software for such applications was also developed (Roduit
et al., 2004) and is commercially available. However, using FEM has also a number
of disadvantages: (i) one needs a powerful computer and sophisticated (usually
expensive) software, (ii) input/output data might be large and tedious to prepare/
interpret, and (iii) the method is susceptible to user-induced modeling errors (poor
choice of element type, distorted elements, geometry not adequately modeled).
Therefore, a good knowledge of the method basics is desirable, which is not always
accessible to a nontrained user.
The BEM is also an important technique in the computational solution of

engineering or scientific problems. In BEM only the boundary is discretized. Hence,
the mesh generation is done only on the surface, being considerably simpler for this
method than for the FEM. Boundary solutions are obtained directly by solving the set
of linear equations. However, field valued in the domain can be evaluated only after
the boundary solutions have been obtained.
In the FD approach, the starting step is to set a grid of points conveniently

distributed within the integration domain, as in Figure 8.1(b). This procedure
replaces the derivatives of the differential equations by appropriate discrete formulas,
leading to a system of linear equations having as unknowns the solution values at the
grid points. The solution of the system can be obtained by standard numerical
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procedures. When the system matrix has a sparse form (with only a few nonzero
elements) one can use more specialized methods that are faster and more accurate.
Very recently (2007) the finite volume method, related to the FD method men-

tioned above, was applied to solve the problem of migration from a ML to food. The
interested reader may access the portal http://h29.univ-reims.fr for more informa-
tion and for an on-line engine to estimate the migration.
Apart from the purely numerical approaches mentioned above for solving the

diffusion equations in ML (or composite) materials, analytical techniques combined
with numerical solving are also available. Comprehensive surveys of suchmethods are
presented in Refs. (Ozisik, 1980; Ozisik et al., 1983; de Monte, 2000; Tittle, 1965;
Carslaw and Jager, 1959; Siegel, 1999; Haji-Sheikh andMashena, 1987). The difficulty
with these analytical techniques is that when the number of layers increases the
implementation of the analytical solutions becomes very complex and cumbersome.
This is due to the necessity of solving a Sturm–Liouville eigenvalue problem, which is
not of conventional type because there is a discontinuity in the coefficient functions. To
remedy this inconvenience, a finite analytic method was developed (Chen and Chen,
1984) and applied (Ramos and Giovannini, 1992) for unidimensional composite layer.
There is no agreed approach to the analysis of transient diffusion in ML media.

Consequently, there is no method of any generality for solving diffusion problem,
and no established yardstick for assessing a candidate solution method. The chosen
solution depends mainly on problem complexity and user capabilities.

8.3
Solving the Diffusion Equation for a Multilayer Packaging in Contact with a Foodstuff

First the FD method developed in Tosa 2004 for solving the diffusion equations
for a ML material in contact with a liquid food, F, will be described bellow.
The starting point in this approach is similar to those presented in detail

Section 7.3.2 for solving with a FD technique the 1D diffusion equation for the
case of a monolayer in contact with a liquid. Explicit, fully implicit and Cranck–
Nicolsonmethodswere presented there in conjunctionwithDirichlet, Neumann and
mixed type boundary conditions. The 1D diffusion of a impurity/substance of
concentration c from a homogenous monolayer into a liquid foodstuff is governed
by the 1D diffusion equation

qc
qt

¼ D
q2c
qx2

ð8:1Þ

which can be discretized in a uniform mesh in the x direction, in which concentra-
tion ci is defined at node i of the mesh. If h is the mesh size and W an adjustable
parameter, the above equation becomes

cnþ1
i � cni
dt

¼ D W
cnþ1
i�1 � 2cnþ1

i þ cnþ1
iþ1

h2
þð1�WÞ c

n
i�1� 2cni þ cniþ1

h2

" #
ð8:2Þ
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For W¼ 0 and W¼ 1 one obtains the explicit, and respectively, the fully implicit
method, whereas for W¼ 1/2 one gets the so-called Crank–Nicolson method
which has the advantage of being unconditionally stable and second order accurate
in time.
If one rearranges the terms in Eq. (8.2) such as to separate the unknowns cnþ1

i in
the l.h.s. and the known quantities cni in the r.h.s. of the equations one gets

�rWcnþ1
i�1 þð1þ2rWÞcnþ1

i �rWcnþ1
iþ1 ¼ rð1�WÞcni�1þ½1�2rð1�WÞ�cni þrð1�WÞcniþ1

ð8:3Þ
where r¼Ddt/h2.
Now one solves the diffusion equation for a 1D single domain in which one

places a mesh with Mþ 1 points, and one writes Eq. (8.3) for the M� 1 interior
points. So results a system of M� 1 equations with Mþ 1 unknowns. To solve this
system two more equations are needed and they can be derived from boundary
conditions at the left and right side of the domain. The most general form of the
boundary condition is

PðtÞcðx; tÞþQðtÞ qcðx; tÞ
qt

¼ Rðx; tÞ ð8:4Þ

They are called boundary conditions of mixed type, and will be written for both
node zero and nodeM. One can easily see that for P¼ 0 the Neumann type, while for
Q¼ 0 the Dirichlet-type boundary conditions, are obtained (see also Section 7.3.2).
To derive the two algebraic equations the concept of fictitious node (Smith 1985)

was used. It was supposed that at the left of node zero (see Figure 8.2) one canplace an
additional node x�1 with the corresponding concentration c�1. Equation (8.3)
centered to node zero can be written as

�rWcnþ1
�1 þð1þ2rWÞcnþ1

0 �rWcnþ1
1 ¼ rð1�WÞcn�1þ½1�2rð1�WÞ�cn0þrð1�WÞcn1

ð8:5Þ
For the same node it is also necessary to discretize the boundary condition (8.4), at

times t and tþ dt

Pcn0 þQ
cn1�cn�1

2h
¼ R

Pcnþ1
0 þQ

cnþ1
1 �cnþ1

�1

2h
¼ R

ð8:6Þ

x-1 x0 x1 xM-1 xM xM+1-

Figure 8.2 The fictitious node method for boundary conditions.
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Eliminating cn�1 and cnþ1
�1 from Eqs. (8.5) and (8.6) the desired equation for node

zero results

1þ2rW 1�PDx
Q

0
@

1
A

2
4

3
5cnþ1

0 �2rWcnþ1
1 ¼ 1�2rð1�WÞ 1�PDx

Q

0
@

1
A

2
4

3
5cn0

þ2rð1�WÞcn1�
2rRDx
Q

ð8:7Þ

In an analog mode, assuming a fictitious node xMþ1 (see Figure 8.2) at the right of
node M, and writing the diffusion equation for the node M, and the two equations
corresponding to the boundary conditions, one gets the corresponding equation for
the M node

�2rW cnþ1
M�1þ 1þ2rW 1þPDx

Q

0
@

1
A

2
4

3
5cnþ1

M ¼ 2rð1�WÞcnM�1

þ 1�2rð1�WÞ 1þPDx
Q

0
@

1
A

2
4

3
5cnMþ 2rRDx

Q

ð8:8Þ

Equations (8.3), (8.7) and (8.8) form a system of Mþ 1 equations with Mþ 1
unknowns which can be solved numerically. In matricial notation the system can be
written as: Acn¼B�cnþ1, n¼ 0, 1, 2, . . . , where n denotes the index of the time step.
The matrices A and B of this system are both tridiagonal and thus the system can be
solved by noniterative methods which are described in standard textbooks (for
example, see Press et al. 1986).
Thefictitious pointmethoddescribed above canbeusednow toderive the equations

for the interface conditions in the case of a ML structure. To illustrate the method
developed let us consider the simplest case of a two-layer material (packaging).
Sketched in Figure 8.3 is a systemmade of two homogenous layers, with densities

rk, diffusion coefficientsDk, and thicknesses Lk, k¼ 1, 2, in contact with a foodstuff of
density rF. The diffusion in the two layers is governed by the partial differential
equations

qck
qt

¼ Dk
q2ck
qx2

k ¼ 1; 2 ð8:9Þ

where k index identify the layer. For the beginning one can assume in the food-stuff,
F, a very high diffusion coefficient DF�D1 and D2, or a well-stired medium, which
means that the substance concentration in the food can be considered uniform at any
given time.However, this FDmethod is valid also for applicationswhere the two-layer
packaging is in contact with a homogenous foodsfuff inwhich themagnitude ofDF is
such that a time dependent diffusion of the substance in F takes place. For the time
being we will focus our discussion on the two-layer system.
Initial conditions are written as c(x, 0)¼ ck0, meaning a constant initial concen-

tration of substance (impurity), usually a nonzero value in one layer and zero
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concentration in the other layer/s and, respectively, in the foodstuff. However, the
method described here is not limited to a constant concentration but can employ a
general function c0(x), specified by values at the mesh points.
A first boundary condition state that there are no flux of matter through the outer

wall of the system (for x¼ 0):

D1
qc1
qx

���
x¼0

¼ 0 ð8:10Þ

and two other interface conditions impose the flux continuity (no accumulation of
matter) at interlayer contact

D1
qc1
qx

���
x¼X1

¼ D2
qc2
qx

���
x¼X1

ð8:11Þ

D2
qc2
qx

���
x¼X2

¼ DF
qcF
qx

���
x¼X2

ð8:12Þ

In addition, at any given time t, the concentrations at these boundaries obey the
conditions

c1 ¼ k12c2 for x ¼ X 1 ð8:13Þ
c2 ¼ k2FcF for x ¼ X 2 ð8:14Þ

which are imposed by the partition coefficients at the interface at x¼X1 between the
homogenous layers and at x¼X2 between the contact layer and the foodstuff F.
Let us denote by A and B the two domains of the two layers of the packaging

material. The spatialmeshes built to solve the diffusion equations in the two domains

Figure 8.3 Two-layer material system in contact with foodstuff.
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may have different step sizes. In Figure 8.4, themeshes at the boundary between two
domains are presented. To simplify the notation, the concentrations are denoted by ai
in the A domain extending from the left to the boundary and by bi in the B domain
extending from the boundary to the right. The step sizes will be denoted by dxa and
dxb, respectively. Two fictitious points, aiþ1 and bi�1, are also introduced, in the same
manner as for mixed type boundary conditions. As one can note, at the interface
between two layers, there are two different values of the concentrations ai and bi for
the same nodal point i. This describes, in fact, the jump in substance concentration at
the interface due to different solubility of the substance in domains A and B,
respectively. The boundary conditions of the type given by Eq. (8.13), and Eq. (8.14)
impose this discontinuity. In fact, the physical reality is a bit more complicated than
this description, The jump in substance concentration at the interface takes place in a
very thin but spatially finite region of both layers. More elaborated numerical
techniques, like FEM, can describe more accurately this jump by imposing an
appropriately fine discretization mesh over this region. However, the FD method
presented above is simple enough to show the results of the physical process of
diffusant partitioning at any interface of a ML structure. Moreover, from the reli-
ability testes made it was found that, if in the boundary regions of an interface the
discretization mesh is fine enough, this FD method produces correct and reliable
data (see below Section 8.4).
As for the case of external points of a single domain one can apply the fictitious

point method for the interface nodal points ai and bi. For this purpose one writes
the algebraic equations derived from diffusion equation for the interior points ai
and bi in the two domains. With ra¼DaDt/(dxa)

2, rb¼DbDt/(dxb)
2, and W� ¼ 1�W

these equations are

�raWanþ1
i�1 þð1þ2raWÞanþ1

i �raWanþ1
iþ1 ¼ ra W� ani�1þ½1�2ra W��ani þra W� aniþ1

ð8:15Þ

ai-1 ai ai+1

bi-1 bi bi+1

A B

Figure 8.4 The fictitious node method applied to the interface
between two different polymer layers. Here, ai and bi denote
concentrations at node i, in layers A and B, respectively.

�raWb
nþ1
i�1 þð1þ2raWÞbnþ1

i �raWb
nþ1
iþ1 ¼ ra W� Wb

n
i�1þ½1�2ra W��bni þra W� b

n
iþ1

ð8:16Þ
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Because two unknown fictitious concentrations were introduced into the system,
one needs two additional equations to solve the system. These equations are provided
from writing the boundary conditions as given by Eqs. 8.11–8.14. By using an
expression for the flux of matter through the boundary given in Tosa 2004, and
writing the boundary conditions for time t and tþ dt, after some algebraic manip-
ulations, one gets eventually

�2raWanþ1
i�1 þð1þ2raW�2paraWÞanþ1

i þ2paraWkb
nþ1
i

¼ 2ra W� ani�1½1�2ra W�ð1�paÞ�ani �2para W� kb
n
i

ð8:17Þ

for ai concentration, and

2pbrbWa
nþ1
i þ½1þ2rbWð1�pbkÞ�bnþ1

i �2rbWb
nþ1
iþ1

¼ �2pbrb W� a
n
i þ½1�2rb W�ð1�pbkÞ�bni þ2rb W� b

n
iþ1

ð8:18Þ

for bi concentration. In matricial form, the resulting system can be written as

Acnþ1 ¼ B�cn n ¼ 0; 1; 2; . . . ð8:19Þ

where cn and cnþ1 are arrays containing concentrations c ¼ a0; a1; . . . ; aMa ;½
b0; b1; . . . ; bMb �Tat time t and tþ dt, respectively, and the matrix A has the form

1þ2ra#pa� �2ra# "
�ra# 1þ2ra# �ra# layer

��� ��� ��� a
�2ra#1þ2ra#ð1�paÞ 2para# #

" 2pbrb# 1þ2rb#ð1�kpbÞ�2rb#
layer ��� ��� ���
b �rb# 1þ2rb# �rb#
# �2rb# 1þ2rb#pbþ

2
66666666664

3
77777777775

ð8:20Þ

with pa;b� ¼1�Pdxa;b=Q . Matrix B has a similar form but q is replaced by q� 1.
One can easily observe that Eq. (8.20) preserves the tridiagonal form of the system

matrix, which is nonzero elements on the matrix diagonal and two parallel lines
with it, and zero elements otherwise. From the analytical point of view the extension
of the method to three and more layers is quite straightforward.

8.4
Development of a User-Friendly Software for the Estimation of Migration from
Multilayer Packaging

Based on the above-described scheme numerical algorithms were developed to
calculate the spatiotemporal evolution of substance (migrant) concentration in a

256j 8 Solution of the Diffusion Equation for Multilayer Packaging



packaging material consisting of up to ten homogenous layers, all densities rk, are
constant (Tosa, 2004; Brandsch et al., 2005). The usefullness of these algorithms was
increased by extending their solutions to problems where the ML structure is in
contact with solid or viscous food in which a time dependent diffusion and not an
instantaneous mixing takes place. This allows one to use the algorithms to estimate
migrant concentration profiles in solid and/or highly viscous foods, too.
As compared to those given in Eq. (8.2) a modification was introduced in the

numerical algorithms of the FD method. Instead of discretizing each layer i with a
uniform spatial mesh of size hi a nonuniformmesh was deployed accross each layer
of the system. This mesh shows a higher density of nodes in the vicinity of the
interfaces. So the higher rate of concentration variation in the boundary regions of
each layer is �smoother� approximated by linear equations of the numerical proce-
dure. As a result more accurate solutions of the diffusion equations are obtained.
The numerical algorithms of this FD method were then implemented into a

computer program which can be run on a regular PC (Tosa, 2003). A major concern
with this computer program was to check if it produces correct results. For this a
series of test were designed/conducted and the results obtained will be presented
below.
In a first test aML systemmade of n homogenous layers, 2< n< 10, with different

thicknesses, Li 6¼ Lj for any i and j, was considered. It was assumed that all n layers are
homogenous and exhibit the same density, ri. Further, it was assumed in all layers
themobility of themigrant and its initial concentration is the same, i.e., allDi, and ci,0
are the same. Thepartition coefficients at the interfaces between the layerswere taken
unitary, all Kij¼ 1. The ML was assumed to be in contact with a noncontaminated,
cF,0¼ 0, liquid food of finite volume, VF, and density, rF. The partition coefficient KjF

between the contact layer j and Fwas also taken unitary KjF¼ 1. The migration from
this ML into Fwas then computed with the numerical program varying the Li,Di, ci,0
and, respectively, VF in a broad range of values.
Looking to the ML structure defined above one finds out that, in fact, it is a

homogenous monolayer �sliced� in n layers (thickness L¼P
Li density ri, with

constantDi and ci,0) in contact with a liquid of volume,VF, and density, rF.We already
know, see Chapter 7, for example, that for such a system the diffusion/migration
equation admits a (relatively simple) analytical solution, see Section 7.2.3, and
migration values can be computed, for example, with a user-friendly software
(Mercea et al. 2005) (see also Chapter 9). Thus, all runs performedwith the numerical
program (Brandsch et al., 2005) to estimate the migrant concentration in the liquid
food, cF,t (numeric), were computed alsowith the analytical solutions of themigration
equation (Mercea et al., 2005). The results obtained were then compared through the
ratio: O¼ [cF,t (numeric)� cF,t (analytic)]/cF,t (analytic). It was found that in all cases
investigated O< 0.01%. This means, in fact, that in all cases tested the results
obtained with numerical algorithms deviate less than that 0.01% from those
calculated with the analytical equation.
The numerical programwas then tested for aML structuremade of different types

of materials with the same density ri and different Di in each layer n. For the
beginning the partition coefficients at the interfaces between the layers were
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assumed to beunitary; allKij¼ 1 andKjF¼ 1. In such a system there are different rates
of diffusion in each layer but there is no concentration discontinuity (jump) at the
interface between two layers. Let us assume now that initially, for t¼ 0, themigrant is
present only in one of the layers of the ML structure, ci,0 6¼ 0 but all other cj,0¼ 0. For
t> 0 the diffusion of the migrant within the ML takes place and as soon as it reaches
the CL–F interface a migrant transfer into F occurs, too. Such a process determines,
during the time needed by the ML-food system to reach equilibrium, concentration
gradients in each of the n layers and in F, ci,t(x) and cF,t(x) 6¼ const. By running the
numerical program under these assumptions it was checked if the computed
concentrations ci,t(x) and cF,t(x) as well as their first derivatives, dci;tðxÞ=dx and
dcF;tðxÞ=dx are continuous or not in each layer of the ML-food system and,
respectively, at their interfaces.
The results obtained for anMLwith n¼ 5, c3,0 6¼ 0 andDi of different values in each

layer are shown in Figure 8.5.
From this figure one can see that the migrant concentrations are continous at the

interfaces (see, for example, the enlarged section between layers 4 and 5) while in
each layer andF there are different concentration profiles (gradients). This type of test
was performed for Li, D, c and, respectively, VF varying again in broad ranges of
values. The result obtained showed that the continuity of the concentrations at the

Figure 8.5 Calculated spatial profiles of the concentration for a
five-layer system in contact with a highly viscous food.
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interfaces is fulfilled with less than 0.02% relative error for a discretization mesh
number of 200 or larger.
For the type of migration problems illustrated in Figure 8.5 the time dependent

diffusion/migration equations cannot be solvedwith analyticalmethods, see Section
8.2. Thus, a comparison between results obtained with the numerical program and
an analytical equation is not possible. However, one can compare the results given by
the numerical algorithms for very long diffusion times, cF,t (numeric) for t!1, i.e.,
when the ML-food system reaches equilibrium, with a simple mass balance calcula-
tion for the given ML-food system, cF,t¼ ci,0Li/(LFþSLi). The results of these tests
showed a relative difference of less than 0.001% between the two cF,t�s. This is a proof
of the fact that the numerical algorithms correctly calculate for suchML-food systems
the equilibrium concentrations.
In reality, when aML packaging ismade of several different types of materials, not

only theDi and ri are different in each layer n but also the partition coefficients at the
interfaces between any layers i and j are usually nonunitary, Kij 6¼ 1. Thus, the
accuracy of the numerical computer program was tested for such a situation, too.
During a time dependent diffusion process it was checked, how the ratio of the
concentrations, ci/cj, calculated with the numerical program at the n� 1 interfaces of
themultilayer agree with the corresponding Kij defined as input values. The quantity
|Kij� ci/cj|/Kij represents a measure of the computation accuracy. A five-layer ML-
food system as presented in Figure 8.5 was used but this time at each interface i,j it
was assumed that Kij 6¼ 1. The computation of the migration process was done
warying the number of discretizationmesh points betwenn 50 and 400. In Figure 8.6,
the |Kij� ci/c|/Kij result obtained at one of the interfaces of the ML is shown.
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Figure 8.6 Relative deviation between the calculated ratio ci/cj and
the partitioning Kij, as a function of the number of discretization
mesh points in each layer.
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From Figure 8.6, one can see that the number of mesh points used in the
discretization of each layer of the system plays an important role in the accuracy
of the calculations. Below 200 points a rapid decrease of the accurcy is observed while
doubling the number of mesh points to 400 brings only a marginal increase of the
accuracy. Test were performed for 5< n< 10 and Li, Di, ci and, respectively, each Kij

varying in a broad range. The result obtained showed patterns similar to those given
in Figure 8.6. A practical conclusion was drawn from these tests. For ML systems of
relevance in food packaging the numerical computer program developed in Tosa
2003 reproduces, for a number of mesh points exceeding 200, with an accuracy of
0.05% or better the partitioning coefficients Kij. Doubling of the number of mesh
points from 200 to 400 points increases the accuracy only slightly while the
computation time increases four-fold.
For the ML-food systems analyzed so far, in this chapter, a basic assumption was

that during themigration process there is neither loss ofmigrant from the systemnor
degradation/transformation of the migrant whithin the system. The quantity of
migrant, qi,t, found, at any diffusion/migration time t, in layer i can be calculated by
integrating the concentration profile ci,t(x) over the thickness Li, of the layer

A

ð
ci;tðxÞdx ¼ Vi

qi;t
Mi

¼ qi;t
ri

; thus; qi;t ¼ Ari

ð
ci;tðxÞdx ¼ ArIi;t (8:21)

whereVi,Mi, and ri are, respectively, the volume,mass and density of layer i andA its
cross-section. Similarly, the quantity of the migrant species found in the food of
volume VF, mass MF and density rF is given by

qF;t ¼ ArF
ð
cF;tðxÞdx ¼ ArFIF;t ð8:22Þ

Thus, at any migration time t the total quantity of the migrant in the ML-food
system will be

qt ¼ qF;tþ
Xn
i¼1

qi;t ð8:23Þ

In a closed ML-food system is which mass conservation is assumed qt should be
equal with the initial amount of migrant, q0, in the ML structure. To test the �mass
conservation� capability of the numerical program presented and discussed in
Section 8.3 a series of tests were designed and conducted.
For a ML structure as given in Figure 8.5, the simulations were performed by

discretizing each layer of the ML-food system with a mesh of 200 nodes and
warying the migration time in the range of 0.1 s< t< 30h. A sample of the results
obtained are given in Figure 8.7 From here one can see that the computed qt deviate
more from q0 at the beginning of the migration process. At t¼ 0 the migrant
concentration profile in the ML is step like, i.e., in each layer the ci are constant over
the entire thickness of the layer. When the diffusion/migration in the ML-food
system starts, t> 0, near its interfaces the migrant concentration profiles exhibit
very steep variations in space. This introduces errors in calculating the integrals Ii
and IF in Eqs. (8.21) and (8.22) which determines the somewhat higher errors in
calculating qt. With the progress of the migration process the concentration profiles
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near the interfaces become smoother which leads to an increased accuracy of the
integrations in Eqs. (8.21) and (8.22) and consequently to smaller deviations
dq¼ qt� q0.
The tests were performed for different ML structures, 5< n< 10 and for layer

parameters Li,Di, ci,Kij andKjF varying in broad ranges. The results obtained showed
patterns similar to that given in Figure 8.7 and the relative deviation dqr never
exceeded 0.1%. These tests also showed that the �mass conservation� accuracy of
numerical calculations depends on how themigrant is initially distributed in theML,
dqr is smaller when initially the migrant is distributed in all layers.
Concluding these tests one can state that, for applications from the field of food

packaging in ML materials, the computer program developed on the foundation of
the numerical FDmethod presented in Section 8.3 delivers accurate results. The level
of computational errors detected so far are orders of magnitude lower than the usual
accuracy of themigration experiments in thisfield. This allowed the development of a
user-friendly software for migration estimation from ML packaging into foods and
food simulants (see Section 9.2 in Chapter 9).
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9
User-Friendly Software for Migration Estimations
Peter Mercea, Liviu Petrescu, Otto Piringer and Valer Tosa

9.1
Introduction

As shown inChapters 6–8, themass transfer (migration) fromplasticmaterials into a
contact medium (for example, foods or pharmaceuticals) is a predictable physical
process, which can be quantified with appropriate mathematical algorithms. In
principle for this themass transport equation, see Section 7.2, must be solved for the
system formed by the plastic material and contact medium. The very solution of this
equation depends on the initial and boundary conditions in the system. For the
calculation of the net mass transfer from the plastic to the medium a series of
parameters, i.e. diffusion and partitioning coefficients, geometrical dimensions, and
initial migrant concentrations, must be known. In the United States, the calculation
of potential migration levels is used sincemore than a decade as an additional tool in
support of regulatory decisions.
Aware of these facts the Directorate General for Research of the European

Commissions from Brussels launched a few years ago a project for: �Evaluation
of Migration Models to be used under Directive 90/128/EEC.� The final report of
this project (Hinrichs and Piringer, 2002) summarizes the area where, based on
the scientific evidence nowadays available, migration modeling can be used as an
alternative method for compliance purposes. As a follow up of these results, the
European Union has passed in 2002, the theoretical migration estimation (ME)
as a conformity and quality assurance instrument for food contact materials. In
the EU �Plastics Directive� 2002/72/EC, Article 8, Section 4 the following is
stated:

�The verification of compliance with the specific migration limits provided for in
paragraph 1 may be ensured by the determination of the quantity of a substance in
the finished material or article, provided that a relationship between that quantity
and the value of the specific migration of the substance has been established either
by an adequate experimentation or by the application of generally recognized
diffusion models based on scientific evidence. To demonstrate the noncompliance of

Plastic Packaging. Second Edition. Edited by O.G. Piringer and A.L. Baner
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31455-3
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a material or article, confirmation of the estimated migration value by experimental
testing is obligatory.�

Details on which type of plastic material and foods are covered already by this para-
graph of law as well as the basic mathematical algorithms to be used for the migration
estimation are summarized in a �PracticalGuide/Note forGuidance� for �Estimation of
migration by generally recognized diffusion models� (Chapters 13 and 15).
This document states a series of conditions that should be considered when one

intends to determine the compliance of a certain plastic food contact material by
estimating theoretically the migration.
Theoretical specific migration estimations can be accepted on a case-by-case basis

using scientific evidence. A reliable model for many situations occurring in practice
is based on the following general requirements:

. Inmost cases frompractice a plastic food contactmaterial or article can be regarded
as a single layer polymerfilm/sheet (P) offinite and constant thickness (dP) being in
contact with a liquid food (F) of finite volume (VF).

. It is assumed that during themanufacturing process of P themigrant is distributed
homogenously in P (initial concentration cP,0) and that the amount ofmigrant does
not influence the matrix of P.

. It is assumed that there is no boundary resistance for the transfer of the migrant
between P and F.

. It is assumed that the interaction between P and F is negligible and no swelling of P
by uptake of F occurs during the migration process.

. The migrant is homogenously distributed (well mixed) in F and the sum total
amount of migrant in P and F is constant during the migration process.

For a one-dimensional P–Fsystemwhich obeys the above conditions the diffusion/
migration follows generally accepted physical laws of diffusion and Eq. (7.12)
describing this process can be solved analytically, see Chapter 7 and Crank
. The analytical solution of Eq. (7.12) is in this case that given in Eq. (7.51), which
can be used to calculate the migration level in a given plastic-food/simulant system.
The input parameters needed to calculate with Eqs. (7.51) and (7.37) a
time-dependent migration level, cF,t (in mg/kg or weight ppm) in a packaged good
F are:

A the contact area of P in with F (dm2)
cP,0 the initial concentration of migrant in P (mg/kg)
rP the density of P (g/cm3)
rF the density of F (g/cm3)
t the migration time, (s)
dP the thickness of P, (cm)
VF the volume of F (cm3)
DP the diffusion coefficient of migrant in P (cm2/s)
KP/F the partition coefficient of the migrant between P and F.
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Excepting two of these parameters, all are given either by the geometry of the
plastic sample and food (thickness, volume, contact area, etc.) or by their basic
physicochemical properties (density, composition, etc.). The remaining two para-
meters are the diffusion coefficient of themigrant in the plastic,DP, and the partition
coefficient of the migrant between the plastic and the food (simulant) KP,F. Both of
them play a crucial role in determining the level of migration into a real application.
The problemwith these two coefficients is that usually their exact value is not known
a priori but must be determined either by an experimental or theoretical method.
For compliance purposes it is useful to estimate these values theoretically in a
�worst case� scenario with respect to migration. This is of primary interest from a
regulatory standpoint. In the framework of the EU documents mentioned above this
requirement was met by assuming that

. For cases where the migrant solves well in the food or food simulant the
partitioning coefficient is KP,F¼ 1. For all other cases, that means where the
migrant does not solve well in food the or food simulant, one takes KP,F¼ 1000.

. The �real� diffusion coefficient DP of the migrant in the matrix of the polymer is
replacedwith a polymer specific �upper bound� diffusion coefficient,D�

P which can
be calculated with Eq. (15.3), known also as the FABES Formula. Using this D�

P in
Eq. (7.38) leads to �worst case� migration estimations which can be regarded as an
additional consumer protection safety margin.

In Eq. (15.3), D�
P depends, in fact, only on three parameters. Two of them, the

molecular weight of the migrant, Mr, and the absolute temperature, T, respectively,
are not linked to the polymer. The third one, AP, is primarily linked to the
properties of the polymer reflecting its �conductance� toward the diffusion of
migrants. From Eq. (15.3), one can see that AP depends not only on the nature of
the polymer but also on the temperature at which the migration takes place. As a
general rule AP decreases with the increasing stiffness of the polymer matrix.
Consequently for polymers such as polyethylene AP is larger than for stiff chain
polymers such as polyesters and polystyrenes. For polyethylene and polypropylene
polymers, the diffusion coefficient databases given in Appendix I were used in an
EU project (Reid et al., 1980) to establish �upper bound� AP values for each
polymer. With these values �upper bound� D�

Ps are obtained with Eq. (15.3) and
implicitly �worst case� migration levels estimated with Eq. (7.38). A similar
procedure was used for a series of other polymers used in packaging applications,
the results being summarized in Table 9.1.
For a plastic packaging made from one of the polymers given in Table 9.1, if

one knows the Mr of the migrant and T as well as all input parameters listed
above one can quite easily calculate, even with a scientific pocket calculator, with
Eq. (7.38) a �worst case� migration scenario and compare the obtained result
with the specific migration limit (SML) of the given migrant. To make such a
procedure more user-friendly the FABES GmbH research company released a
couple of years ago the dedicated software MIGRATEST�Lite (Mercea and
Piringer 2004).
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9.2
MIGRATEST�Lite – A User-Friendly Software for Migration Estimations

The aim in developing MIGRATEST�Lite was to provide to a large spectrum of
potential users from industry and research and development as well as from the
enforcement laboratories a user-friendly tool for a quick and easy estimation of
migration of substances fromplastic (polymeric)films into foods and food simulants.
A special emphasis was to conceive the software in such a manner to include the
actual aspects and data from the EU documents related to migration regulation and
especially to those mentioned in summary above. The next four sections are
dedicated to offer a brief presentation of MIGRATEST�Lite, along with some
representative case examples.

9.2.1
Basic Features of MIGRATEST�Lite and Input Data Menus

This software was conceived to be installed on IBM compatible personal computers
and was programmed to work with a Microsoft� Windows� operating system. The
hardware requirements to install andworkwith this software aremet nowadays by all
commercial PCs. The installation ofMIGRATEST�Lite is straightforward fromaCD-
ROM disk as a self-installing executable program. Once the installation procedure
and registration of the software is completed the program can be started from the
Programs menu.
A control panel, Figure 9.1, is used asmain dialogue interface of the program. From

here one can input or import all parameters needed for a migration estimation and
activate the migration calculation procedures. Once these calculations are done the
various pull-downmenus of the program can be used to edit a Migration Estimation
Report.
To produce a new set of input data in MIGRATEST�Lite one uses the five pop-up

windowswhich can be accesses, for example, either from the pull-downmenus of the

Table 9.1 Values for the A0
p and t parameters for calculation of

�upper bound� diffusion coefficients with the FABES formula.

Polymer A0
p t (K) Temperature of use (�C)

LDPE/LLDPE 11.5 0 <80/<100
HDPE 14.5 1577 <120
PP (homo and random) 13.1 1577 <120
PP (rubber) 11.5 0 <100
PS 0 0 <70
HIPS 1.0 0 <70
PET 6 1577 <175
PBT 6.5 1577 <175
PEN 5.0 1577 <175
PA 2.0 0 <100
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program or from the command-buttons placed on the tool bar. A brief description of
the features of these pop-up windows is given in the followings.
To input the data characterizing the plastic material one uses the pop-up window

shown in Figure 9.2. Here, one specifies the nature of the polymeric sample, its
constant thickness, dP, and density, rP.
A special feature of MIGRATEST�Lite is the possibility to chose the plastic

material from two predefined lists that, in fact, contain the information given above
in Table 9.1.
The pop-up windows shown in Figures 9.3 are for entering the input data for the

migrant.
Here one specifies the nature of the migrant, its molecular weight,Mr, and initial

concentration, cP,0, in the matrix of the plastic material. Another important feature
implemented in this pop-upwindow is the calculation of the diffusion coefficient,DP.
As one can see fromFigure 9.3 the user ofMIGRATEST�Lite can select the type of

themigrant from two predefined data banks, namely a list of �Additives &Monomers
which canbe considered formigrationmodeling� and the �SynopticDocument of the
European Commission,� respectively. The first data bank comprises more than 300
substances, which were listed in the Practical Guide mentioned above while the
second data bank gathersmore than 3400 substances. Search functions help the user
to find a substance in these data banks.
The calculation ofDP is done inMIGRATEST�Lite in the framework of the pop-up

windows shown in Figure 9.4.
There are two important features here. First, one can specify the so-called tempera-

ture pattern for the migration process by choosing one of the three options below:

. during the whole migration process the contact temperature is constant
T1¼ constant,

. during the migration process there are two constant temperature regimes
T1¼ const and T2¼ const, and

. the migration takes place at three constant temperatures
T1¼ const, T2¼ const, and T3¼ const.

The second feature is the calculation of DP with the FABES Formula given
in Eq. (15.3). When one uses this menu in conjunction with a polymer selected
from one of the two predefined lists mentioned above the software automati-
cally imports into the FABES formula the corresponding parameters listed in
Table 9.1.
In order to perform a migration estimation with MIGRATEST�Lite input data

about the food or food simulant which is in contact with the polymeric packaging
are needed. To specify these inputs one uses the pop-up windows presented in
Figure 9.5.
Here, one can select/specify the type of food/simulant in which the substance

migrates by selecting data from:

. the list of food simulants used in the EU (Directive 97/48/EC) or

. the list of real foods given in the EU document 85/572/EEC.
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The convention resulting from the EU Directives determines that in MIGRA-
TEST�Lite the density, rF,of these food simulants and real foods is considered to be
1 g/cm3.
Besides the options to select an input data about the contact medium from one of

the two lists mentioned above the user of MIGRATEST�Lite can also define a
medium of her/his choice. For this one uses the option �User defined Foodstuff�
from Figure 9.5.
An important parameter for the estimation of migration with Eq. (7.51) is the ratio

between the area of the plastic packaging, A, and the volume, VF, of the packaged
good/food. To input this information for the algorithms of MIGRATEST�Lite one
uses the pop-up windows shown in Figure 9.6.
Here one has the options:

. to chose the conventional EU packing – with an area-to-volume ratio of A/VF¼
600 cm2/1000 cm3,

. to chose the conventional FDA packing – with an area-to-volume ratio of
A/VF¼ 645.16 cm2/1000 cm3, or

. to specify the dimensions of one from the nine predefined geometrical packaging
shapes (rectangular, cylindric, conic, etc.) or to specify the dimensions of one of the
three predefined types of sample plates.

As mentioned in Chapter 7 the migration from a plastic material into a contact
medium strongly depends on the contact temperature,T, and its duration, t, as well as
on the partitioning of the migrant between the plastic and contact medium, see for
example, Eq. (7.51). In MIGRATEST�Lite one can input these data in the pop-up
window shown in Figure 9.7.
The test temperatures T and times t as recommended by the EU Directive

97/48/EC for migration testing are summarized in two small databases from
which the user can select the test conditions for its migration estimation run. On
the other hand, in MIGRATEST�Lite there is also an option to input user-defined
contact conditions.
For the partitioning coefficient, KP,F, one has in principle the following

possibilities (Hinrichs and Piringer 2004):

. to use the convention established in the EU Practical Guide, Ref. , and chose KP,

F¼ 1 or KP,F¼ 1000 for migrants which are highly soluble or, respectively, less
soluble in the contact medium or

. to define a real value of KP,F (known from experiment and/or literature).

Important notice! It is known thatKP,Fmay dependnoticeably on test temperature/s
T. This is a rather complex dependence that is influenced by a series of parameters
linked to the nature of the migrant and food/simulant. Because of the complexity of
the problem it was beyond the scope of MIGRATEST�Lite to implement a
�temperature sensitive� KP,F. It means that if the user specifies for a certain T a
KP,F but afterward changes T the program will not recalculate KP,F.
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In the software MIGRATEST�Lite a series of simple, warning and error messages
help and guide the user through the program. However, a detailed description of
these features is beyond the scope of this chapter.

9.2.2
Estimation of Migration with MIGRATEST�Lite

Once all data about the polymer-migrant and food/simulant system and, respectively,
contact conditions have been defined/specified one can activate the menus of the
main program to perform several types of migration calculations. The procedures to
obtain these results are straightforward and user-friendly. Basically, one can run
estimations for two different tasks.
First, there are so-called straight �migration estimations� (MEs). Here, one

estimates the amount substance migrated from the material (polymeric packaging
or sample plate) into a foodstuff or a food simulant.
Then there is a �maximum initial concentrations� (MIC) estimation mode. Here,

one can calculate the initial concentration of the migrateable substance in the
finished polymeric article for which the migration process would lead to substance
concentrations in the foodstuff or food simulant equal to the specificmigration limit
(SML) of the substance (migrant).
In MIGRATEST�Lite one can compute these migration results for two types of

migration process configurations, namely: one sided migrations (OSM) and two
sided migrations (TSM), respectively.
From a physical–chemical point of view one can calculate with this software results

for two types of migration process assumptions.
First, there is the equilibrium transfer (ET) migration assumption. Here, it

is considered that the transfer of the migrateable substance from the poly-
meric sample into the foodstuff/simulant has already reached a thermodynamic
equilibrium level. The ET results are computed using classical mass-balance
equations.
Second, there is the time-dependent migration (TDM) assumption which is

quantified with Eq. (7.51).
As one can see fromFigure 9.8 the programcalculates for anETorTDMthree types

of migration results:

. the amount of substance,mF, – in miligrams (mg) –migrated from the polymeric
sample into the food/simulant,

. the mass concentration, CF – in milligrams of migrant per kilogram of food (mg/
kg) – of the migrant in the food/simulant, and

. the amount of migrated substance per unit contact area, mF/A – in (mg/dm2).

For maximum initial concentration (MIC) calculations the software delivers two
types of results:

. themaximum initial concentration of substance in the finished polymeric sample,
C�
P;0 – milligrams of migrant per kilogram of polymer (mg/kg) – for which the
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migration process would lead to a migrant concentration in the food/simulant
equal to SML, and

. the maximum initial amount of migrant in the polymer per unit area, m�
P;0=A, in

(mg/dm2).

9.2.3
Output Information Delivered by MIGRATEST�Lite

The software produces a series of output files which can help the user to analyze and
annotate the performed migration estimation and/or archive it for further use.
The input data and information about the type of analytical algorithms used to

calculate the migration are summarized in a so-called Input Data Bulletin (IDB) (see
Figure 9.9). This bulletin can be previewed on the monitor and/or can be printed.
Then the obtainedmigration results and graphs are summarized in an Estimation

Results Bulletin (ERB).
Both the IDB and/or the ERB can be printed as a hard copy.MIGRATEST�Lite offers

the user the possibility to add and/or annotate an ERB with its own comments. This is
additional to the �Conclusions� which the program draws automatically by comparing
the estimated results with the SpecificMigration Limits (SML) from the EUdocuments.
Another important feature included in the program is the possibility to export

independent text files (format *.txt) containing the results for the TDM estimations
and used by the program to draw the time-dependent graphs. Such a file can then be
used with a program like Microsoft Excel or Origin to draw more complex graphical
presentations.
Finally the user has the possibility to save on disk both the input data as well as the

estimations results. The program produces specific files with the *.MTS name
extension.

9.2.4
Case Examples Computed with MIGRATEST�Lite

In Chapter 7, it was shown how one can solve a series of migration case examples
(CEs) by using simple calculation tools and data tables available in the literature. In
the following we will show how these CEs can be solved withMIGRATEST�Lite and
the results produced by the program in this respect.
The first CE is Example 7.4 fromChapter 7. To solve this CE the software needs as an

additional inputdata only the initial concentration, cP,0¼ 1000ppm,of themigrant in the
circular polymer plates. After specifying all input data – a procedure for which a few
minutes are needed – the TDM migration estimation can be started by activating the
corresponding command button from the main Control Panel of the software – see
Figure 9.1. To plot the time dependence of the relative amount ofmigrant which left the
polymeric circular plates onemust use the export feature of the programandgenerate an
export datafile *.txt. By importing thisfile into a graphical program– for example,Origin
from Origin Lab – one obtains the graph shown in Figure 9.10.

278j 9 User-Friendly Software for Migration Estimations



Fi
gu

re
9.
9
a)

M
IG
R
A
TE

ST
�
Li
te

re
po

rt
s.

9.2 MIGRATEST�Lite – A User-Friendly Software for Migration Estimations j279



From this figure one can see that the result computed with MIGRATEST�Lite is
47.5%which is slightly higher than that given in Chapter 7, 46.1%. This difference is
caused by the fact that in Chapter 7 the solutions for the equation tan qn¼�aqn were

a)     KP,F = 1.0

b)   KP,F = 133.0

Figure 9.10 Time-dependent migration calculated with
MIGRATEST�Lite for Examples 7.4 and 7.5.
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taken only as approximations while in the software this equation is fully solved with a
numerical procedure.
The next CE is Example 7.5 from Chapter 7. This is, in fact, the above CE in which

the partitioning coefficient,KP,F, is taken 133 instead of unity. To implement this new
situation in MIGRATEST�Lite requires only to switch in Example 7.4 to the pop-up
window �Data about the Contact Conditions� and input 133 in the box corresponding
to the partitioning coefficient. With a few more mouse clicks one obtains the TDM
calculations and a new graph from which one can see that in this case the relative
amount.
The last CE is Example 7.6, in which themigration process from Example 7.4, was

calculated with Eq. (7.39) the so-called error function solution of the differential
equation. This solution is implemented in the software MIGRATEST�Lite too – in
the pull-down menu �Estimations ! Approximations for the Time Dependent
Migration.� This makes it very easy and user-friendly to compute the migration
with this formula too. The result obtained is 48.02%, which is again slightly higher
than the result reported in Chapter 7 – 47.5%. The difference between the results is
caused by the fact that in Chapter 7 the value of the error function was estimated by
linear interpolation from Table 7.1 while in MIGRATEST�Lite exact values for this
function are used.

9.2.5
Migration Estimations with the MIGRATEST�EXP Software

In Chapters 7 and 8, it was mentioned that in practice there are many situations in
which themigration process cannot be quantifiedwith analytical formulae (either the
one given in Eq. (7.51) nor other analytical expressions). This is the situation, for
example, whenmigration takes place from amonolayer plastic into a solid food and/
or when the packaging is made of a multilayer structure. The same is true when a
mono ormultilayer plastic swells during the contact with a food, which determines a
local change of the diffusion coefficient. Although in principle in these cases too the
time-dependent migration can de described with Fick�s differential equation, its
solution can be obtained only be numerical procedures (Mercea and Piringer XX). A
brief presentation of how one can settle such a problem was given in the preceding
chapter. However, the development and use of such a computational technique is
quite demanding and certainly beyond the possibilities of a scientific pocket
calculator. Aware of this situation we developed MIGRATEST�EXP, a user-friendly
software to address migration estimations where a numerical solving of the differ-
ential migration equation is needed.
In the followings a short presentation of the main features of this computational

tool will be discussed. Its capabilities will be demonstrated by solving someCEs taken
from the practice.
The softwareMIGRATEST�EXPwas conceived to be installed on IBM compatible

personal computers and was programmed to work with a Microsoft� Windows� XP
or Vista operating system. The hardware requirements to install and work with this
software aremet nowadays bymost of the commercial PCs.However, due to thehigh-
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computational work asked from the PC during the running of the numerical
algorithms it is recommended to use a powerful PC. The installation of the program
is straightforward from aCD-ROMdisk as a self-installing executable program.Once
the installation procedure and registration of the software is completed the program
can be started from the Programs menu. At the beginning the program starts with a
welcome window – Figure 9.11 –where the user may chose to open an already saved
migration estimation file or start to work on a new case.
When starting a new migration estimation routine with MIGRATEST�EXP the

user is asked first to define its multilayer system and the diffusion time, t, and
temperature, T, patterns. The program allows the definition of amultilayer with up to
five layers and a diffusion patternwith up to three consecutive levels of constantT, see
Figure 9.12(a)).
The next step in the data input procedure is to define the nature and geometrical/

physical parameters of each layer and the nature of the migrant and its initial
concentrations in each of the layers. For this, one uses the input fields shown in
Figure 9.12(b)). The information about the type of polymer and migrant can be
selected – as in MIGRATEST�Lite – from predefined data banks. The diffusion and
partitioning coefficients in themultilayer system are defined in the framework of two
special pop-up windows (see Figure 9.12).
From Figure 9.13(a) one can see that the diffusion coefficients can be calculated

either with the FABES formula, Eq. (15.3) or with an Arrhenius type of equation
DP¼D0e

�E/RT. Once all necessary input data were specified one can start the
numerical computation of the diffusion of the migrant in the multilayer structure
during itsmanufacturing and storageusing thepop-upwindowshown inFigure9.14.
Here, the user can fine tune the precision of the computations and its duration by
selecting for the discretization of the multilayer an appropriate number of mesh

Figure 9.11 The Welcome window of the software MIGRATEST� EXP.
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points. As a rule of the thumbadoubling of thenumber ofmeshpoints leads to a four-
fold increase of the numerical computation time. The progress of computation is
shown by a time gauge. The program also displays a message box where the user is
informed if the computation is expected to last longer than several minutes. As soon
as the numerical computation is finished one can display the obtained results.

a)

b)

Figure 9.12 The main data input pop-up windows of
MIGRATEST� EXP to be used to define the parameters of the
migration process.
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There are two types of graphs shown by the program:

. migrant concentration profiles in the multilayer, and

. the time-dependent evolution of the mean migrant concentration in each layer of
the system.

These results can be printed on paper, exported to another application (Microsoft�

Excel�, for example) or saved as a file on a hard-drive.

a)

b)

Figure 9.13 The pop-up windows of MIGRATEST� EXP for
defining/specifying the diffusion and partitioning coefficients.
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Once the process of migrant diffusion within the multilayer structure during the
manufacturing and storage is computed MIGRATEST�EXP allows one to estimate
the migration from this structure into a contact medium (food, pharmaceutical
environment, etc.) For this one uses the pop-up windows and input fields shown in
Figure 9.15(a) and (b). The program allows simulations of migration into all types of
homogenous contact media in which the migrant exhibits, at a given temperature, a
constant diffusion coefficientDF. The calculation of this diffusion coefficient as well

a)

b)

Figure 9.15 The main data input pop-up windows of
MIGRATEST� EXP to be used to define the parameters of the
migration process.
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as the specification of the partitioning coefficient at the multilayer – medium
interface can be performed in a similar manner as shown in Figure 9.13. The
computation of themigration process is started from a pop-upwindow similar to that
shown in Figure 9.14.Here, one can again fine tune the precision and duration of the
numerical computation by adjusting the number of mesh points used for the
discretization of the multilayer – medium system.
The results obtained are plotted as migrant concentration profiles in the multi-

layer – contact medium system or as the time-dependent evolution of the mean
migrant concentration in each of the layers, see Figure 9.16. A special feature of
MIGRATEST�EXP is the possibility to zoom in into a region of theOX-axis. It means
that one can enlarge a certain portion of the graphs in order, for example, to better
discriminate/show the obtained results – see bottom graphs in Figure 9.16.
Using the various menus of the software one can print on paper, export to another

application or save as a file the migration estimation results obtained as well as all
input data used to perform the simulations.

9.2.6
Case Examples Computed with MIGRATEST�EXP

In Section 9.2.5, it was already mentioned that one of the simplest situations from
practice where themigration process can be quantified with numerical algorithms is
the transfer of a substance from a monolayer material/plastic into a solid homoge-
nous contact medium (food or nonfood) in which there is a time-dependent
diffusion. It means that the mobility of the migrant in the matrix of the contact
medium, DF, is not large enough to ensure an instant well-mixing of the migrant in
the entiremass of the contactmedium.. In the food packaging practice this is the case
with a large number of foods, for example, dairy products,meat, salamis, or chocolate
spreads. Such situations were recently investigated experimentally in the framework
of the �Food-Migrosure� EU-Project (Chapter 11), and the results obtainedfittedwith
theoretical computations generated with MIGRATEST�EXP. In Figure 9.17 the
results obtained for several real foods are shown and one can see that bothDFand the
partitioning coefficient, KP/F, at the polymer–food interface depend on the nature of
the contact medium.
The software MIGRATEST�EXP can be used to obtain quick computations along

with graphical presentation for some of the case examples presented in Chapter 7.
Using the input data specified for Examples 7.1 and 7.2 one obtainswith this software
the result shown in Figure 9.18. From Figure 9.18(a), one can see that at 25 h the
migrant concentration at 1mmdeepness into the secondwheel of cheese is 33.6mg/
kg while the more approximate calculation procedure used in Chapter 7 led to only a
slightly higher value, 34mg/kg.
The same good agreement is obtained between the migrant concentration

profiles calculated with MIGRATEST�EXP and the results given in Chapter 7 for
Example 7.2, see Figure 9.18(b) and Section 7.2.3.
With the numerical software MIGRATEST�EXP one can also compute quickly

and precisely Example 7.3 which, in fact, is very similar to the examples discussed
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above. The result computed by the software for the migrant concentration at the
outer boundary of the second plastic film at migration time, t¼ 1min, is 9.85mg/
kg. This value is somewhat lower than the 14.8mg/kg calculated by using
Eq. (7.33). This discrepancy results from the assumptions made in the develop-
ment of Eq. (7.33) that, in fact, gives only an approximate of the concentration
profiles in the second film.
One of the simplest migration applications which can be estimated with the

MIGRATEST�EXP software is the migration of a residual substance X from a three-
layered structure in which a recycled polymer is coextruded between two fresh
(virgin) polymers of the same make. Let us assume that the total thickness of such a
polyethylene therephthalate, PET, multilayer is 600 mm and that its three layers are
equally thick. The residual substance/migrant from the core layer has a molecular
weight of 220.4 g/mol and its diffusion coefficient in PET at room temperature is
about 7· 10�16 cm2/s and 5 · 10�8 cm2/s at the melting point of this polymer.
Further, let us assume that after coextrusion the multilayer cools down to room
temperature in about 15 s and afterward the bottle produced is stored at room
temperature for a week before being filled with a soft drink. What we would like to
estimate is the degree of contamination of the virgin PET layers with the residual
substance during the manufacturing and storage of the bottle and then the time
needed by this migrant to diffuse through the food contact layer and start contami-
nating the soft drink. The results computed with MIGRATEST�EXP are shown in
Figure 9.19.

Figure 9.17 Migration of diisopropylnaphthaline, DIPN, from an
LDPE packaging film into real foods.
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a)

b)

Figure 9.18 Migrant concentration profiles in the vicinity of the
interface between the two wheels of cheese as discussed in
Examples 7.1 and 7.2.
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a)

b)

Figure 9.19 Migration from a PET bottle with a recycled core layer.
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From Figure 9.19(a) one can see that during the high temperature coextrusion of
the PET bottle a certain degree of migration of the residual substance from the
recycled layer into the adjacent ones occurs.However, because the PET bottle reaches
room temperature already after 15 s this contamination is limited to about 30 mminto
the virgin PET layers. During the storage of the bottle for a week at room temperature
before its filling with the soft drink there is virtually nomore diffusion of the residual
substance through the virgin PET layers. Thus, at the time point of the bottling of the
soft drink into the PET bottle its inner surface is free of migrant. Because at room
temperature the diffusion coefficients of the migrant in PET is very low the time
needed by the migrant to reach the inner surface of the bottle and thus, start to
contaminate the soft drink is about 13 years, see Figure 9.19(b). The length of this
contamination �time lag� strongly depends on the temperature. If, for example, the
PET bottle is stored for a week at 60 �C (for example, in a car parked in the sun)
the contamination �time lag� not only decreases about one order of magnitude but
the migrant concentration in the soft drink is also much higher. This is due to the
fact that during the �hot week� the diffusion coefficient of the migrant in the PET
layers increased more than two orders of magnitude!
Contamination of the food contact layer often occurs in practicewhenmultilayered

packaging materials are piled-up or wound-up in a reel during the time from their
manufacturing touse in the foodprocessing plant. This process can also be simulated
with the software MIGRATEST�EXP.
The migration of a photo initiator, PHI, from the imprinted outer surface of

polypropylene, PP, yoghurt cups was investigated experimentally. After being
manufactured in a food packaging plant some of the yoghurt cups were left �free
standing� while the other were �piled-up.� Both types of cups were stored at room
temperature for 30 days and then conditioned at 40 �C for 10 days. Afterward cutouts
were taken fromeach type of PP cup and themigration of the PHI in 95%ethanol was
determined for 1 day at 70 �C. For the �free standing� PP cups the mean concentra-
tion of PHI in the food simulant was about 6 mg/kg while in the �piled-up� a six times
highermeanmigrant concentration was found. Tofit these experimental results with
MIGRATEST�EXP the following assumptionsweremade, seeFigure 9.20(a).During
the manufacturing, storage, and conditioning of the PP cups the PHI diffuses from
the printing ink layer into the matrix of the cup. This determines a contamination
of the yoghurt cup. However, qualitatively and quantitatively this process differs for
the two types of PP cups considered. For the �free-standing� cups the diffusion is
one-directional from the printing ink layer toward the inner surface of the PP layer
(what will become later the food contact layer), see the left graph in Figure 9.20(a).
The inner surface of a piled-up PP cup is, in fact, in contact with the printing ink layer
of the next PP cup. If the contact between the piled-up cups is good enough, a
migration of PHI from a printing ink layer into the PP layer of the preceding PP cup is
possible, too. This, invisible �set-off� process was simulated with MIGRATEST�EXP
and the result obtained is shown in the right graph of Figure 9.20(a).
To fit the experimental results reported above it was necessary to assume that the

rate of PHI diffusion into the PP cup due to the invisible �set-off� is somewhat lower
than that due to diffusion from the imprinted surface of the PP cup. But this
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assumption is reasonable if one takes into account that the ink imprinted on a PP cup
is in much intimate contact with the polymer than the printing ink of the next cup
from the pile-up. With this assumption, a good agreement is obtained between the
experimental results and the estimated ones, Figure 9.20(b). The other important
conclusion from the simulations performed with MIGRATEST�EXP is the fact that
in case of an invisible �set-off� a certain degree of contamination of the packaged food
withmigrants from an outer layer is possible, even if themultilayer contains a perfect
barrier (an aluminum layer, for example). Moreover, this contamination starts as
soon as the food in brought into contact with the inner surface of the packaging (see
right graph in Figure 9.20(b)) and not only after a certain �time-lag� as in the case of a
�free-standing� PP cup, left graph in Figure 9.20(b).
Themigration processes from a plasticmaterial into certain types of contactmedia

are often influenced by a boundary resistance at their interface. Such a situation can
be simulated with MIGRATEST�EXP by assuming that the boundary resistance
occurs, which occurs in a very thin layer at the interface, is caused by a very low
partitioning (solubility) of the migrant in this layer. In Figure 9.21, such a scenario
was simulated for the case examples discussed in Reid et al. 1980 and which were
derived from the problem of plasticizer migration from PVC into aqueous solutions.
In such cases, the amount of migration might be very sensitive to type and degree of
agitation of the aqueous solution. Let us assume that a 200-mm thick plastified PVC
film is in contact with a finite amount of an aqueous solvent, dF¼ 2000mm. Further,
in the absence of agitation, let us assume that at the interface between the twomedia a
thin boundary layer, about 5mm, is formed. This layer hinders to a certain degree the
migration of the plasticizer because of its very low solubility in the layer.
Themigration of the plasticizer with cP,0¼ 100mg/kg from the PVC sample in the

aqueous solution was numerically simulated both with and without taking into
account a 5-mm thick boundary layer between them. The results obtained show that
assuming a low solubility of the migrant in the boundary layer, K1,2� 104, changes
not only the level ofmigration inF but also the beginning of themigration process the
shape of the time-dependent migration curve. In the absence of a boundary resis-
tance the time-dependent migration curve is, up to about 60% from its equilibrium
level, linear with the square root of themigration time, t1/2.With boundary resistance
the same curve is linear with t. From Figure 9.21(a) one can see that as the effective
boundary layer thickness is increased, the quantity of the plasticizermigrated into the
aqueous solution decreases. The other effect of this boundary layer is a very
accentuated slow down of the contamination of the aqueous solution with the
plasticizer.
In conclusion one can state that with the development of the user-friendly software

MIGRATEST�Lite and MIGRATEST�EXP the interested user has the necessary
tools to estimate/simulate a very broad range of migration problems occurring in
practice. The examples presented above are only a very few types of problems which
can be addressed with these software. Their capabilities are much wider and with a
little practice an user from industry, R&D or an enforcement agency, will certainly be
able to estimate/simulate most of the specific migration problems encountered in
his/her work.
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a)

b)

Figure 9.21 Migration from a HDPE film into a semi viscous food. Effect of a boundary layer.
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10
Permeation of Gases and Condensable Substances Through
Monolayer and Multilayer Structures
Horst-Christian Langowski

10.1
Introduction: Barrier Function of Polymer-Based Packaging

Sensitive foods and encapsulated technical products are generally sensitive to their
surroundings, in particular to oxygen and water vapor. Transfer of other substances
both into and out of products can also adversely affect the quality of those products,
for example loss offlavors from foods and contamination of encapsulated products by
foreign outside substances. In practice this means that thematerials used to package
or encapsulate these products must possess barrier functions against water vapor,
oxygen, and many other substances. The magnitude of these barriers must be
selected depending on the sensitivity of the products. Figure 10.1 schematically
shows the current barrier property requirements that packaging and encapsulating
materials have to fulfill for a variety of products. Plastics are often used for packaging/
encapsulating due to their flexibility, transparency, low weight, and ease of proces-
sing. However, the permeabilities of favorably priced commodity polymers (for food
packaging) and also more expensive specialty polymers (for encapsulation of
technical devices) to water vapor, oxygen, and other substances are far too high for
most applications. Figure 10.2 shows the oxygen and water vapor permeabilities of
commodity polymers that are currently used for food packaging applications.
Figure 10.3 shows the same parameters for technical polymers used for encapsula-
tion, in polymeric coatings and in adhesives. In both these figures the permeability
values are normalized to a thickness of the polymer of 100mm.
It was against this background that work began in the 1960s to improve the

barrier properties of plastic materials. In addition to the straightforward method to
combine the less expensive, more permeable commodity polymers with special
barrier polymers or with metallic foils in the form of multilayers, other hybrid
structureswere developed. First successful attemptsweremade via vacuumcoating
of polymeric surfaces with thin layers of aluminum, subsequently also with
transparent oxides, both types of layers in a thickness range between typically
10 and 100 nm.

Plastic Packaging. Second Edition. Edited by O.G. Piringer and A.L. Baner
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31455-3
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A general remark is to be given already here concerning the usage of the words
�film� and �layer�: In different scientific and technological areas, the word �film� is
used for two different types of structures:

1. For flat, large-area polymericmaterials, in thickness ranges from less than one up
to several hundreds or even thousands of micrometers.

2. For thin plane structures deposited on top of different types of substrates, in
thickness ranges from less than one nanometer up to thousands of nanometers
(see, e.g., the name of the related scientific journal Thin Solid Films).

To facilitate the discrimination between these two different types of structures, the
word �film� will be used in this chapter only for the former one, e.g., for extruded or
coextruded large area plastic films. Films of this kind are usually produced as
independent structures without the need for a supporting substrate.
For the latter kind of structures, theword �layer�will be used in this chapter instead

of �film.� �Layer� will also be used for the single elements ofmultilayer polymerfilms
and containers, where different polymer layers are connected to form one film or one
containerwall. According to this definition, themajor difference between afilm and a
layer is that the latter does not exist alone, but always in combination with a substrate
or together with other layers.
In the simplest case the barrier systems in current use consist of a plastic substrate

with a thin barrier layer applied on top of this.However, as this layer can be very easily
damaged, such systems are only used for plastic containers (mostly PET bottles).
These bottles usually have an interior barrier layer coating which is hence protected

S
T
P

Figure 10.1 Barrier properties as required for
different product sectors (dotted circles) and
performance of the following encapsulation/
packaging materials (shaded areas): (0)
polymeric substrates alone, (1) polymeric
substrates with one inorganic barrier layer,

industrial standard, (1a) polymeric substrates
with one inorganic barrier layer, special coating
processes, (2) systems with two pairs of
inorganic/polymeric layers. Reference
temperature: 23�C. After (Langowski, 2003b).
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from the outside world by the container wall. Forfilm systems, a further polymerfilm
always has to be applied to the barrier layer. In some cases this takes the form of a
lacquer layer but usually it is an adhesive which then allows a further sealable film to
be laminated on top of this.
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Figure 10.2 Transmittance (i.e., permeability normalized to
100mmmaterial thickness) for oxygen and water vapor, for typical
packaging polymers, at 23�C. Additional scales are shown for
permeation coefficients in SI units. a : Commodity
thermoplastics, b : frequently used barrier polymers,
c : specialty polymers.

PE-LD Low-density polyethylene
PE-HD High-density polyethylene
PP Polypropylene
BOPP Biaxially oriented PP
COC Cycloolefin copolymer
PEN Polyethylene naphtalate
PET Polyethylene terephthalate
PAN Polyacrylonitrile
PA 6 Polyamide 6
PVC-U Polyvinyl chloride, nonplasticized
PVC-P Polyvinyl chloride, plasticized
PLA Polylactic acid
PS Polystyrene
PC Polycarbonate
PVDC Polyvinylidene chloride
EVOH Ethylene-vinylalcohol copolymer (percentage: fraction of ethylene)
Cellulose regenerated cellulose hydrate (former name: Cellophane)
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Figure 10.3 Permeability for oxygen and water vapor, normalized
to 100-mm thickness (transmittance) for technical polymers, at 23
�C. In addition: scale for permeation coefficients, in SI units.

PSU Polysulfone
PC Polycarbonate
PP Polypropylene
ETFE Ethylene-tetrafluoroethylene-copolymer
ECTFE Ethylene-chlorotrifluoroethylene copolymer
PI Polyimide
PVDF Polyvinylidene fluoride
PET Polyethylene terephthalate
PVF Polyvinyl fluoride
PA 6 Polyamide 6
PAN Polyacrylonitrile
PEN Polyethylene naphtalate
PVDC Polyvinylidene chloride
PCTFE Polychlorotrifluoroethylene
PVOH Polyvinyl alcohol
LCP Liquid crystal polymer
Ac Acrylate coating
PUR, 2 C 2-Component polyurethane adhesive
ORMOCER Inorganic–organic hybrid polymer
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To improve the barrier properties of polymers with the help of inorganicmaterials,
an alternative method exists to coating: Inorganic particles can be included in the
polymeric matrix. Also in the 1960s, theoretical work showed the options of such a
strategy, especially for platelet-shaped particles with a high ratio of length vs.
thickness, the so-called aspect ratio, and a high degree of mutual alignment. Nearly
30 years later, polymers filled with nanoparticles were developed which today, in
some cases, either serve as an alternative to polymeric-inorganic layer structures or
they are simply used for a lower barrier improvement of the bulk polymer, for less
stringent barrier requirements.
Today, the following four groups of systems with barrier functions made on the

basis of inorganic layers or particles can be found on the packaging market:

1. Plastic film substrates coated with thin inorganic barrier layers by vacuum
deposition methods. In packaging applications, these structures are always used
with additional polymeric layers or polymeric films on top of the inorganic layer. It
can be estimated that by far more than 15 billions of square meters made by this
method are used worldwide for packaging laminate films. The majority of these
films is made via vacuum coating of films from PETand BOPP with aluminum, a
smaller fraction (about 1billionof squaremeters, calculated fromSmith,2006)uses
transparent oxides (silicon oxide, aluminum oxide) as inorganic barrier materials.

2. Plastic containers with different types of barrier layers. The basic material for
them is PET. Overall, an equivalent of about 0.5 billion of square meters is
produced on the basis of different techniques. Themajority of high-barrier plastic
containers are made on the basis of polymeric multilayers, often with additional
chemical oxygen absorption functions (so-called scavenger functions) integrated
into the polymeric material. To improve the barrier function further,
nanoscale platelet-shaped silicate mineral particles are incorporated into the
polymericmaterial. A smaller fraction of plastic high-barrier containers are coated
on their interiorwith thin transparent barrier layers.Chemically, a fractionof these
layers is similar to transparent layers from silicon oxide, which are deposited on
polymeric film substrates. Another fraction consists of amorphous carbon.

3. A third group of polymeric hybrid barrier materials is found in the market in
much smaller quantities than the two groups above. This group consists of
nanoparticles embedded in a polymeric matrix as the specific barrier layer. It
contains two sub groups:

. One sub group is mainly represented by polyamides (PA 6 or the aromatic
polyamide MXD 6) and polyethylene terephthalate (PET), all filled with exfoli-
ated layer silicate structures in amounts of some per cent by weight.

. In the other sub group, the barrier is created by a lacquer layer, in which the
polymeric binder is again filled with exfoliated layer silicate particles.

4. Finally, a specific class of flexible materials is being developed for technical applica-
tions in which the highest barrier properties are required to protect optoelectronic
devices,photovoltaicmodules,thermalinsulators,orthinfilmbatteries(Gross,2006)
predominantly againstwater vaporandoxygen.Theyconsistofmultilayerstructures
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of alternating thin layers from inorganic and polymeric materials, deposited on a
flexible polymeric substrate.

10.2
Permeation Through Polymeric Materials

Although the principles of permeation of substances through polymers have been
described in detail in the literature (Comyn, 1985) and relevant data is available for a
variety of polymers and substances (Pauly, 1999), the situation is very different for
heterogeneous structures incorporating inorganic particles and thin inorganic layers.
The key difference between polymers and inorganicmaterials is that themechanism
of solution-diffusion, which accurately describes most polymer/substance combina-
tions, seldom applies to different kinds of inorganic materials. Already the pioneers
in the area of substance transport through solids, polymers, and glasses (Barrer, 1941;
Perkins, 1971) realized that in the bulk volume of intact solids and glasses, solution
and diffusion of molecules only occurs to a very limited extent and that substance
transport through these materials is largely dictated by defects.
With regard to the mechanisms of substance transport through systems compris-

ing polymeric substrates and inorganic barrier layers, in some cases with additional
polymeric layers on top, the following distinctions can be made:
In polymeric materials, permeating substances are able to be dissolved in a quasi-

homogenous way, meaning that the permeation process can also be considered to be
homogenous. Evenwhensuchpolymermaterials consist of several phases (for example
partially crystallinepolymers), the sizeof the structures is relatively small compared to
thesizeof thebulksampleandthephasesarestatisticallydistributed,meaningthat it is
notnecessary toconsidersubstancetransportprocesses tobe localized.This isvalidfor
single layer and multilayer polymer substrates, which are employed in thicknesses
ranging fromjust a fewmicronsuptoseveralhundredmicrons, andalsopolymer layers
formedfromlacquersoradhesives,usuallyhavinga thicknessofa fewmicronsor less.
The characteristic parameters for substance transport inmany polymers are available
in the literature (Comyn, 1985; Pauly, 1999).
For inorganic layers, which are applied to polymer substrates in thicknesses ranging

from about 10 nm to several hundred nanometers, substance transport is mainly
localized at defects. The substance flow through the intact layer material is negligibly
small comparedtosubstancetransport throughthedefects.Thediametersof thedefects
rangefromlessthanafewmicronsdowntosometenthsofananometer.Decisivearethe
sizedistribution andnumberofdefects.These factorsdependon the substratematerial
and the quality of the surface of the substrate, the coating process, and also the layer
material itself. This will become evident below. The fact that substance transport
through inorganic layers is localized at defects necessitates that the permeationprocess
be considered differently to permeation in homogenous polymers.
Thin layers containing many pores in the nanometer and subnanometer range

represent a limiting case in which a clear separation between homogenous and
localized transport mechanisms is no more possible. In this case the sizes of the
defect structures are small compared to the size of the layer and the pores are
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numerous and statistically distributed. This can once again be considered a quasi-
homogenous material, which does however also contain larger defects. In practice,
however, these pores are very difficult to characterize and their existence mainly has
to be derived indirectly from experimental findings.
Finally, for particles which are included in a polymericmatrix, other aspects have to

be regarded. In spite of the fact that they are usually statistically distributed inside the
polymeric matrix, their shape and their orientation plays a decisive role on the final
permeability of the resulting hybrid material.

10.2.1
Substance Transport Through Monolayer Polymer Films

The theoretical basis for the permeation of substances through polymers has already
been laid down in Chapter 7. As a vast number of polymers have been studied
thoroughly over many years, a lot of information can be found in the relevant
literature (see for example Comyn, 1989 and Pauly 1999).
In addition to the considerations for diffusion processes laid down inChapter 7, let

us remember the elementary steps of the permeation of a substance through a
polymeric sample (see especially Piringer 2000) :

. Adsorption of the substance at the surface of the polymeric substrate, in higher net
amounts at the side where the concentration of the substance in the surrounding
environment is higher.

. Solution of the substance, first in the near-surface region, later – as a follow-up of
the diffusion process – in the whole bulk of the polymeric substrate

. Diffusion inside the polymer substrate bulk, under the effect of concentration
gradients, as treated in Chapter 7.

. Desorptionfromthepolymeric substrate, inhighernet amounts fromthesidewhere
the concentration of the substance in the surrounding environment is lower.

In the discussion which follows, only the case where themedium surrounding the
polymer substrate is gaseous is considered. Then the permeating substance is
characterized by its partial pressure, in the case of water vapor also via the relative
humidity which at a given temperature is proportional to the partial pressure.
The sorption coefficient/solubility coefficient S determines the concentration c of a

substance in the polymermaterial under equilibriumconditions at partial pressure p.
Thus, it links the equations from Chapter 7 with the practical conditions regarded
in this chapter. If the solubility is constant, Eq. (10.1) holds, usually named Henry�s
law.

c ¼ Sp ð10:1Þ

At the start of a permeation process, concentration gradients are time-dependent.
The resulting flow of substance is described by Fick�s first and second laws of
diffusion, see Eqs. (7.3c) and (7.4b), respectively.
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A flow equilibrium (stationary state) and a concentration profile inside the sample
that is independent of the time are only established after the so-called time lag, y.
(Barrer, 1941).
For thin polymer films exposed to oxygen and water vapor, this equilibrium is

attained over a period ranging from a few hours to several days. For more complex
layer structures, such as those described below, and for thicker films and permeating
molecules of larger size, the establishment of the stationary statemay takemonths or
even years. A description of these induction processes as a function of time is
available in a one-dimensional form for simpler laminate structures of polymer
materials (see for example Barrie, 1963; Crank, 1992). With regard to the combina-
tions of polymeric and inorganic layers under consideration here, only first ap-
proaches can be found in the literature (Graff, 2004).
The discussion which follows considers a flat sample in stationary state in which a

stationary flow regime has become established and the flow of substance is constant
as a function of time. It is also assumed that the diffusion coefficientD and solubility
coefficient S are both constant for a given combination of substance and polymer.
Under these conditions, the concentration of the substance in the surface zone of

the polymer is c1¼Sp1 on one side of the sample and c2¼S p2 on the other side, p1
and p2 being the related partial pressures of the substance in the gaseous space in
contact with the polymer.
Substitution into Eq. (7.16) gives

J ¼ �Dðc2�c1Þ=d ¼ DSðp1�p2Þ=d � Pðp1�p2Þ=d ð10:2Þ
The so-defined permeation coefficient P is the product of diffusion coefficient and

solubility coefficient:

P ¼ DS ð10:3Þ
The actual flow rate F through a sample of thickness d and area A is given by

F ¼ JA ¼ PA ðp1�p2Þ=d ¼ QA ðp1�p2Þ ð10:4Þ
where Q is now the permeability, which is a function of the permeation coefficient
and material thickness given by

Q ¼ P=d ð10:5Þ
The temperature dependence of diffusion coefficient, sorption coefficient, and

permeation coefficient can be described by Arrhenius-type equations

D ¼ D0 expð�ED=RTÞ S ¼ S0 expð�ES=RTÞ P ¼ P0 expð�EP=RTÞ
ð10:6Þ

where T is the absolute temperature, ED, ES, and EP are activation energies (specific
for a material and respective coefficients) and R is the gas constant.
In practice, the permeability of a 100-mm-thick sample of material, Q100, often

named transmittance, which is directly proportional to P, is usually taken instead of
the permeation coefficient.
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The time behavior of the transported substance in the initial phase – before the
steady state of flux has been established – can be described for a sheet of a homo-
geneous material materials having thickness d and the diffusion coefficient D in
one-dimensional form via Eq. (7.60) giving the value for the time lag y via: y¼ d2/6D.

10.2.2
Substance Transport Through Multilayer Polymer Films (Laminates)

For the permeability of laminates, namely layer systems comprising different
polymer materials, the so-called ideal laminate theory is often applied. According
to this, different polymers respectively having permeation coefficients Pi and
thicknesses di give rise to the familiar relationship for the overall permeability of
the layer system Qovl:

Q�1
ovl ¼

X
i
ðdi=PiÞ ¼ Q�1

1 þQ�1
2 þQ�1

3 þ . . . ð10:7Þ

which is analogous to Eq. (7.64).
It should be noted, however, that this relationship no longer applies as soon as a

laminate contains even a single inorganic layer. As will be shown later, approxima-
tions can be derived for certain layer systems and these permit the use of Eq. (10.7)
again under certain limited conditions.
The time behavior of the transported substance in the initial phase, however –

before the steady state of flux has been established – can nomore be calculated by Eq.
(7.60), because layers of different thickness and different values for the coefficients of
diffusion and solution, D and S, are involved. If the material consists of several
different polymer layers, the exact time behavior becomes extremely
complicated. However, a method to calculate the time lag for laminates consisting
of up to three layers has beenderived (Barrie, 1963). In the case of a three-layer system
consisting of

. layer (1) of the thickness d1, with diffusion coefficientD1 and solubility coefficient S1

. layer (2), with the related data d2, D2, and S2, respectively,

. and layer (3), with the related data d3, D3, and S3,

the following equation for the resulting time lag y123 can be applied:

q123 ¼
d21
D1

d1
6D1S1

þ d2
2D2S2

þ d3
2D3S3

� �
þ d22

D2

d1
2D1S1

þ d2
6D2S2

þ d3
2D3S3

� �
þ d23

D3

d1
2D1S1

þ d2
2D2S2

þ d3
6D3S3

� �
þ S2d1d2d3

D1S1D3S3

d1
D1S1

þ d2
D2S2

þ d3
D3S3

ð10:8Þ

It should benoted that here – in contrary to the permeability of such a systemunder
steady-state conditions as given by Eq. (10.7) – the time lag may be affected by a
change in the sequence of the layers, e.g., by a change of layers (1) and (2).
For the simpler case of a two-layer system, consisting of
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. layer (1) of the thickness d1, with diffusion coefficientD1, and solubility coefficientS1

. and layer (2), with the related data d2, D2, and S2, respectively,

the following expression is obtained, which is now independent of the sequence of
the layers:

q12 ¼
d21
D1

d1
6D1S1

þ d2
2D2S2

� �
þ d22

D2

d1
2D1S1

þ d2
6D2S2

� �
d1

D1S1
þ d2

D2S2

ð10:8aÞ

This expression allows us to compare different cases of two-layer laminates:
To improve the barrier properties of polymer films, they are often coated with other

polymers of lower permeation coefficient. Let us assume that afilmof thickness d1, the
permeation coefficientP1¼D1S1 and the permeabilityQ1¼P1/d1 has been coated by a
layerofanotherpolymerthat is thinnerbya factorof10, i.e.,ofa thicknessd2¼ 0.1d1.Let
us assume further that the thinner layer has a permeation coefficientP2 that is 10 times
smaller thanthatof thefirst layer, i.e.,P2¼ 0.1P1. In thiscase,boththe layerswouldhave
exactly the samepermeability and–according toEq. (10.7)– the total permeabilityof the
resulting laminate, Qovl, would be just half of that of the initial film before coating:

Q�1
ovl ¼ Q1

�1 þQ�1
2 ¼ 2Q�1

1 or Qovl ¼ 0:5Q1

To obtain a second polymer of a permeation coefficient lower by a factor of 10
compared to the first one, however, different selections are possible:

One could, for instance, select a polymer that has – compared to the initialfilm – a
lower solubility, but the same diffusion coefficient for the permeating substance,
i.e., D2¼D1 and S2¼ 0.1 S1.

Another option would be to use instead a material with the same solubility S for
the permeating substance, but a diffusion coefficient that is lower by a factor of
10, i.e., D2¼ 0.1 D1 and S2¼S1.

There are also barrier polymers characterized by a very low diffusion coefficient,
but higher solubility. Such a polymer, still with the same permeation coefficient,
can be simulated via D2¼ 0.01D1 and S2¼ 10S1.

All these cases would lead to the same final permeability of the laminate, but the
related time lag would show substantial differences, as can be calculated easily with
the help of Eq. (10.8a). In relation to the time lag for the permeation of the substance
through the initial monolayer film, y1, with q1 ¼ d21=6D1, the time lag for the coated
two-layer films, q12, would be

. for case 1; withD2 ¼ D1 and S2 ¼ 0:1S1 : q12 ¼ 2:02 q1

. for case 2; withD2 ¼ 0:1D1 and S2 ¼ S1 : q12 ¼ 2:2 q1

. and for case 3; withD2 ¼ 0:01D1 and S2 ¼ 10S1 : q12 ¼ 4 q1

Theintuitiveassumptionthatitispossibletoobtaintheresultingtimelaginalaminate
by simply adding the time lag values for the individual layers is, however,wrong. It does
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only work in this example because the permeability values of the individual layers are
equal. This fact can be verified by calculating case 4 with D2¼ 0.1D1, S2¼ 0.1S1,
P2¼ 0.01P1 and Q2¼ 0.1Q1, leading to Qovl¼ 0.09Q1, and y12¼ 2.94y1.
These examples show us that, in order to obtain a long lag time of a laminate, the

best technical solutions are achieved by coating with polymers of low diffusion
coefficient for the permeating substance.

10.2.3
Units for Different Parameters

A somewhat problematic issue regarding the technical literature concerns the use of
different units for the various parameters:
Quantities of substances should ideally be given in SI units by their mass or their

number of molecules (e.g., gram or mol). In daily practice, however, quantities of
substances that are gaseous under practical conditions, for example oxygen, are
usually indicated in cm3 (STP), namely gas volume units under standard conditions
(standard temperature and pressure (STP)¼ 1013 hPa, 0 �C).
For water and other condensable substances, however, their mass is usually given.

If the amount of substances that are liquid under normal conditions is again given in
cm3 (STP), this means that their mass has been transformed into gas volume under
standard conditions by assuming a behavior like an ideal gas.
For partial pressures of gases, figures are usually given in Pascal or bars, whereas

for water vapor, however, partial pressures are mainly given via their equivalents in
terms of relative humidity.
As an example, a transmittance for oxygen as usually given in the technical

literature as 1 cm3 (STP) · 100 mm/(m2dbar) is equivalent to a permeation coefficient
given in SI units of 5.16· 10�19molm�1 Pa�1 s�1.
For water vapor, a similar comparison can be made: A transmittance of 1 g · 100

mm/m2dmeasured at a difference of relative humidity fromone side of the sample to
the other of 85% to 0%, at 23�C is equivalent to a permeation coefficient of
2.69· 10�14molm�1 Pa�1 s�1.
In Figs. 10.2 and 10.3, both technical units and SI units have been indicated. Later

on, however, only units as used in the technical literature will be applied.

10.3
Substance Transport Through Single and Multilayer Polymer Substrates Combined
with One Inorganic Barrier Layer

10.3.1
Numerical Modeling

The permeation of substances through a laminate structure comprising a polymer
substrate combined with a thin inorganic layer which contains defects, was first
described nearly 50 years ago (Prins,1958). Since then a great deal of experimental
and theoretical work has been undertaken.
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Most of the theoretical studies have been based on amodel which considers a thin
inorganic layer – which is assumed to be coherent at a thickness of at least 10 nm –

that has been applied to a polymer substrate. The model assumes that substance
transport through this layer occurs in the regions where the layer is interrupted by
defects and that the rest of the layer can be deemed to be impermeable. The
permeation properties of the polymer substrate are described by the permeation
coefficient (P) which, as described in the previous section, depends on the nature of
the polymer substrate, the temperature, and the permeating substance. Depending
on the theoretical approach adopted, the defects are considered to be either square or
circular holes.
After passage of the time lag, there is a time-independent three-dimensional

concentration profile of the permeating substance in the polymeric substrate.
Figure 10.4 (Hanika, 2004) shows this using the example of a (2 mm)2 defect in a
metal layer on a plastic substrate made of polyethylene terephthalate (PET). It can be
seen that the concentration gradient is greatest in the direct vicinity of the defect and
is very small at considerable distances away from the defect. From this concentration
profile and the known parameters of the polymer substrate, it is possible to calculate
the permeability of an individual defect in the metal layer when in combination with
the polymer substrate. As already demonstrated in Chapter 7, such geometry usually
can no more be calculated analytically and requires numerical treatment.
For circular defects of radius r0 in an inorganic layer, evenly distributed, with n

defects per unit area, on a polymeric substrate of thickness d, permeation coefficient
P and permeability Q0, Prins and Hermans (Prins, 1958) found approximate
solutions for the three-dimensional diffusion equations (7.2) and (7.3). They applied
different approximations to obtain the resulting permeability of the coated substrate,
Qb, for different ratios of substrate thickness d and defect radius r0 (see the original
paper for details).
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Figure 10.4 Concentration profile of oxygen dissolved in a 12-mm-
thick PET substrate film below a defect (upper left) of a size of
(2mm)2 in an inorganic barrier layer. Lines of equal relative
concentrations are shown (figures). The highest concentration
(c¼ 1) in the polymer is to be found at the defect in the barrier
layer, the lowest concentration (c¼ 0) at the lower edge of the
substrate film (From Hanika, 2004).
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In thefirst limiting case, the size of the defects is large comparedwith the thickness
of the substrate. This means either a standard film combined with an inorganic
coating that contains large defects or a standard inorganic coating on an extremely
thin substrate film. In such a case the permeability Qb of the coated substrate
becomes

Qb � P d�1np r20 ¼ Q0np r
2
0 ð10:9aÞ

This equation simply means that exactly that fraction of the substrate that is not
covered by the inorganic barrier layer, i.e., npr20, contributes to the permeability.
In another limiting case, the size of the defects is very small compared with the

thickness of the substrate, like a standard inorganic coating on a thick substrate film.
Here, Qb becomes

Qb � 3:7P n r0 ð10:9bÞ

Note that in this case, the permeability of the coated substrate is apparently
independent of its thickness.
For the intermediate case, provided that d/r0> 0.3, the resulting permeability

becomes

Qb � P d�1np r20ð1þ 1:18 dr�1
0 Þ ð10:9cÞ

In (Hanika 2004), a model with square defects was applied to investigate system-
atically the influence of different size and shape of the defects and of the substrate
thickness, by means of numerical solutions of the three-dimensional diffusion
equation. Figure 10.5 exemplifies how the permeability of the substrate-layer system
changes when the substrate thickness is varied. It can be seen – in concert with
Eq. (10.9b) – that above a critical substrate thickness dk (see Figure 10.5) the perme-
ability of the substrate-layer system remains virtually constant.
Other findings of the numerical simulation work of (Hanika, 2004) are as follows:

. Neighboring defects can be considered not to influence each other when the
distance between them is greater than the critical defect–defect distance Lk.

. Rectangular defects have the same permeability as square defects of the same area
provided their length/width ratio does not exceed 3. Cracks having a length/width
ratio of greater than 10 have much higher permeabilities than square or circular
defects of the same area.

These results give rise to the following conclusions and simplifications:

. If the thickness of the substrate is greater than the critical thickness, its effect can be
neglected. This leads to the simplifications described in the next section (barrier
improvement factor).

. The permeabilities of individual defects of different sizes can be calculated
individually and then summed, if the distance between them is greater than the
critical defect–defect distance.
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. Defects of different shapes can be considered to be squares or circles of the same
area, provided their length-to-width ratio does not exceed 3.

In this model the critical substrate thickness is solely dependent on the defect size,
whilst the critical defect–defect distance is also dependent on the thickness of the
substrate. Here the critical substrate thickness dk is 2 to 2.5 times the defect diameter
and the critical defect–defect distance Lk is either 15 times the defect diameter or 3
times the substrate thickness depending on which number is the larger (Langowski
2003a; Hanika, 2002a, 2004; Langowski, 2002b, 2003, 2003b).
To combine the results of different numerical simulations, Hanika 2004 derived a

heuristic analytical formula from his numerical results, allowing to approximate the
permeabilityQ of a polymeric substrate of thickness dwith permeation coefficient P,
coated with an inorganic layer with evenly distributed defects of equal areaAD which
are separated by an average distance L. (Note that the number of defects per unit area,
n, is then correlated to L via L¼ n�1/2)

Q ¼ Pd�1ADL
�2 1� exp ð�0:507d�1

ffiffiffiffiffiffi
AD

p
Þþ 0:01L�2AD

h i�1
ð10:10Þ

In reality, defects in barrier layers do not show a uniform size, but a size
distribution. In this case, the permeability can be calculated for every size class of
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Figure 10.5 Influence of substrate film thickness on the oxygen
permeability of a PET film coated with an inorganic layer. Curves
have been calculated for 104 defects per cm2 and for four different
defect sizes AD, ranging from (1 mm)2 up to (9mm)2 (taken from
Hanika 2004). Also shown is the critical substrate thickness dk,
abovewhich the total permeability stays independent on substrate
thickness.
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defect areaAD,i and average defect distance Li valid for this size class according to Eq.
(10.10a) and the resulting permeability can be summed over the single classes:

Q
Q0

¼
X

i

AD;i

L2i

1�exp �0:507
ffiffiffiffiffiffi
AD;i

p
d

� �
þ 0:01 AD;i

L2i

0
BB@

1
CCA ð10:10aÞ

(Here, Q0 is the permeability of the noncoated substrate film, with Q0¼Pd�1)

10.3.2
Simplification: Barrier Improvement Factor

In practice, large efforts are needed to obtain information about the number of
defects and their size distribution and this is particularly sowhen the inorganic layers
are transparent. The permeabilities of the noncoated substrate, Q0, and the coated
substrate, Qb, however, are standard parameters for describing the quality of the
manufacturing process. The measured values are often used to derive a barrier
improvement factor (BIF) which is defined by

BIF ¼ Q0=Qb ð10:11Þ

The barrier improvement factor depends on the value of Q0 and is therefore still
dependent on the substrate thickness. This means that it is not easy to compare
coatings on substrates of different thickness. However, utilizing the aforementioned
fact that the permeability of a substrate/inorganic layer system,Qb,is independent of
the substrate thickness over a large range, this opens up another opportunity for
simplification. If the standard material-specific permeability for a material thickness
of 100mm (transmittance, Q100) is taken (which is proportional to the permeation
coefficient, see above), the following relationship approximately describes a substrate
having a thickness above the critical thickness in combinationwith an inorganic layer
having a certain numbers of defects:

BIF100 � Q100=Qb or Qb � Q100=BIF100 ð10:12Þ

In reality, the newly defined parameter BIF100 corresponds to the barrier improve-
ment factor that would be measured after coating of a polymer substrate of 100-mm-
thickness compared to the noncoated substrate. Instead of the BIF according to
Eq. (10.11), it allows to compare the permeability of different polymer substrates of
varying thickness onto which inorganic layers having the same defect structure have
been applied (see Langowski 2002b).
One important factor is to be mentioned here: The permeability of a substrate

coated with an inorganic barrier layer cannot be completely independent of
the thickness of the substrate. At very large values of the substrate thickness, the
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permeability of the substrate alone will reach the value of the permeability of
the coated substrate as obtained from Eq. (10.9b) or Eq. (10.12). Starting at this
point, an increase in substrate thickness will again lead to a reduction of the
permeability of the coated substrate. This fact has been included by Hanika in the
calculations leading to Eqs. (10.10) and (10.10a).
Figure 10.6 shows the resulting relations between substrate thickness and per-

meability for coated and noncoated substrate films. The values have been calculated
from Eq. (10.10) for the average defect size (equivalent to defect areas below 0.5
(mm)2) and density on industrially coated films for the permeation of oxygen through
the following film configurations:

. a BOPP substrate film of varying thickness, coated with an inorganic layer of
constant size and density of defects, in comparison to the substrate film alone;

. a PET substrate film, coated and noncoated, for the same situation.

It can be clearly seen that the permeability remains again virtually constant over a
large range of the substrate thickness (see also Figure 10.5) up to some hundreds of
micrometers and that the BIF at a substrate thickness of 100 mm, BIF100, assumes
values that are larger than 10. In such a case, the application of the concept shown
above toward different film configurations as demonstrated in the following is
justified.
However, as soon as barrier coatings of poorer quality are concerned, the barrier

improvement will bemuch less and the point where the substrate thickness becomes
important for the overall permeability will be at a lower substrate thickness. In such a
case, the value formally calculated for BIF100 may even be lower than one. In such a
case, the concept is no more applicable.

Figure 10.6 Permeability of noncoated substrates and substrates
coated with a barrier layer of realistic defect structure, calculated
according to Eq. (10.10), shown in dependence on substrate
thickness (Source: Fraunhofer IVV, internal results).
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10.3.3
Multilayer Polymer Substrates Combined with One Inorganic Layer

The above approach allows a simplified consideration of multilayer substrate films
whose top layer has been coated with an inorganic barrier layer. Such layer systems
are widely used in practice and are manufactured by coextruding or lacquering
substrates with a thin (few mm thick) special outer polymer layer in preparation for a
subsequent vacuum coating step (see for example Hanika 2003; Davis 1998,1999).
Such systems are often found to have surprisingly good barrier properties after the
inorganic coating process. This can be explained as follows (see Figure 10.7): First, we
will only consider the outer polymer layer directly adjacent to the inorganic layer. If
this polymer layer is of greater thickness than the critical thickness (see above)
resulting from the defect size distribution in the inorganic layer, then the perme-
ability of the system is determined solely by this polymer layer and the inorganic layer
in accordance with Eq. (10.12). In other words: This usually relatively thin outer
polymer layer adjacent to the inorganic coating can be considered to be equivalent to a
much thicker, say 100-mm-thick polymer substrate which is then coated with an
inorganic layer. If the polymer material for this outer layer has been appropriately
chosen and is a material with a low permeation coefficient, then the polymer outer
layer/inorganic layer system dictates the overall permeation properties of the whole
layer system. Conversely, an unsuitable outer polymer layer having a high perme-
ation coefficient (or a boundary layer formed as a result of unsuitable pretreatment)
may result in no noteworthy barrier improvement compared to the noncoated
substrate despite the presence of an inorganic barrier layer.

Figure 10.7 An inorganic barrier layer containing defects, coated
on a double layered substrate onto a substrate layer with thickness
d (no. 2). (a) Real configuration, (b) equivalent representation
consisting of layer no. 1 and a 100-mm-thick layer no. 2 coatedwith
the same inorganic layer. From (Langowski, 2005), with kind
permission of Wiley-VCH.
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This simplification allows Eq. (10.7) to be used again to describe the combination
of the multilayer polymeric substrate in combination with the inorganic coating:
When Q1,100 is the normalized permeability of the outer polymer layer and Q2 is

the nonnormalized permeability of the other polymer layers, the whole layer
structure can be approximated as a two-layer laminate in the following way: The
first layer of the laminate consists of a combination of the inorganic layer and adjacent
partial-layer of the polymeric substrate having together the permeability Qb. In
accordance with Eq. (10.12), the permeability Qb is approximately given by

Qb � Q1;100=BIF100

The second layer of the laminate consists of the rest of the polymeric substrate –but
without the polymeric layer adjacent to the inorganic layer –,having the permeability
Q2. The overall permeability from Eq. (10.7) then becomes

Q�1
ovl ¼ Q�1

b þQ�1
2

If the value ofQ1,100 is less than the value ofQ2,100, then, virtually independent of
the actual thickness of the outer polymer layer, the even lower value ofQb relative to
Q1,100 dictates the overall permeability of the whole layer system.

10.3.4
Polymer Substrates Combined with an Inorganic Barrier Layer and Other Polymer Layers
on Top of the Inorganic Layer

Inmost cases, the thin inorganic layers on polymer substrates are covered with other
polymer layers. These are mostly adhesives for laminating on other films, or special
lacquers.
Numerical simulations have also been carried out on such systems (Hanika, 2004;

M€uller, 2002). Figure 10.8, for example, shows the normalized oxygen concentration
in a structure comprising an inorganic layer embedded between two different
polymer materials whose permeation coefficients differ by more than a factor of
100. It can be seen that the concentration gradient in the polymer layer of higher
permeability (PE-LD) is much lower than that in the polymer layer of lower
permeability (PET) and that again the highest concentration gradient is to be found
directly below the defect in the inorganic layer. In this case, the PET– inorganic layer
portion of the structure dictates the overall permeability.
Similar calculations were carried out on three-layer systems and four-layer systems

(Hanika, 2004). The results are not shown here but they do allow the following
general conclusions to be drawn:

. When an inorganic layer lies between two polymer layers having very different
permeation coefficients, the combination of the polymer material with the lower
permeability and the inorganic layer dictate the overall permeability.

. When the two polymers have the same or very similar permeation coefficients, the
permeability is halved compared to a system comprising a single polymer layer and
the inorganic layer.
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In practice the defect size distribution is usually unknown. It can, however, usually
be assumed that the thicknesses of the polymer substrates and layers are above the
critical layer thickness (see above). Equation (10.7) can therefore be extended to such
a three-layer system. This now comprises (see Figure 10.9):

. The first polymer layer (the substrate film) having a permeability normalized to
100 mm thickness of Q1,100.

. An inorganic layer whose defect structure is characterized by the barrier improve-
ment factor BIF100.

. The second polymer layer (e.g., an adhesive) having a permeability normalized to
100 mm thickness of Q2,100.

In this case the inorganic layer, characterized by its barrier improvement factor,
influences both polymer layers. The overall permeability of the three-layer system,Qovl,
is approximately given by (see Langowski, 2002b)

Q�1
ovl �ðBIF100=Q1;100ÞþðBIF100=Q2;100Þ¼BIF100ðQ�1

1;100þQ�1
2;100Þ ð10:13Þ

If, for example, there is a third polymer layer of permeability Q3 adjacent to the
second polymer layer, then Eq. (10.12) becomes

Q�1
ovl � BIF100ðQ�1

1;100 þQ�1
2;100ÞþQ�1

3 ð10:13aÞ
This approach allows the overall permeability of many combinations of inorganic

and polymer layers to be approximately calculated, provided the normalized barrier
improvement factors, BIF100, have been determined from measurements on the

Figure 10.8 Normalized concentration profile of oxygen in a
three-layer structure, consisting of a highly permeable polymer
(PE-LD, upper zone), an inorganic layer (center) with defects
(center, left side) and a PET substrate film (lower zone). The
highest oxygen concentration (c¼ 1) is at the upper edge of the
laminate, the lowest (c¼ 0) at the lower edge (modified, from
Hanika, 2004).
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individually coated polymer substrates and provided that the permeation coefficients
and thicknesses of the polymer layers are known.
The limitations of this approach are once again to be repeated: As soon as no

substantial barrier improvement is to be observed or calculated for a 100-mm-thick
substrate film, thus leading to a value of BIF100 lower than one, the approach is no
more applicable. In reality (see Table 10.1 in Section 10.6) the validity can be verified
for many types of industrial and experimental coatings, where values for BIF100
between 1.9 and as high as 480 are to be observed for the permeation of oxygen
through different coatings on standard 12-mm-thick PET film. Already for the
permeation of water vapor through the same systems, however, lower values for
BIF100, namely between about 1 and 57 are to be seen.

10.3.5
Temperature Behavior of the Structures Shown Above

Equations (10.9) up to (10.13) show one important property: The permeability of a
film coated with an inorganic layer or of even more complex structures can be
separated into a term that is only dependent on the properties of the polymers
involved and a geometry factor that depends on the defect structure of the inorganic
layer. Thus, if the defect model is applicable, the permeability of different types of
laminates would only depend on the temperature characteristics of the polymers in
contact with the inorganic layers. Usually, this can be described in terms of the
Arrhenius relation given in Eq. (10.6). Thus, the temperature dependence of the
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Figure 10.9 Combination of a substrate with an inorganic barrier
layer, covered by a second polymeric layer (a) and the equivalent
representation(b), the latter consisting of two 100-mm-thick
polymer films with the inorganic layer in between. From
(Langowski, 2005), with kind permission of Wiley-VCH.
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permeability of a coated film should follow the same function as the permeation
coefficient of the polymer, namely P¼P0 exp (�EP/RT). If different polymers are
involved, as in the case of the sequence substrate film – inorganic layer – polymer
topcoat, the temperature dependence of both polymers has to be considered in the
same way by taking into account the activation energies for their permeation
coefficients, Ep.
What is usually neglected in this consideration is the aspect that defect sizes in

inorganic layersmay also show a variationwith temperature, e.g., in the case of stress
cracks in the layer on a substrate that expands upon heating. For such a case,
quantitative approaches are still missing.

10.3.6
Substance Transport Through Thin Polymer Layers Having Inorganic Layers on Both
Sides

If a laminate system is made from two substrates vacuum coated with inorganic
layers and then by laminating them with their coated sides together, practice
shows that such a system has a considerably lower permeability than the
permeability that is estimated by using, for example, Eqs. (10.7) and (10.12) for
the resulting system consisting of: substrate film – inorganic barrier layer –

adhesive layer – inorganic barrier layer – substrate film. The reason for this is that
the thickness of the adhesive layer, which is now embedded between two inorganic
layers, is far below the critical thickness (see above). This effect is utilized in a
variety of technical applications, in particular for the manufacture of flexible
materials with extremely low permeabilities (�flexible ultrabarriers�) (Langowski,
2003b). Currently the most important of these processes is to apply alternating
polymer layers and thin inorganic layers in subsequent steps onto a polymer
substrate (Shaw, 1993, 1994; Affinito, 1996, 1997, 1999; Yializis 2000).
In order to understand these effects, numerical and analytical calculations have

been carried out on relevant structures (Roberts, 2002; Hanika, 2004; Henry, 2004;
Schaepkens, 2004; Miesbauer, 2007). The base structure for themodeling here was a
free-standing polymer layer covered with inorganic layers on both sides which, as
before, have a statistical distribution of defects. In reality, such a structure is obtained
when a polymer substrate is first coated with an inorganic barrier layer, then with a
polymer layer, for instance a lacquer, followed by deposition of another inorganic
barrier layer, and if the presence of the substrate is neglected in a first approximation.
For a goodbarrier effect, thepositionof defects in the inorganic layer onone sidemust
however be independent from the other side, namely no defect must be replicated
through the polymer layer. If this condition is fulfilled, the base structure can be
simplified (seeFigure 10.10).As a simplification, it is assumedhere that the defects in
both the layers are present in the form of a square grid of side length a and that the
defect-grids inboth layers arepositioned relative to eachother such that adefect inone
layer, when projected onto the other layer, lies exactly in the center of four defects.
The distance from a defect in the top layer to a defect in the lower layer is the

shortest effective path via which permeating molecules can pass through the
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intermediate polymer layer; this distance is L, where L¼ a/H2, if the usually small
thickness of the intermediate polymer layer is neglected.
Exemplary results of numerical modeling of the permeation through the struc-

tures shown in Figure 10.10 are given in Figure 10.11. There, three different
distances (distance a in Figure 10.10) between the defects within one inorganic
layer have been used as a basis. Also shown are – as a reference – the permeability
figures for substrate films of identical permeation coefficient as the thin polymer
layers, covered by one inorganic layer of identical defect distance. They give the
following trends for the barrier properties of this kind of layer structures:

Figure 10.10 Polymeric interlayer, embedded between two
inorganic barrier layers containing defects. (a) Simplified
representation of defects via two staggered quadratic lattices in
upper and lower inorganic layers, top view. (b) Cross-sectional
view along the shortest path for permeating molecules, including
the related concentration profiles, for polymeric interlayers of
different thickness. After (Hanika, 2003).
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When the intermediate layer is sufficiently thick, the permeability of the three-
layer structure is just half of that of the corresponding two-layer structure that has
been taken as reference. This is the result that would be obtained by simply applying
the ideal laminate theory.
When the intermediate polymeric layer is made as thin as possible, the overall

barrier properties of the layer system can be reduced by up to a factor of ten with
respect to the permeability calculated for the thicker three-layer structures. However,
the intermediate polymer layer must have a certain minimum layer thickness in
order to avoid that defects in the first inorganic layer be replicated through the
polymer layer in a way that defects are formed at the same positions in the second
inorganic layer. This requirement means there is a limit on the achievable barrier
effect, which is to be expected at a thickness of the polymeric interlayer of some
hundreds of nanometers and possibly a barrier improvement by a factor of five in
relation to thicker structures.
A combination of a substrate coated by an inorganic layer, a subsequent thin

intermediate polymer layer, a second inorganic layer, and a subsequent polymer
coating may be (in a thought experiment) separated in the middle of the inorganic
layers, giving the following segments as to be seen in Figure 10.12: A substrate coated
with a barrier layer, a triple layer as described just above and another substrate coated
with a barrier layer. If the permeabilityQ* is assigned to the triple layer, following the

Figure 10.12 Combination of a substrate with an inorganic barrier
layer, covered by a polymeric layer, another inorganic barrier layer
and a second polymeric layer (a) and the equivalent
representation (b) See further explanations in the text. From
(Langowski, 2005), with kind permission of Wiley-VCH.
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considerations represented by Figure 10.11, a common barrier improvement factor,
BIF100, is given to the inorganic layers and the external polymeric layers have the
transmittance figures Q1,100 and Q2,100, respectively, then their total permeability is
given by

Q�1
ovl � ðBIF100=Q1;100ÞþQ��1 þðBIF100=Q2;100Þ ð10:14Þ

10.5
Substance Transport Through Polymers Filled with Particles

Filling of polymers with particles to improve their barrier properties is amethod that
has been used for decades. Already 40 years ago, Nielsen developed a theory which is
able to describe all changes in permeability observed so far (Nielsen 1967).
For barrier improvements, dense, solid and nonporous filler particles should be

selected. If the polymer is filled by a volume fraction F of these particles, the
permeation process only takes place in the remaining volume fraction of the polymer,
1�F. This effect gives the first contribution to a reduction in permeability. A second
contribution results from an increase of the effective path length for the permeating
molecules, see Figure 10.13.
This increase in effective path length is described by the so-called tortuosity factor t,

defined by the average path length for a molecule diffusing through the filled
polymer, divided by the macroscopic thickness of the polymer sample. As a result,
the ratio of the permeation coefficient of an unfilled polymer, P0, and the permeation
coefficient P1 of a sample of a filled polymer becomes

P1=P0 ¼ ð1�FÞ=t ð10:15Þ
If, as depicted in Figure 10.13, thefiller particles have a rectangular cross section of

length L and thickness w, their aspect ratio a is given by

w

L

w

L

w

L

w

L
Figure 10.13 Simplified representation of the path of molecules
through a polymer filled with aligned rectangular platelets of
thickness w and length L.
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a ¼ L=w ð10:16Þ
In the optimum case for barrier improvement, many thin platelet-shaped particles

should be uniformly distributed in the polymer and their orientation should be
parallel to the plane of the film. In this case, the tortuosity factor can be derived from
geometric principles and the resulting effective permeation coefficientP1 of thefilled
polymer becomes (Nielsen 1967)

P1 ¼ P0ð1�FÞ
1þ aF

2

ð10:17Þ

This expression allows an estimation of the minimum permeability that can be
obtained by filling of polymers with particles of rectangular cross section that are
aligned parallel to the surface. It is obvious that any deviation from such an ideal
arrangement will lead to a lower reduction in permeability relative to the unfilled
polymer.
In addition to the considerations leading to Eq. (10.25), Nielsen also regarded

situations which would offer additional pathways to the permeating molecules.
Apractically relevant assumption is that thepermeatingmoleculeswouldnot only be

dissolved inside the polymer, but also exist in a liquid phase located in an interfacial
region between filler particles and the polymer matrix, e.g., in cases of capillary
condensation. This would lead to an increased effective permeation coefficient for
types of molecules which are able to condense, the most important of which is water.
Often, filler particles will be porous instead of solid. In such a case, an increase in

permeability up to values which are higher than for the unfilled polymer is to be
expected. As a consequence, deviations from Eq. (10.20) toward higher effective
permeation coefficients will often be observed in practice and numerous possible
origins for such deviations exist, for which it will be difficult to identify the right one.
As all effects can be described by the volume fractionF and the aspect ratioa alone,

the actual size of the particles does not have a direct influence on the barrier
improvement.

10.6
Experimental Findings: Polymer Films and One Inorganic Barrier Layer

For most vacuum coated polymeric substrates, the barrier improvement obtained by
coating is taken as the characterizing factor. In the beginning, differences observed
between different coatingmaterials or different coatingmethods were interpreted in
terms of a possible permeability of the bulk material of the permeating layers (Krug,
1990). At present, the sum of results shows that it is more likely that the tendency of
the layermaterials to formstress failures and the ability of the coating process to cover
particles and other surface irregularities are the factors that make the difference
between methods and materials for barrier coating. Table 10.1 gives an overview on
oxygen andwater vapor barrier properties of PETfilm coated with differentmaterials
by different methods. PET substrate film in a thickness of 12mm has become a
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quasistandard for barrier coating, in spite of the fact that film qualities show a strong
dependence on the supplier.

10.6.1
Structures and Defects in Inorganic Barrier Layers on Polymer Substrates

As shown above, defects in thin inorganic barrier layers play a decisive role for the
barrier properties of the final laminates. According to their size, these defectsmay be
separated into two groups:

. Macroscopic defects, ranging from some nanometers to several micrometers.
These defects can be identified via atomic force microscopy (AFM), scanning
electron microscopy, and optical microscopy (the latter method only for metallic
layers)

. Microscopic defects (pores) from some nanometers down to the sub-nm-range.
These structures are small enough to allow condensation of water and other
substances. As they cannot be identified sufficiently well by microscopic methods,
their existence has only been shown by indirect methods so far.

The following parameters are responsible for the formation of macroscopic defects:

. The properties of the surfaces of the polymeric substrate: Often, so-called antiblock
articles are added to the substrate polymer to avoid strong adhesive forces between
the adjacent layers in the stack of one film roll. Typical particle sizes are some
micrometers, typical concentrations some 1000 ppm (w/w). Thismeans that about
105 particles per cm2 are to be found on a typical film surface, leading to average
particle distances of about 35 mm, in concert with practical findings (see Figure
10.14). Defects in the inorganic barrier layer will be generated around these

30 µm30 µm
Figure 10.14 Surface of a standard film from biaxially oriented
polypropylene (BOPP) with protruding antiblock particles. Image
made in a scanning electron microscope at high tilt angle. (The
scale shown by the micrometer bar is only valid in horizontal
direction.) Source: Fraunhofer IVV.
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particles.Moreover, therewill also be a contact between the antiblock particles from
the rear side of the substrate filmwith the freshly deposited inorganic barrier layer,
upon winding the coated film onto a roll in the vacuum web coater. Such a contact
will lead to damage of the inorganic barrier layer, as to be seen in Figure 10.15.

A specific technical measure against these effects is to produce specific multilayer
substrate films in which only the rear film surface carries those antiblock particles
(Fayet, 2005). This method, however, does not avoid the contact between coated side
and rear side of thefilms. For this purpose, size and shape of the antiblock particles in
the rear side can be additionally optimized, but systematic investigations have not
been published so far.

. Another possible source of defects in thin barrier layers is to be expected in the
surface topography of the substrate itself. Typical film surfaces show average
roughness figures ra below some nanometers. So far, no clear correlation between
substrate surface topography and resulting barrier properties could be found.

. The simplest possible source for defects is represented by particulate contamina-
tions on the substrate surface. Due to the many steps of polymer conversion, there
is a substantial probability for such contamination, particularly because polymer
films are usually manufactured outside clean room conditions.

The dependence of the permeability of a polymer substrate coated by an inorganic
barrier layerisshowninFigure10.16foraluminumonPET(Hanika,2004).Thisfigure
shows that – for a lower thickness of the coating – external defects cannot be the sole
responsible factor for the limitedbarrierpropertiesof thin inorganic layersonpolymer
substrates. The permeability of the coated PETsubstrate film shows a clear decrease
with increasing Al layer thickness up to about 50 nm. A further increase in layer
thickness does not lead to substantial improvements in barrier properties. Similar
findingsare reported for siliconoxide layers (daSilvaSobrinho,1999, 2000).Theusual
interpretation for this behavior is the following: In the early stage of the layer growth,
the layer is still not coherent, giving way for an additional permeation until a
continuous layer has been formed. In the end, this layer– together with its remaining
defect structure – determines the best attainable barrier in combination with the
substrate.Afurther increase inlayerthicknessgivesonlyaslightbarrier improvement,
possibly due to a further reduction of the effective size of the remaining defects.

10.6.2
Comparison of Model Calculations and Experimental Results for Combinations of
Polymer Films and One Inorganic Barrier Layer

A test of the validity of the defect model – and the determination of its limits – are
extremely important for further improvements in barrier properties of flexible
materials, because the actual permeation mechanisms are decisive for possible
technical measures.
If the defect model applies, the following observations should be made when

different types of coated substrate films are investigated:
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. There should be a clear correlation between number and size of the defects in the
inorganic layer and the permeability of the coated film

. The ratio of the permeabilities of the noncoated vs. the coated film should be the
same for different permeating substances as the deposited inorganic barrier layer

(a)

(b)

(c)

Figure 10.15 Image of a characteristic larger defect – as created by
the contact with a spherical antiblock particle – in an aluminum
layer on a BOPP substrate, recorded via different methods: (a)
optical microscopy, numerical aperture 0.4, (b) scanning electron
microscopy, (c) atomic force microscopy for illustration of the
capability of different methods to analyze surface topography of
layers deposited on polymer substrates (from Hanika, 2004).
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would reduce the permeability of the polymer substrate by the afore-described
barrier improvement factor for all permeating substances to the same extent.

. There should be only a small effect of the thickness of the deposited inorganic layer,
provided a minimum thickness has been achieved in coating.

. Also, the dependence of the permeability on the temperature should show no
difference between the polymer substrate alone and the coated polymer substrate.

An overview on experiments of this type is presented in Table 10.2.
The experimental findings that have been obtained by different authors can be
summarized according to the indicated criteria in the following way:

. Number and size of defects: It is extremely difficult to obtain thisfigure in away that
would be representative for larger areas, especially onnonmetallic inorganic layers.
Therefore, in spite of many attempts, there are not too many coherent results
available. Quantitative validation of the defect model was obtained for the perme-
ation of oxygen through aluminum-coated polymer substrates by characterizing
the defect size distribution in the aluminum layers and calculating the expected
permeabilities (see Figure 10.17). There was good agreement between the experi-
mental and calculated data for oxygen (Hanika 2004; Hanika et al. 2003). Water
vapor permeabilities, however, were found to be considerably higher than the
values calculated from the defect size distributions.

. Type of permeating substance: Formost systems it is found that the permeabilities
of the coated and noncoated substrates for permanent gases and CO2 do not
depend on the nature of the permeating molecules. Water vapor is however

thickness of Al (nm)

Figure 10.16 Oxygen permeability of a 12-mm-thick PET film
coated with Al layers of varying thickness, which is proportional to
their optical density. The oxygen permeability has been
normalized to the permeability of the uncoated substrate film
(from Hanika, 2004).
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virtually always found to be an exception: Coated substrates are observed to have
considerably higher permeabilities than one would expect from the permeability
measurements with permanent gases, see also Figure 10.18. For some layer
systems helium behaves similarly (Bichler, 1996). Also for flavor substances
(see Chapter 9), barrier improvements obtained by coating are much less than
for oxygen and even lower than for water vapor. However, for selected aluminum
oxide layers applied by reactive sputtering, the improvements for oxygen and water
vapor permeabilities were found to be in the same proportions (Langowski, 2003b),
as to be seen in Figure 10.18.

. For the influence of the thickness of the inorganic layer, similar behavior as shown
in Figure 10.17 is reported. Themajor differences observed here are to be found in
the layer material and the deposition process. Apparently, coating processes that
supply impinging atoms or molecules of higher energy (like sputtering or plasma-
enhanced chemical vapor deposition) give layers of a lower defect density, at lower
thickness.

. In many cases, the temperature behavior of the permeability follows the same
characteristic for coated and noncoated films. Deviations toward higher apparent
activation energies are explained by (Henry, 2000; Erlat, 2001, 2002) via additional
permeation mechanisms in the bulk of the inorganic layer

10.6.3
Apparent Additional Transport Mechanisms for Water Vapor

The decisive problem is therefore to explain the additional transportmechanisms for
water (possibly also flavor substances) and to subsequently derive counteracting
measures, which is important for the practical use of these layer systems. The most
probable additional transport mechanism for water molecules as discussed in the
literature (Langowski, 1992; Roberts, 2002; Henry, 2001; Affinito, 2004) relates to
porous structures in the inorganic layers. So far, there has only been an indirect
access to size and abundance of pores in barrier layers on polymer substrates.
However, a simplified modeling of water transport through filled pores/capillaries
can be made under the following assumptions:
The water transport occurs along the fraction of capillaries that are penetrating the

layer possessing a radius of some tenths of a nanometer, as suggested by (Roberts,
2002; Affinito, 2004). These can be described in terms of an overall dimensionless
volume fraction Z. The interior of these pores will be completely filled with water of
the density r of about r¼ 1 g cm�3 above a relative humidity of a few percent at room
temperature (Schubert 1982).
Furthermore, the transport process is supposed to be determined solely by self-

diffusion of the water molecules in the filled pores. Here, a self-diffusion coefficient
of D¼ 2· 10�5 cm2/s may be assumed (Lechner, 1992).
This model would be equivalent to a polymeric structure in which water is

dissolved homogeneously, with the effective volume density Z r, which is equivalent
to an effective solubility coefficient of the same magnitude. It can be shown that for
values of Z of less than 10�8, which is far below the measurement accuracy of
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currently available characterizationmethods for such layers, a substantial increase in
water vapor permeability would be detected, namely about 40 g/m2 d at a layer
thickness of 40 nm.
This estimation, although a rough one, shows that virtually any deviation toward

higher values of water vapor permeability through inorganic barrier layers on
polymeric substrates can be explained by transport through pores. These pores
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Figure 10.17 Oxygen and water vapor
permeability for BOPP substrates coated with
aluminum barrier layers. Abscissae: values
predicted from defect distributions as
determined via optical microscopy. Ordinates:

experimentally determined figures. The bisecting
line would be valid for total agreement between
theory and experiment, the dashed line shows a
deviationof 15%, a typical range for experimental
errors in this area (from Hanika 2004).
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need only to be present in volume concentrations far below present characterization
methods, irrespective of details of their possible complex shape (Langowski, 2005).
Using the values for the diffusion coefficient and solubility coefficient for oxygen

in water (Lechner, 1992) in a similar estimation, it can be readily shown that water-
filled capillaries are of no significance at all for oxygen transport compared to the
existing oxygen transport through larger defects.
For the real existence of such pores, some indication is given by BET adsorption

studies on aluminum layers detached from polymer substrates (Hanika, 2004). The
results show that these aluminum layers have a specific surface area for the
adsorption of molecular nitrogen that exactly corresponds to the geometric surface
area. However, when experiments were carried out on the same samples with water

Figure 10.18 Barrier improvement factors BIF100 (normalized to
100-mm substrate film thickness), for different layer materials,
coating methods and substrates, as shown below. Values for
BIF100 extend to 370 (for oxygen) and to 230 (for water vapor)
(from Langowski, 2003b).

Layer material Method of coating, substrates

Al Boat evaporation, onto standard industrial film substrates (BOPP, PET)
SiOx Different methods from laboratory to industrial scale (electron

beam coating, plasma assisted, plasma assisted chemical
vapor deposition, reactive sputtering) onto standard PET and PEN
substrate films

a-C:H Experimental coating with amorphous carbon via plasma assisted
chemical vapor deposition, on standard PET film

Al2O3, 1 Reactively sputtered aluminum oxide, on standard PET film, Al2O3

thickness: 50 nm
Al2O3, 2, 3, 4 Reactively sputtered aluminum oxide, on special PET film, Al2O3

thickness values: (2): 20 nm, (3): 50 nm, (4): 200nm
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vapor roughly twice the surface area was measured, due to pore structures in the
sub-nanometer region (Hanika, 2004).

10.6.4
Properties of Systems with at least One Inorganic Layer Embedded Between to Polymer
Layers or Films

In daily practice, the configuration of a polymer substrate, coated by an inorganic
barrier layer and, further on, by additional polymeric layers are the most abundant
examples, e.g., in packaging laminates made from aluminum metallized PET or
BOPP film. In the literature, however, much less systematic investigations are to be
found on this or similar structures, most probably due to two reasons:

. The inorganic layer is not as easily accessible as before for different methods of
characterization.

. The complexity of different steps of the conversion process induces an additional
variability of the results, impeding the establishment of a correlation between the
different parameters.

An overview of the related literature is given in Table 10.3.
In spite of the probably existing additional path for water vapor permeation, the
results do not show contradictions to the validity of the defect model.

10.7
Experimental Findings: Combinations of Polymer Films and More Than One
Inorganic Barrier Layer

In the course of the rising need for flexible ultrabarrier materials, the number of
related publications shows a significant increase over the last years. Table 10.4,
therefore, shows just a selection of results which allow for a comparison between
experimental findings and theoretical modeling.
So far, most of the results can be explained by applying the ideal laminate theory

(Eq. (10.7)) in a way that the multilayer systems are regarded as if each pair of
polymeric and inorganic layer were one polymeric layer with lower permeability (see
especially Henry, 2006). The following example may explain the procedure and also
the limitations:
In (Henry, 2006), the following values are reported (water vapor permeability in

g/(m2 d) at 30�C and a difference in relative humidity across the sample of 100%
to 0%):
Permeability of the 12-mm-thick PET substrate film: 44.1 g/(m2 d), of the PET

substrate film coated with an acrylate layer of about 0.6mm thickness: 31.2 g/(m2 d).
Using Eq. (10.7) in the form

Q�1
ovl ¼ Q�1

1 þQ�1
2 or Q�1

2 ¼ Q�1
1 �Q�1

ovl
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a water vapor permeability for the acrylate layer alone of about 107 g/(m2 d) can be
derived. Taking into account the thickness of substrate and layer, the values of Q100

are: 0.64 g/(m2 d) for the acrylate layer material, compared to 5.3 g/(m2 d) for PET.
This means that the permeation coefficient of the acrylate layer is lower than that of
the PET substrate by a factor of about 8.3.
As the first step to produce ultrabarrier multilayer stacks, PETwas coated with an

Al layer, followedby coating theAl layerwith the sameacrylate layermaterial as above.
For the water vapor permeability of the combination PET/Al inorganic coating/
acrylate, a value of 3.0 g/(m2 d)was obtained. This is a surprisingly low improvement,
as – if the combination Al inorganic coating/acrylate layer would be considered alone
– a value for BIF100 of less than 1 would be obtained for the effect of the Al on the
barrier properties of the acrylate coating. Therefore, the validity of the model shown
in Section 10.3 has to be already questioned here for this case.
After coating the side of the acrylate coating with another layer of Al, leading to the

structure PET/Al inorganic coating/acrylate/Al inorganic coating, a value for the
water vapor permeability of 1.2 g/(m2 d) was measured. If once again the PET
substrate would be neglected and only the structure Al inorganic coating/acrylate/
Al inorganic coating would be considered, a water vapor permeability of about 1.5 g/
(m2 d) is to be expected form the ideal laminate theory in the following way: If we
(once again in a thought experiment) split the acrylate layer in the middle, we now
would have two acrylate layers covered by inorganic barrier layers which reduce their
permeability by a given barrier improvement factor, thus leading to half of the
permeability of a combination from the Al layer and an acrylate layer alone. As, from
Figure 10.12 andEq. (10.14),wewould expectmuch lower values for the permeability,
the comparison to the actually measured value of 1.2 g/(m2 d) shows that the ideal
laminate theory can be applied to this system without assuming additional barrier
effects like those described in Chapter 4. This finding is in line with the fact that
already the initial barrier improvement due to the Al layer was relatively low in the
first combination PET/Al inorganic coating/acrylate.
This fact shows that to obtain ultrabarrier properties via multilayer systems, it is

not useful to combine just many layer pairs of higher permeability. Moreover, it is
essential that good inorganic barrier coatings with a low density of defects and,
therefore, a high barrier improvement are used. As Figure 10.12 shows, in such a case
configurations of the type inorganic layer– thin polymeric layer– inorganic layermay
already be as efficient as a multiple layer stack.

10.8
Experimental Findings: Polymers Filled with Platelet-Shaped Particles

Since the early 1990s, different polymers have been modified via incorporation
of platelet-shaped inorganic particles. In most reported cases, particles of a size
in the nanometer scale in one dimension have been used. The main reason for
this is that the optical properties of the initial polymer are least disturbed and that
the mechanical properties may even be improved by this method. In most
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cases, layered silicate minerals like montmorillonite are applied because of their
ability to exfoliate and to form very thin particles with a thickness down to one
nanometer, at lateral dimensions up to severalmicrons, i.e., thousands of nanometers.
Also for this technique, a barrier improvement factor can be used to indicate the
additional effect of the nanoparticles. In contrast to Eqs. (10.11) and (10.12),
this barrier improvement factor is independent of the thickness of the sample,
because here, the filler particles are dispersed homogeneously inside the polymer,
which gives a situation different from an inorganic layer on the surface of a polymer
substrate.
At present,materials on the basis of PA 6, the aromatic polyamideMXD-6 andPET

are to be found on the market. It must be stated that permeability data given on

Table 10.4 Overview of selected results for transport of substances
through systems of polymeric substrates, at least two inorganic
barrier layers and at least one intermediate polymeric layer, in
dependence on layer properties.

Experimental results

Layer sequence

Material of
inorganic layer,
production via

Barrier
improvement
only Theoretical studies

Polymeric substrate/
polymer layer
(optional)/thin
inorganic layer/thin
polymer layer/thin
inorganic layer/
further pairs of
layers(optional)

Al, thermal
evaporation

(Shaw and Langlois
1994; Henry et al.
2005; Davis and
Peiffer 1999)

(Hanika et al. 2003b;
Erlat et al. 2004;
Czeremuszkin et al.
2003b; Schaepkens et al.
2004): for one polymeric
layer between two
inorganic layers

Al, electron beam
evaporation

(Henry et al. 2006) (Langowski, 2005): for
further sequences of layer
pairs

AlOx, electron beam
evaporation

(Affinito et al. 1996) (Graff et al. 2004): for up to
five pairs of layers

AlOx, sputtering (Affinito et al. 1996):
up to seven pairs of
layers

(Affinito and Hilliard
2004): modeling of an
inorganic porous matrix,
filled with polymeric
material

SiNx, PECVD (Schaepkens et al.
2004) up to two pairs
of layers

(Henry et al. 2006):
for two pairs of layers

SINx, ETP (Creatore et al. 2005): up
to two pairs of layers
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supplier data sheets guarantee much lower improvement factors (usually factor 2)
than the experimental values shown in the table below.
An example of a commercial product on the basis of PA 6 is shown in Figure 10.19.

Apparently, the requirements for a high aspect ratio and a good parallel alignment of
the platelets have been met in this case.
A selection of experimental results for different types of polymers, obtained in

research scale, is given in Table 10.5. Unfortunately, filling grades by volume – as
needed for a calculation of the expected permeability according to Eq. (10.17) – are not
often available. Therefore, as an approximation, filling grades given by weight have
been set to be equal to the values by volume, for the following reasons: Usually,
the layer silicates undergo a surfacemodification prior to their incorporation into the
polymer. In addition, their content in the polymeric matrix is determined after the
experiment by incineration andweighing of the residual ashes. So, in spite of the fact
that the density of the untreated minerals is usually more than twice that of the
polymers, the treated oneswill have an effective density similar to the polymermatrix
due to the high organic content of the treated and exfoliated layers.
Experimental and estimated theoretical figures in Table 10.5 show a generally

good agreement, given the large uncertainties in the determination of the filling
grade and especially the aspect ratios. As a general trend for experimental results
and the industrial practice, practical improvement figures are often lower than
theoretically expected. As to be seen from Eq. (10.17), the crucial issue is to isolate
(exfoliate) the single layers from the minerals and thus to achieve a high aspect ratio.
Unwanted agglomerates of the layers do not only impair barrier properties by reduced
aspect ratios and probably poorer alignment, but also by their known tendency to

1 µm -------1 µm -------
Figure 10.19 CrosssectionofaPA6filmwithnanoscalelayersilicate
filler particles after extrusion, imaged via transmission electron
microscopy (reproduction with kind permission of Lanxess).
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incorporate water vapor between the single layers. This may explain why improve-
ments for the water vapor barrier are once again lower than for the oxygen barrier.

10.9
Experimental Findings: Permeation of Flavors Through Mono- and Multilayer Films
and Combinations with Inorganic Barrier Layers

With the following experimental results, the options to improve the barrier properties
of films for flavor substances via different coatingmethods will be demonstrated. All
have been obtained on a common substrate film, namely biaxially oriented polypro-
pylene, BOPP. In all cases, this substrate material was a three-layer system, with a
central layer of the polypropylene homopolymer and 1-mm-thick outer layers of a
propylene–ethylene copolymer, to improve heat sealing properties. Due to the
chemical similarity of those two polymers, they may be regarded as identical.
A specific �cocktail� from flavor substances was applied as described in (Franz

1995). This cocktail consists of the following substances, in the sequence of their
molecular weight: cis-3-hexenol, isoamyl acetate, D-limonene, menthol, citronellol,

Table 10.5 Experimental results for polymers filled with
nanoparticles on the basis of exfoliated, surface-modified layer
silicate minerals. Reductions of the permeability relative to the
unfilled polymer are given as barrier improvement factor (BIF).
Where available, aspect ratios and filling grades are indicated, the
latter in percent by volume (v/v) or by weight (w/w).

System/authors
BIF
for O2

BIF for
water vapor

Filling
grade[a] (%)
Aspect ratio a

Theoretical
value for BIF (Eq. (10.17))

PA 6/synthetic mica
(Yasue 2000)

6 3.5 4, w/w

PET/Na-montmorillonite
(Frisk 1999)

6 – 1, v/v, a¼ 500 3,5

11 – 1, v/v, a¼ 1000 6.1
18 – 3, v/v, a¼ 500 8.8
>45 – a¼ 1500 40.5

EVOH/modified kaolinite
(Lagaron, 2005)

4.6 1.3 5, a¼ 80 3.2

PLA/modified kaolinite
(Lagaron, 2005)

1.9 1 4, a¼ 80 2.7

PLA/synthetic fluorine mica,
organically modified
(Sinha 2003)

5.7 – 10 w/w, a¼ 275 16

PI/modified montmorillonite
(Yano 2000)

2.5 2.2 2 w/w, a¼ 200 3.1

13.9 7.2 8 w/w, a¼ 200 9.8

a Filling grades in % w/w are often determined from the ash content of the polymer after
incineration and thus should be higher in reality.
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diphenyl oxide, and linalyl acetate. To ensure that all substances in themeasurement
cell have the same vapor pressure, they are not used in their pure form, but are
applied diluted in adapted concentrations in polyethylene glycol (PEG 400). This
procedure gives a common vapor pressure of all substances of 0.1 Pa (10�6 bar).
As a first example, measurement curves obtained on a 16-mm-thick BOPP film are

shown in Figure 10.20. Obviously, the steady-state equilibrium is reached for all
substances within about one week, which demonstrates that BOPP is not a good
barrier forflavor substances. From thesefigures, permeation coefficientsP, diffusion
coefficientsD and solubility coefficients S can be derived from the slope of the curves
in their linear part, giving Pwith help of the vapor pressure of the substances and the
thickness of the film, via Eq. (10.4). Extrapolation of the linear part of the curves
toward zero permeated amount gives the time lag and the diffusion coefficient, via
Eq. (7.60). The solubility coefficient finally is derived from P and D via Eq. (10.3).
Related values are given in Table 10.6, for two different commercial BOPP samples

as obtained from different suppliers. Apparently, sample 2 shows generally lower
values for the coefficients of diffusion and permeation, probably due to a higher
degree of orientation which will lead to a denser molecular structure. What is also
obvious is the high solubility for all flavor substances in the two BOPP samples.
One frequently applied method for improvement of the limited flavor barrier

properties of BOPP is to coat it on both sides with a 1-mm-thick layer of an acrylate
lacquer. Related measurements have been published in (Franz, 1995), obtained on
another BOPP sample. Overall, the permeation rates for different substances could
be reduced by factor 3.8 (for citronellol) up to factor 35 (for diphenyl oxide). As an
example, limonene was taken to calculate the complete figures for P, D, and S, both
for the substrate film as well as for the polymer of the acrylate coating, see Table 10.7.
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Figure 10.20 Amount of selected flavor substances havingpassed
a 16-mm-thick BOPP film, in dependence on time. Source:
Fraunhofer IVV, see also (Moosheimer, et al. 2000).
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In this representation, the difference between the permeation characteristics
between the acrylate coating and the PET can be seen, in relation to the exemplary
calculations shown in Section 6.2.2. In spite of the fact that both materials have a
similar permeation coefficient, the acrylate has a diffusion coefficient that is lower by
a factor of about 30 in relation to PET, whereas the solubility of limonene in PET is
more than a factor of 10 lower than in the acrylate. Thus, according to Eq. (10.8), the
acrylate coating will lead to a much longer time lag compared to a possible additional
PET layer onBOPPwhereas the PETwill lead to a lower absorption of the flavor in the
polymer, a phenomenon known by practitioners as �flavor scalping.�
Theeffectofapplyinganinorganicbarriercoatingontopof theBOPPfilmisshownin

Figure 10.21. Here, layers of aluminum and silicon oxide have been deposited on the
sametypeofsubstratefilminindustrialscale(Moosheimer,2000).Obviously, thebarrier
improvements–whichrangefromvirtuallynoimprovement fordiphenyloxideuptoan
improvement by factor5 for cis-3-hexenol– aremuch lower than thoseusually observed
for oxygen and even for water vapor. Although themechanismbehind this deviation is
still open to discussion, it is very probable that the origin is the same as has been
discussed inSection6.3for thehigherpermeationrateofwatervapor throughinorganic
barrier layers, namely effects due to condensation of the substances within porous
structures or along interfaces.

Table 10.6 Diffusion coefficients, D, solubility coefficients, S, and permeability coefficients, P,
measured for two different commercial BOPP samples (source: Fraunhofer IVV).

D (cm2 s�1) S (g cm�3 bar�1) P (g cm�1 s�1 bar�1)

Substance
Molecular
weight

Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2

Cis-3-Hexenol 100 2.9· 10�12 1.2· 10�12 16.9 9.8 4.9· 10�11 1.2· 10�11

Isoamyl acetate 130 2.9· 10�12 1· 10�12 17.5 18.7 5.1· 10�11 1.9· 10�11

D-Limonene 136 2.2 · 10�12 1.1· 10�12 88.6 59.6 2 · 10�10 6.6· 10�11

Menthol 156 1.8· 10�12 3.4· 10�13 46.2 104 8.3· 10�11 3.6· 10�11

Citronellol 156 1.8· 10�12 6.8· 10�13 203 185 3.7· 10�10 1.3· 10�10

Diphenyl oxide 170 2 · 10�12 8.5· 10�13 540 653 1.1· 10�9 5.6· 10�10

Linalyl acetate 196 1.4· 10�12 3.4· 10�13 27.9 148 3.9· 10�11 5 · 10�11

Table 10.7 Coefficients for diffusion, solubility, and permeability,
for the permeation of limonene through BOPP, acrylate coating,
and PET as reference (Franz 1995).

Material D (cm2 s�1) S (g cm�3 bar�1) P (g cm�1 s�1 bar�1)

BOPP film 2.1· 10�12 42 1.56· 10�10

Acrylate coating 2· 10�15 14 3· 10�14

PET (reference) 6· 10�14 0.13 1· 10�14
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In Figure 10.22, the effects of a further lamination process are demonstrated: Both
types of inorganic coated BOPP films were laminated to the same type of noncoated
BOPP substrate film via a two-component solventless polyurethane adhesive, on the
side of the inorganic coating. For comparison, a laminate from two identical bare
BOPP films was made with the help of the same adhesive.
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Figure 10.21 Permeation rates measured for the noncoated 16-m
m-thick BOPP film (see Figure 10.20) without coating and after
coating with two different inorganic barrier layers from aluminum
(Al) and silicon oxide (SiOx). Source: Fraunhofer IVV, see also
(Moosheimer et al. 2000).
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Figure 10.22 Permeationratesmeasured for (a) the noncoated 16-
mm-thickBOPP film(seeFigs. 10.20and10.21)without coating,(b)
after lamination of two BOPP films together with a two-component
polyurethane adhesive (�Adh.�), (as a reference for iii and iv) and
after laminating a BOPP film onto the BOPP substrate films after
coating with Al (c) and SiOx (d) , onto the inorganic coating.
Source: Fraunhofer IVV, see also (Moosheimer et al. 2000).
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The latter results in a barrier improvement slightly above a factor of 2 in relation to
the initial BOPP film, a trivial result because the film thickness has been doubled by
this procedure. For the laminates that incorporate an inorganic barrier layer, improve-
ments are observed in relation to a bare single BOPP film which range from about
factor 3 (for diphenyl oxide) up to factor 23 (for Isoamyl acetate). So, the improvement
effect of the combined processes of vacuum coating and lamination does overall not
supersede that of the acrylate coating. In addition, one should remember that the
thickness of the laminated films is nearly two times that of the acrylate coated films.

10.10
Conclusions

There are different methods to improve the barrier properties of polymer materials
which make use of different permeation mechanisms: Coating or lamination with
high barrier polymers, coating with inorganic barrier layers, filling of the basic
polymers with platelet-shaped particles and aligning them in the conversion process.
For gases such as oxygen, the highest efficiency in barrier improvement can be

obtained via combinations of polymer substrates, inorganic layers, and additional
polymeric layers, thus embedding the inorganic barrier. For this kind of structures
and permeants, the permeabilities can be described using a defect model. In order to
calculate the permeability of more complex layer systems from alternating inorganic
and polymeric layers, simple calculation methods can be derived from the results of
numerical simulations.
Thin polymer layers embedded between two inorganic layers are themost effective

structural elements for manufacturing flexible materials having extremely high
barrier properties for future applications.
Improvement effects obtained by filling polymers with platelet-shaped particles,

preferably nanoparticles, and by aligning these particles in the course of the extrusion
process still lead to lower improvement effects. Probably, there is still large room for
technical improvement.
An additional transport mechanism is evident for the permeation of water vapor,

possibly also flavor substances through layer structures. Most probably this involves
capillary condensation. In order to manufacture layer systems having very high
barrier properties, the porosity of materials must hence be restricted to an absolute
minimum. Moreover, there is a strong need for a scientifically sound clarification of
the exact transport mechanism because only that will allow for a targeted improve-
ment strategy
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11
Migration of Plastic Constituents
Roland Franz and Angela St€ormer

Packaging plastics contain substances of low or medium molecular weight such as
residual monomers and other starting substances as well as additives such as
antioxidants or lubricants. These substances may migrate into the packed good after
filling and form undesirable levels of concentrations in the product until consump-
tion. Therefore, the purpose of migration testing is to ensure product safety and
protect the consumer, by controlling the levels of constituents from the packaging in
the product. Applicants and users of migration tests in the first instance are from
industrial laboratories, such as from polymer or plastic additives producers. But
manufacturers of packaging materials such as bottle and film producers as well as
converters also apply or commission migration testing to demonstrate compliance
with food law, for quality assurance purposes, or for submission of new product
petitions. Finally and, in principal with highest responsibility, the end users of
product packaging, the food or pharmaceutical industry themselves, need migration
tests. In the last five years, increasing awareness of this issue has grown and spread
in the food industry, this also as a consequence of crises in context with the detection
of unwanted compounds in foods and originating from packaging materials. As
another group of laboratories involved in migration testing, independent certifying
laboratories as well as public or governmental control and surveillance laboratories
must be mentioned. The importance of realistic migration data was recognized for
estimation of exposure of the consumer concerning packaging constituents for
which concentration data of migrants in foods are one major key parameter needed
besides food consumption and packaging usage data (Foodmigrosure, 2006; Franz,
2005; ILSI Europe, 2007).

11.1
Definitions and Theory

11.1.1
Migration, Extraction, and Adsorption

The term �migration� is used to describe the process of mass transfer from a
packagingmaterial into its contents, in particular when these are liquid or semiliquid
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(Chapters 1 and 7). During the migration process a packaging material, in general,
withstands the product contact conditions and does not alter its mechanical or
diffusion properties too significantly.
The term �extraction� is often used in the same sense as �migration� which may

lead to confusion in the context with solvent extraction of packaging materials.
Therefore, the term �extraction� is defined in the following as a very intensive
interaction process with a packaging material where a solvent penetrates the
packaging material and generates swelling, thus altering its mechanical and diffu-
sion properties significantly and even extremely.
The term �adsorption� is used to describe a particular case of migration where

the content of the packaging material is a so-called dry product and where
migrants are transferred through the gas phase onto the product and adsorbed on
its surface.

11.1.2
Functional Barrier

The term �functional barrier� is used to describe the effect of a particular multilayer
packaging structure where the migrant from a layer behind which is not in contact
with the product (food), is hindered or delayed in itmass transfer process to enter the
food. Functional barriers may act through their advantageous diffusion properties
(Chapters 7 and 9), thus causing time delay effects inmigration or, alternatively, may
reduce migrants concentration in food just based on their favorable solubility
properties for the migrant and thus limiting the maximum possible concentration
of the migrant in the product (Chapter 4) by partitioning effects. It needs to
distinguish between absolute (so-called zero migration cases) and transmissive
functional barriers.

11.1.3
Legal Migration Limits and Exposure

The European food packaging regulatory systems applies so-called specificmigration
limits (SMLs) as well as an overall or global migration limit (OML). SML values are
laid down in the positive list system of European Directives such as 2002/72/EC and
amendments and have been derived from toxicological data in connection with some
conservative conventional assumptions. The migration limit, expressed in milli-
grams per kilogram food (simulant), is calculated from the toxicological magnitudes
acceptable or tolerable daily intake (inmilligram substance per kilogrambodyweight
per day) by multiplication with the factor 60 which (in kilograms) is the convention-
ally assumed body weight of an average European person. It is further assumed that
this average person eats 1 kg food per day which is packed by 6 dm2 plastic material
and that the substance is present in the food at the SML concentration (Ashby et al.,
1997). It should be kept inmind that SMLs established in this way do contain inbuilt
safety margins in the range of 100–1000 relative to so-called No adverse effect
levels (Katan, 1996). SML values range typically from 10 to 20 mg/kg (ppb) level
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for specific substances of toxicological concern such as vinyl chloride (VC),
butadiene, acrylonitrile, and others up to the lower milligram per kilogram (ppm)
level for less toxic principles such as ethylenediamine (12 ppm), 1-octene (15 ppm) or
monoethylene glycols (MEG)/diethylene glycols (DEG) (30 ppm). TheOML limit has
conventionally been set at 60mg of the sum of all migrating substances per kilogram
of food or at 10mg/dm2 food contact area of the packagewith the intention to impose
on food contact materials (FCMs) and articles the requirement that they should be as
much as possible inert andnot release any unnecessary amounts of their constituents
into food. In principle, the overall migration (OM) is understood to be the sum of all
specific migrations (SMs) but due to volatility of potential migrants and the
conventional character of the European OM tests it is strongly recommendable in
general not to establish correlations betweenOMandSMs, although in selected cases
the link may be justified. So, opposite to SM, OM has no toxicological dimension.
Therefore, it is astonishing how much time, costs, and efforts both the legislator
and the industry have dedicated to the development of standardized, conventional
OM test procedures.
Since toxicological considerations for SML values are linked to the question of

exposure: �how much of a substance would be consumed with the food by the
consumer,� measured SM values in food simulants should either be linked with
those in foods using correlation factors or at best should simulate the situation with
foods very closely. To estimate then from food SM values exposure scenarios, more
information such as representative food consumption behavior of the consumer as
well as information on the frequency of use of certain FCMs for the particular food
of interest are required. Establishing exposure estimation models has been a
challenge for numerous European projects and activities. And in fact, probabilistic
exposure modeling on the basis of food consumption and packaging usage data has
made enormous progress as can be recognized fromnumerous, very recent scientific
publication (Duffy et al., 2006a, 2006b, 2007;Gibney and vanderVoet, 2003;Gilsenan
et al., 2003;Oldring, 2006;Holmes et al., 2005; Castle 2003; Vitrac and Leblanc, 2007).
In a streamlining activity, very recently a guidance document for exposure estimation
has been composed and cross-checked for applicability by experts in this area (ILSI
Europe, 2007). One of the driving forces in Europe to endeavor exposure-oriented
migration evaluation was, besides recognition of the weaknesses of the European
system, clearly the US FDA�s migration-to-exposure calculation principle (US
FDA, 2002, 2006) which is a deterministic exposure model and has the advantage
of being conveniently applicable but which, on the other hand, has also a
significant degree of convention and appears not to be applicable as it is for Europe
(Chapter 12).
The European harmonization process to regulate FCMs and articles is largely

finalized on plastics but has so far not covered other, very challenging areas such as
paper and board, coatings, adhesives, printing inks. Due to the fact that in these areas
thousands of substances can be used, either intentionally on purpose or as non-
intentionally added substances (NIAS) such as technical impurities or chemical
reaction products formed during manufacture and converting where only a small
fractionmay be toxicologically evaluated, further regulatorymeans than a positive list
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system with innumerable SMLs are needed. A possible option which – in analogy to
US FDA�s threshold-of-regulation policy (US FDA, 1995) – has currently been
adopted in Europe in context with the functional barrier concept is a so-called
threshold-of-no-concern concentration for migrating substances with no explicit
regulatory restriction and under the assumption that these substances would not be
reproduction toxic (CMR) carcinogenic, mutagenic, substances according to Euro-
peanCommission (2007). The benchmark value for such a threshold is established at
the 10 mg/kg (ppb) limit which is a generally recognized as analytical detection limit
and has been set as SML for highly toxic migrants such as VC or butadiene. Finally, a
further benefit would be to establish also a so-called zero-migration policy in Europe
in caseswhere, because of the particular food packaging application, amigrant would
have no possibility at all to be transferred into the food.

11.1.4
Parameters Determining Migration

Besides the geometric dimensions of a given product/packaging system which
influence migration, mass transfer from a plastic into product consists essentially
of kinetic (diffusion of the migrant both in the polymer and in the product) and
thermodynamic (solubility of migrant in the product and equilibrium partitioning
between packaging and product) factors. Once amolecule hasmoved to and arrived
at the interface between plastic and product, the extent of mass transfer into the
product depends on its viscosity and, very crucially, on its properties to dissolve a
migrant. This solubilization property, for example of a food, is largely a function of
the food�s fat content; however, other food parameters such as the emulsifying
character or terpene oil content have been recognized as further relevant
ones. Since most plastic constituents do have lipophilic rather than hydrophilic
character, migration increases generally strongly in fatty foods and especially so in
the casewhere the fat or oil represents the outer phase of the foodmatrix.With polar
plastics such as polyamides, a reversed situation exists for the particular polar
monomeric or oligomeric migrants where aqueous foods increase the extent of
migration.
Migration as a result of diffusion in plastics and transfer from there into a product

is linked predominantly to the volatility or molecular weight of the migrating
(organic) substances and to the basic diffusivity of a polymer type (Chapters 6 and
15). For a given plastic, this means that the mobility of a migrant decreases with
increasing molecular weight. For a given molecule, this means that its mobility in
different polymers is dependent on the elasticity or thermoplastic properties of the
polymer. In those caseswhere themigration process is still in its very initial phase and
therefore fully diffusion controlled, the effect of the partition coefficient K is nearly
negligible with the practical consequence that the extent ofmigration in this situation
is largely independent of the product or a simulant. In those cases where the
migration process has reached an equilibrium, extent of migration is controlled by
the partition coefficient K of a substance between the two phases polymer and
product. K is defined as the concentration ratio at equilibrium of a migrant in the
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polymer, CP,e, divided by the one in the product or a liquid simulant, CL,e, at
equilibrium (Chapter 4). TheK value dependsmainly on the polarity of the substance
and the polarities of these two phases. Applying the rule �like dissolves like,� when
considering a plastic-packaging material for instance for contact with an aqueous
product, one would as a consequence select a nonpolar polymer (e.g. polyolefin) that
will not be attacked by water. In such a system strongly polar substances prefer the
product phase and nonpolar substances prefer the packaging material. However,
when filling a fatty product into the same hydrophobic polymer type, a completely
different partitioning behavior from polymer into foodstuff takes place. K values
range over several orders of magnitude depending on the polarities of polymer
involved, the food simulant, and the nature of the migrant.
Concerning themigratingmolecule itself, as a rule, it should always be noted that a

migrant cannot exceed its solubility. This is, in particular, important for aqueous
simulants where many lipophilic substances are fully migration controlled by
partitioning effects between the simulant and the food contact layer. Based on
toxicological considerations, the relevant molecular weight range for migrants is
considered to end at a 1000Da. Larger molecules are considered from a biophysical
point of view not to be physiologically absorbed in the gastrointestinal tract.
In migration testing mass transport in the opposite direction may occur when

using organic solvents as product simulants. This process can be described as
sorption into the polymer and can lead to partial or even complete swelling of the
polymer structure with consequences for the practical migration test.
For a better understanding of the influence of a simulant on migration the

following relationship is discussed: The average migration distance made by the
diffusing additive i in the polymer during time t should be designated xi and its
diffusion coefficient be Di. Analogously, xj should be considered to be the distance
which the migration front of the simulant has moved in the polymer during the
same time t andDj be the diffusion coefficient of the simulant in the polymer. From
the theory of diffusion (Chapter 7), the following ratio for xi/xj can be derived:

xi
xj

¼ Di

Dj

� �1=2

ð11:1Þ

Now, in the case of xi� xj, the polymer additive iwill be �overrun� by the simulant
before it canmigrate out of the polymer. Depending on the solubility of the simulant
in the polymer (Kj value), the migration behavior of i will then be influenced in an
acceleratedway. In the case, however, that xi� xj, themigration of i from the plastic is
not influenced by the migration of the simulant.
From the above discussion the following conclusions can be drawn with respect to

the selection of a product simulant:

1. When significant interactions occur between fat or oil and a plastic (Piringer
1990), two borderline cases must be distinguished:
Case (1a): When Di�Dj, then according to equation 11.1 the previously
mentioned case occurs where xi� xj and the migration from the packaging is
not affected by the uptake of fat by the plastic. Themigration of substances whose
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molecular weights are much less than that of triglycerides remains unaffected by
the uptake of fat because, as a rule, the diffusion coefficient decreases with
increasing molecular weight. The molecular weights of the triglycerides in
question range roughly from 600 to 1000Da. Substances with molecular weights
up to and including this range can be considered to meet this assumption.

Case (1b): When Di�Dj, then according to equation 11.1 migration in the
polymer is controlled by the fat penetration meaning the sorbed fat leads to
higher migration values (Vom Bruck et al. 1986).

2. For volatile food simulants with low molecular weights, for example heptane,
isooctane, ethanol, the relationship Di�Dj is valid for practically all polymer
constituents. However, here again, two borderline cases must be differentiated as
well:
Case (2a): If the partition coefficient of the simulant Kj¼ 1 (i.e., the simulant is
well dissolved by the polymer), the amount of sorbed simulant j is so large that it
causes severe swelling of the polymer. As a consequence, total extraction of the
migrant i from the polymer takes place provided that the solubility of migrant in
the simulant allows that. This is, for example, the case where isooctane comes into
contact with nonpolar polyolefins.

Case (2b): ForKj� 1, the sorption of j is so low that theDi value and consequently
themigration of migrant i is not significantly influenced. This is, for example, the
casewhere polar ethanol comes in contactwith nonpolar polyolefins at normal test
temperatures (up to 40 �C). At higher temperatures the solubility of ethanol (as
well as that of fat) increases in polyolefins. However, by diluting the ethanol with
water, the undesired increase in migration due to higher temperatures can be
avoided and a situation with a diffusion control in the polymer according to case
(2b) can be achieved again (Piringer, 1993).

If one wishes to use a volatile simulant as a lower molecular weight alternative to
the natural edible oils or synthetic triglycerides, then one must determine according
to the above discussion whether the simulant belongs to case (2a) or (2b). In the case
of (2a), a time factor (in an accelerated sense) must be considered because of the
extraction effect caused by swelling. This means a series of studies must be carried
out to determine at which contact time does the same mass transfer take place
compared to oil or actual food. Moderate temperature increase can also be used at
the same time as a further variable. In the case of (2b), the time factor does not need to
be considered as long as the test temperature is the same or very similar for the
simulant as it is for the oil.

11.2
Indirect Migration Assessment

Migration assessment can be achieved principally on two different routes. Besides
the direct determination via a migration experiment as described in Section 11.3,
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indirect access tomigration values is themethod of choice inmany cases and should
always be considered at first. Also, indirect assessment can be achieved by numerous
pathways on the basis ofwhat is discussed in the following. As a general principle and
which must be understood from a legislation point of view, indirect migration
assessment allows only to demonstrate compliance of an FCM but not noncompli-
ance. In cases of doubt, compliance can finally be demonstrated by direct migration
measurement when the experiment has been carried out appropriately.
The question by which approach migration should be controlled best cannot be

answered by recommending only one and the same test principle for all cases.
Nowadays a number of options, including mathematical modeling of diffusion
processes, are available and all of them can be justified for application under certain
circumstances. It is recommendable and largely already common practice in migra-
tion evaluations to start with a total mass transfer scenario as the worst-case
assumption. Initial considerations to any compliance testing should always start
with the question: �Can a given migration limit be exceeded or even reached at all?�
For this the initial concentration of a migrant in the packaging must be known or
should be reasonably judged. When this simple calculation leads to exceeding a
migration limit, then it is advisable and necessary to achieve further refinements to
the total mass transfer approach. This can be achieved by consideration of the
migrant�s solubility and taking into account partition coefficient K effects as well as
the role of the diffusion coefficient D as important material-specific parameters for
migration. Today, for these latter considerations,migrationmodeling tools have been
developed in the recent years and for which convenient softwares from themarket or
freewares from the internet can be applied (Chapter 9).
In any case it is wise not to start in all cases of compliance testing immediately with

a SM test but to consider the material-related, geometric, and time–temperature
application parameters of the individual food/packaging system to be evaluated.
More specifically, one should consider themigration potential of a givenmigrant in a
plastic before initiating a long-term and time-consumingmigration test. The second
consideration should then address the question: �What is the most economic way to
get a realistic migration value or to demonstrate compliance of an FCM?�

11.2.1
Worst-Case (Total Mass Transfer) Assumption

The most simplistic and direct approach is to assume total mass transfer into a
product or simulant and compare this worst-case value with a given SML restriction.
This requires either exact knowledge of the initial concentration of a migrant in a
polymer (CP,0), or the compositional analysis in the plastic. Vice versa, a given SML
restriction can be transformed into a corresponding maximum concentration in the
plastic, again under the assumption of total mass transfer, and compared to the
experimentally determined CP,0 (Chapters 7 and 15).
Conventionally, maximum CP,0/SML ratios (ppm in plastic/ppm in food) of 100

have been assumed many years ago and even implemented in the legislation – as an
example the European VCrestrictions of QM¼ 1mg/kg and SML¼not detectable at
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0.01mg/kg may be cited. However, under total mass transfer assumptions, the
thickness of the respective polymer layermust be taken into account. It is obvious that
for very thin film thicknesses a measured CP,0 value may exceed a given QM value
without posing any health risk to a consumer. In other words, theCP,0/SML ratio is a
function of the film thickness and for very thin films may end up at ratio orders of
magnitude higher than the conventional one of 100. In Figure 11.1, this relationship
is depicted for VC monomer: the graph shows a correlation between thickness of
polyvinyl chloride (PVC) material and the VC concentration in PVC which corre-
sponds to the SML (0.01mg/kg) when total mass transfer would occur. From the
graph it can be seen that at a thickness of 120 mm, the QM restriction coincides with
the SML restriction. For smaller thickness the corresponding concentration in-
creases, for instance, up to factors 6 or 24 (times QM) for thicknesses of 20 or 5 mm.
On the other hand, for higher thicknesses, the QM restriction would be too relaxed
when assuming total mass transfer. The rigid PVC inherent low diffusivity, however,
ensures that also for thick PVC materials VC migration will hardly ever reach or
exceed the SML value. Today in a time of using migration modeling, it gets very
evident that the VCQM restriction is too restrictive and, as a consequence, generates
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Figure 11.1 Correlation between thickness-dependent
concentration of vinyl chloride in PVC material (density¼ 1.4 g/
cm3) and SML¼ 0.01mg/kg food under total mass transfer
assumption at a surface-to-volume ratio of 6 dm2/kg food.
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a juridical conflict with the VC SML restriction. Which of both restrictions is legally
binding, if the QM is clearly exceeded, but the SML would never be reached?
With the exception of this particular case where both a QM and a SML exist, in all

other cases under the premise of total mass transfer where a indirect migration
assessment demonstrates the impossibility of exceeding a given legal SML restriction
criterion, full compliance testing has been achieved and no further migration
assessment or testing is necessary.

11.2.2
General Considerations: Taking Solubility and/or Low Diffusivity of
Certain Plastics into Account

In those cases where the above assessment leads to an uncertain conformity status,
other considerations can be taken into account.
One important consideration should always be directed to the solubility of a

migrant. For example, n-octadecyl-3-(4-hydroxy-3,5-di-tert-butylphenyl)propionate
(Irganox 1076) is a very widespread antioxidant used for the production of plastics
and has an SML restriction of 6mg/kg food. The solubility of this additive in water is
in the ppt (ng/L) range and can be expected to be also extremely low (ppb to ppm) in
highly aqueous systems such as the official EU simulants 3% acetic acid (B) and
10% ethanol (C) and even at higher ethanol contents up to 50% (Chapter 4). With
these figures any attempt to measure migration into food simulants A (water), B,
and C appears to be not only unreasonable but also a waste of resources.
Considering then the log PO/W value (¼13) as a rough measure for the expected
order of magnitude for the partition coefficient KP/F between a lipophilic polymer
such as a polyolefin and aqueous simulants of this additive, any attempt to
determine migration into aqueous food simulants, including 50% ethanol, can
at maximum be a challenge for the analyst in achieving the necessary analytical
sensitivity but can never end in a noncompliance result. Indeed, a log(KP/L) value of
15 was calculated for LDPE/water system by using the so-called vapor pressure
index system method (Chapter 4).
As another practical example, bis(2-ethylhexyl)adipate (DEHA), a common plasti-

cizer with an SML restriction of 18mg/kg food can be mentioned. Its solubility in
water is around 1mg/L and logPO/W¼ 6.1. Assuming for instance a concentration of
DEHA in the plastic (practical example: plasticized PVC) of 15% (150,000 ppm) and
setting the log PO/W equal to the partition coefficient KP/L, then at equilibrium a
maximum concentration of 0.15 ppm could be established in water and for highly
aqueous systems such as 10% ethanol or 3% acetic acid. Again, any attempt to
measure migration in these simulants is totally superfluous (see also Chapter 15).
Another important consideration as to whether a migration limit can be exceeded

or not should be directed to the basic diffusivity of a given plastic. Polyethylene
terephthalate (PET), an important food contact plastic, can bementioned as a relevant
case example.
It is well known that PET has a very favorable kinetical migration in the sense

that it exhibits a very low migration velocity of its constituents. In addition, for
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manufacturing of PET bottles usually very low amounts of additives are added.
Therefore, due to the high inertness of PET and the low content of migratable
substances, consequently a very low migration can be expected which is in
agreement with the observation made during routine analysis of PET FCMs that
always very little migration was found. To substantiate this thesis better and for
validation purposes, a systematical migration study program on PET bottles was
carried out by St€ormer et al. (2004). In this study, samplingwas carried out such that
it was representative for theGermanPET bottlemarket.Measured parameterswere
OM as well as specifically the PETmonomers monoethylene glycol MEG, diethy-
lene glycol DEG, and terephthalic acid as well as antimony. The test conditions
applied include aqueous, alcoholic, as well as fatty simulants. In addition, possi-
bilities to accelerate and simplify migration testing of PET bottles were explored.
Concerning OM results it was found that all investigated PET bottles had an OM

value (contact conditions 10 days at 40 �C) below 0.5mg/dm2 in all three food
simulants: 3% acetic acid, 10% ethanol, and the alternative fat simulant 95% ethanol.
This is not only far below the limit of 10mg/dm2 as laid down in the EU Plastics
Directive 2002/72/EC (European Commission, 2002) but also demonstrates that the
measuredvalues are smaller than theanalytical uncertaintyof themethodas indicated
in the EN 1186 standards (CEN, 2002). For regulatory evaluation the uncertainty
which is based on ring trials carried out within CENWorkingGroup 1 of TC194/SC1
is set to be 2mg/dm2 according to Annex I of the EU Plastics Directive (European
Commission, 2002). Even more severe extraction tests with 95% ethanol under
conditions of 24 h at 50 �C and 2 h at 60 �C gave comparably low OM results.
Concerning SM results it was found that in most of the investigated PET bottles,

the SM of the PETmonomers MEG and DEG, respectively, was below the analytical
detection limit of �0.5mg/dm2 for MEG and DEG. In some migration solutions,
signals were found close to this detection limit. Terephthalic acid was in all cases
below the detection limit of�0.1mg/dm2. Consequently, for all PET bottles the SM
values were extremely far below the SMLs of 30mg/kg food (simulant) or 5mg/dm2

contact area for the sumof the glycols and 7.5mg/kg or 1.25mg/dm2 for terephthalic
acid. Interestingly, it was checked whether the OM test could be used to control these
relatively high SMLs by spiking of migration solutions with MEG and DEG at a level
of 30mg/kg and determining then gravimetrically the recovery of glycols using the
OM determination procedure according to EN 1186. The recovery was found to be
between 1% and 4% which can be explained by the water vapor volatility of the
glycols and demonstrates the nonsuitability of the OM test approach for SM control
in this particular case. In addition, SM of antimony was determined on seven
randomly chosen PET bottles using aliquots of themigration solutions of 3% acetic
acid and 95% ethanol. In these tests, measured antimony concentrations ranged
between 0.16 and 0.57 mg/dm2 in 3% acetic acid and were below the detection limit
of 0.3 mg/dm2 in 95% ethanol. Compared to the EU legal specific antimony
migration limit of 40 mg/kg food (simulant) or 6.6 mg/dm2 contact area, again a
high safety margin was observed.
From the results and on the basis ofmigration theory it was concluded that against

the food regulatory requirements as set by the OML and the SMLs for terephthalic
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acid and MEG/DEG, PET bottles obviously can never offend simply due to the PET
inherent physical diffusion properties. Therefore, conventional migration testing
turns out to be superfluous in this case.Only significant amounts of substanceswhen
located on the surface (whichwas not the case in any of the investigated bottles in this
study) could influence theOM. Such an eventual situation, however, could be covered
by a very rapid test, for example, 2 h at 60 �Ccontact with 95% ethanol or using even a
shorter surface solvent washing or rinsing test.

11.2.3
Migration Assessment of Mono- and Multilayers by Application of Complex
Mathematical Models

Mathematical models to describe migration processes FCMs are presented and
discussed in Chapters 7–9. Over the last 15 years such models have been developed
starting from monolayer plastics being in contact with liquid food simulants where
the migration rate determining step was allocated to the plastic. Kinetic and
thermodynamic effects in the food simulant or the food had been ignored or
conventionally controlled by placing appropriate physicochemical parameters. It is
important to note that EU legislation has incorporatedmigrationmodeling in 2002 to
check compliance in case of certain plastics when in contact with food simulants
(Directive 2002/72/EG, Article 8, European Commission, 2002), whichwas based on
the outcome of an important European project (Piringer and Hinrichs, 2001; Begley
et al., 2005). Since this time migration modeling has further evolved in two
dimensions: first, multilayer models have been established (Piringer et al., 1998;
Brandsch et al., 2002; Reynier et al., 2002) since most food contact articles consist of
more than one layer and second, it was found that when attempting to model
migration into foodstuffs, then partitioning effects between the food contact layer
and the food need more thorough consideration which was the reason that research
has focused on this issue in the last 5 years. One important research project dealing
with this issue was the �Foodmigrosure� EU project, which is presented and
discussed in more detail in Section 11.7.

11.2.4
Multilayers

Whereas EU legislation has made enormous progress and can be considered to be
nearly completed for monolayer materials, there is, on the other hand, not yet a
satisfactory regulatory approach available for multilayer plastics. Here, in principle,
there are two options: (1) each plastic layer must comply with current positive lists in
EU legislation or (2) only the food contact layer must comply and act as a barrier
against substances from the layers behind. Typically, plastics multilayers exhibit a
migration behavior which is different from monolayer plastics and is characterized
by a delayed migration profile. As a consequence, the question arises whether
currently applied migration test conditions are still applicable for multi layers. From
experience, research data (AiF project, 2004; Brandsch et al., 2005), and migration
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theory, it appears that migration test conditions should be adapted to the require-
ments coming from multilayer migration characteristics. In Figure 11.2, a recom-
mended decision tree flow scheme for indirect or direct migration testing of
multilayer plastics including migration assessment steps is given.
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Figure 11.2 Modern concept for migration testing and
assessment of multilayer packaging structures.
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11.3
Migration Experiment

Until today, the control of transfer from plastics-packaging materials into foods has
mainly been based on the measurement of the substance(s) in the food or simulant
after certain specified, and in most cases standardized, contact conditions. Each
migration test can be subdivided in two phases: (1) the preanalytical migration
exposure phase (migration experiment) and (2) the pure analytical phase, where the
OM value or the specific migrant must be determined in the respective food or
simulant as precisely and reproducibly as possible. The various possibilities to
perform the migration exposure phase are described and discussed in this chapter,
the analytical phase in Section 11.4.
Furthermore, the migration exposure phase can be distinguished in two principal

types:

. conventional direct migration measurementswhere a sample is placed in contact with
a food or simulant in a manner representing the contact conditions of actual
conditions in use.

. alternative semidirect migration test approacheswhere a sample is kept in contact with
an appropriate simulant in such a manner that a strong interaction between
simulant and plastic takes place (�more severe test conditions�) and, although
shorter contact times are then applicable, at least equal or exaggerated extents of
migration are obtained.

11.3.1
Direct Migration Measurement in Conventional and Alternative Simulants

The principle of direct migration measurement is to measure either directly in
foodstuffs or, more commonly, using agreed and authorized food simulants as laid
down in EU Directive 97/48/EC (see Section 11.3.3.1 and Chapter 13). When
measuring directly in food, the food regulatory evaluation is restricted to the
investigated food. The food simulants shall mimic as closely as possible a given
food packaging application, but the measured values may be transferred for the
evaluation of different food types. The second advantage of food simulants is the
simpler matrix which makes analysis easier. OM determination is only possible in
simulants because of the nonspecific nature of the test. When the SMLs are in the
lower ppb range, the necessary analytical sensitivity can often only be reached when
using simulants. Some substances react with food ingredients and are no more
accessible for extractive methods then. Those substances are therefore only measur-
able in suitable simulants.
When using olive oil or another oil as fat simulant, similar analytical problems

occur as above described for the foods because of complex matrix oil. The OM test
with oil may cause severe analytical problems or cannot be carried out because of too
strong interactions of the oil with the material (e.g., at higher temperatures) or
interferences as discussed in detail in Section 11.4.1. When the use of oil as fat
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simulant is technically not feasible, the substitute fat simulants 95% ethanol,
isooctane, and/or modified polyphenylene oxide (MPPO, Tenax�) for high-tempera-
ture applications of 100 �C and higher are used according to Table 4 in Directive
97/48/EC. MPPO in general and 95% ethanol in case of nonpolar polymers as
polyolefins show no or only little interaction with the polymer. Therefore, these tests
can also be considered as direct migration tests. The isooctane acts as accelerated
extractor and is discussed in Section 11.3.2.
The advantage of direct migration test is that the results can be directly and

definitely compared with legally prescribed migration limits, thus allowing immedi-
ately a statement of conformity or disapproval of the test sample. The disadvantage of
direct measurement has recognized more and more during recent years: analysis of
migrants in complex food simulants, such as oils and fats, is often very time
consuming and costly and at the same time relatively poor in terms of analytical
sensitivity and precision. The second disadvantage of direct migration tests is the
long contact time of 10 days formaterials and articles intended for long-term storage.
The correlation of migration testing in simulants and migration into real foods is

discussed in Section 11.7.

11.3.2
Accelerated Migration Tests: Alternative Migration Tests

The principle of acceleratedmigration tests is to applymore severe test conditions by
using volatile solvents with strong interactions toward the plastic, to enhance the
migration rate from the plastic. Thus, the extraction test is based on an accelerated
mass transport mechanism where the diffusion coefficients of migrants are
increased by several orders of magnitude compared to the original migration test.
As a rule, extraction tests are designed such that they make use of the following
principle:

Polar polymerþ polar migrantþ polar solvent

¼ worse case ¼
nonpolar polymerþnonpolar migrantþnonpolar solvent

Following this principle, semidirect and generally quick extraction tests have
been established with the aim of determining the migration potential for assess-
ment of the worse case migration. These tests do not need to be exhaustive as an
extraction for determination of the content in the material (CP,0) would be but at
least as severe as ormore severe than the conventionalmigration test using olive oil.
This type of test can be considered to be semidirect because it produces an
extraction value which can be directly compared to a legal restriction. But at the
same time this value is an exaggerated one and does not always correspond to the
real (lower) migration value. To illustrate the principle of accelerated migration
tests, the migration or extraction kinetics of the monomer laurolactam out of a
Nylon 12 film (polylaurolactam) at 40 �C into isooctane and into 95% ethanol is
shown in Figure 11.3. The polar polymer Nylon 12 is strongly swollen by 95%
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ethanol and rapidly extracted whereas the nonpolar isooctane does not interact with
the polymer and laurolactam shows a slow migration.
The legal basis for applying such alternative tests instead of migration test in oil is

given in EUDirective 97/48/EC Chapter IV. Using such alternative tests, conformity
of amaterial with themigration limits can be checked. Exceeding the limit cannot be
proven using a worse case test but only using a conventional direct migration test.
An example for such a rapid extraction test as alternative to OM into fatty food

simulants is published as CEN standard EN 1186-15 (CEN 2002; Berghammer et al.
1994). The method uses nonpolar isooctane and/or polar ethanol as extraction
solvents depending on the polarity of the FCM. According to results obtained by
this method on a large number of samples and additionally taking physicochemical
considerations into account, the obtained extraction efficiency was generally found to
be equivalent to or higher than OM results obtained under the following test
conditions: 10 days at 40 �C, 2 h at 70 �C, 1 h at 100 �C, 30min at 121 �C, and 30min
at 130 �C, as specified in Council Directive 82/711/EEC and its amendment 97/48/
EC (European Commission, 1997). Ensuring as complete as possible an extraction of
the potential migrants requires a strong interaction of the extraction solvent with the
sample, for example, by swelling. For this purpose, isooctane is used for plastic
materials and articles containing nonpolar food contact layers, such as polyolefins.
For test samples with polar food contact plastics such as polyamide or PET, 95%
ethanol (v/v in water) is used. In case of polystyrenes, plasticized PVC and other
polymers especially with medium polarity where the identification of the suitable
extraction medium is not obvious, two parallel extraction tests are conducted using
both the proposed extraction solvents. The higher value obtained is taken as the
relevant result. In the case of asymmetrical structures such as plastic laminates and
coextruded plastics, the nature of the food contact layer determines the selection of
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Figure 11.3 Migration of laurolactam from PA12 film into isooctane and 95% ethanol at 40�C.
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the extraction solvent(s). Table 11.1 gives an overview of the allocation of extraction
solvents and test conditions to polymer types.
The rapid extraction test was primarily developed for flexible packagings less than

300 mm in thickness. However, if this extraction test is applied to materials with
higher thickness and the result does not exceed the OML, the material can be
considered to be in compliance. If the test result exceeds the allowedOML, regardless
of thefilm thickness of the testmaterial, then thisworse case testmay be repeated by a
test which represents more realistic the intended usage conditions. Instead of total
immersion, the single-sided mode (using a test cell) may be applied or an alternative
direct test (see Section 11.3.1) or the conventional fat test which is in the end the
decisive test.
In any case the rapid extraction testwas designed to demonstrate compliance in the

case of extraction values lower than the OML. Because of its nature as worse
case condition, the test cannot disapprove a material whose extraction value exceeds
the limit.
Conditions differing from those described above are of course possible as much

quicker tests. But in all cases, a reliable relationship between the short test and the full
migration test must be established. In addition, it is also of practical and economic
interest to design these tests so that they can be applied as broadly as possible, that is,
in most laboratories without too high an investment. Another quick extraction test
has been proposed especially tailored for rigid PVCmaterial (Tice and Cooper 1997).
Treating the samples with methanol for 2 h under reflux conditions provided values
which were considerably higher than those achieved under conventional olive oil
conditions but still remained far below the OML, thus demonstrating fully legal
conformity of the test materials.
The substitute fat test using isooctane, for example polyolefines, as defined by

Table 4 of EU Directive 97/48/EC is a further example of a semidirect, accelerated
migration test. A substitute test is applied in cases where technical or analytical
difficulties are connected with the regular fatty food simulants (see also Section
11.3.1). For instance, if a 10 days/40 �C olive oil test on polyolefins is analytically
impossible, it can be replaced by a 2 days/20 �Cextractionwith isooctane. In this case,
a suitable time point has been chosen on the kinetic curve of an extraction process
where an empirically satisfying agreement has been found between isooctane

Table 11.1 Use of extraction solvents and test conditions in relation to polymer types.

Polymer type of the food contact layer Extraction solvent Extraction conditions

Polyolefines iso-octane 24 hours at 40 �C
Polyamides 95% ethanol 24 hours at 40 �C
Polystyrene iso-octane and 95% ethanol 24 hours at 40 �C
Polyethylene terephthalate 95% ethanol 24 hours at 50 �C
Polyvinyl chloride (plasticised) iso-octane and 95% ethanol 24 hours at 40 �C
Polyvinyl chloride (rigid) 95% ethanol 24 hours at 50 �C
In case of doubt or unknown iso-octane and 95% ethanol 24 hours at 50 �C
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extractions and fat migration tests into olive oil (De Kruijf and Rijk 1988). Numerous
examples of measured OM values have been collected and the interested reader can
find a published data compilation summarized for different polymer types (Van
Battum 1996). In case of polar polymers which do not or only slightly get swollen in
contact with isooctane, the substitute conditions might be too week. Stoffers et al.
(2003) compared migration of laurolactam from PA12 films at 2 h/100 �C into olive
oil with the substitute condition 1.5 h/60 �C into isooctane and found clearly lower
migration into isooctane. To obtain comparable values longer contact time would be
necessary. In this case, conditions for an accelerated test are underestimating; on the
other hand when comparing migration kinetics at the same temperature (40 �C,
60 �C, 80 �C), isooctane showed a somewhat higher diffusion coefficient, that is also
in contact with the polar nylon polymer PA12 there is a slight interaction of isooctane
with the polymer (Stoffers et al., 2003).
For high-temperature applications again, a semidirect test strategy is applied for

the substitute tests using isooctane and also 95% ethanol, empirically based on
corresponding comparative test results. For instance, a high-temperature fat test
under test conditions of 2 h/150 �C can be replaced by a 3 h/60 �C isooctane
extraction. However, it is important to note that nearly all of these comparative
long-term/high-temperature migration versus short-term/low-temperature extrac-
tion measurements have focused more or less on just the OM and do not include
sufficiently SMs (De Kruijf and Rijk, 1994). As a consequence, further research work
is necessary to correlate substitute test conditions for SM purposes where the
chemical and thermal stability of migrants as well as the possible formation of
breakdown products and solubility questions related to individual migrants must be
taken into account.
The quick extraction tests in general produce higher migration values than the

corresponding conventional test. Therefore, theymight be unfavorable when the aim
of the test is to correlate such a value with the reputation of a test sample in the
competition of the lowest migration value. However, when the testing costs can be
decreased in thisway by 50–70%and conformity can still be shown, somewhat higher
results by the alternative tests seem to be only a question of getting accustomed to
extraction values.

11.3.3
Choice of Appropriate Test Conditions

11.3.3.1 Food Simulants
The choice of food simulants depends on the intended use of the material or article.
The official food simulants as laid down in Directive 97/48/EC (European Commis-
sion 1997) are water (simulant A), 3% acetic acid in water (simulant B), 10% ethanol
in water (simulant C), and olive oil (simulant D). Olive oil may be replaced by another
triglyceride oil, for example sunflower oil, HB 307 (synthetic triglyceride), Miglyol
(colorless synthetic triglyceride), which might help solving matrix interference
problems. In the case that the use of oil is technically not feasible, for example,
because of interferences, Directive 97/48/EG gives in Chapter III the conditions for
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the substitute simulants 95% ethanol, isooctane, andMPPO (trade name Tenax�) for
high-temperature applications (>100 �C). A new simulant 50% ethanol is introduced
in the first amendment of Directive 85/572/EEC (Directive 2007/19/EC: European
Commission 2007) formilk andmilk products. Tenax� is discussed to be introduced
as official simulant for dry foods at ambient temperature conditions.
In the ideal case the applied simulants shall simulate the interaction with the real

food in a similar or slightly exaggerated manner. Water shall represent neutral
aqueous foods, 3% acetic acid acidic aqueous foods, 10% ethanol alcoholic foods like
wine and beer, and simulant D fatty foods. As real foods show in most cases a
combination of these properties, the migration test are carried out using different
simulants and the highest obtained value is compared to the legal migration limit.
More generally related to the physical properties of the foods, these combinations are
described in Chapter I of Directive 97/48/EC, for specific food groups in Directive
85/572/EEC; additional examples are given in Chapter IV of the Note for Guidance
(EFSA 2006). These allocations of simulants to foods are in most cases conventions
and do not represent the ideal case of similar interactions. This issue is discussed in
detail in Section 11.7. When a material or article is intended to be used for all type of
food, tests with the simulants B, C, and D are carried out. Water is omitted according
to 97/48/EEC Chapter I 2.1 because it will give in any case the same or lower results
than 3% acetic acid or 10% ethanol.
With the same argumentation it is possible to test only with the most severe

simulant and to omit the others if experience existswhich it is. For example, if SMof a
lipophilic additive shall be tested, it would be sufficient to use only a fat simulant for
compliance testing because migration into an aqueous simulant would be distinctly
lower.
Alternativemigration (no interactionwith the polymer) and extraction (accelerated

migration by swelling) simulants save costs and time. The use is possible and
recommended if it is known by experience, scientific evidence, or comparative
experimentation that the test is at least as severe as the fat test (Directive 97/48/EC
Chapter IV: European Commission, 1997).
Theuse of substitute tests is justified,when themigration test carried outwith each

of the possible simulants D is found to be inapplicable due to technical reasons
connected with the migration test, for example interferences, incomplete extraction
of oil, absence of stability of the weight of the plastics, excessive absorption of fatty
food simulant, and reaction of components with the fat (EN 1186-1, CEN 2002).
When substitute tests shall be performed, all substitute simulants are used and the
higher value is taken for compliance evaluation. By derogation from this rule, a test
may be omitted if it is generally recognized by scientific evidence that it is not
appropriate for that sample. This might be the case when the test is exaggerated
strong for that type of material or not enough strong. When migration properties of
the material are known, again it is possible to choose only the strongest substitute or
that which would be theoretically most similar to the interaction with oil.
For high-temperature applications, we use only Tenax� as simulant. Al Nafouri

and Franz (1999) compared migration from PP samples at 121 �C into oil, Tenax�,
isooctane, and 95% ethanol. Oil, Tenax�, and isooctane resulted in comparable OM
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values except for that material with high amount of volatiles which got lost during
the gravimetric determination of isooctane solution. The simulant 95% ethanol
(4.5 h/60 �C) gave in all cases lower values, which is caused by the less strong
interaction with the polymer. SM of volatile migrants was highest onto Tenax�;
semivolatiles like the oligomerswere found in comparable amounts onto Tenax� and
in isooctane whereas nonvolatiles like the additives Irganox 1076 or Irgafos 168 were
not found onto Tenax. This might be caused by the totally different mechanism of
substance transfer onto Tenax compared to the fluid simulants. While in fluid
simulants, the substances on the polymer surface are directly solved in the simulant,
using Tenax the substances are transferred in the gas phase and then adsorbed by the
simulant surface (Chapter 7). This is themechanismwhich also occurs in case of dry
foods. Therefore, Tenax also seems to be a suitable simulant for dry foods at ambient
temperatures (20 �C, 40 �C),which is already shown for various types of dry foods (see
also Section 11.7).
Substituting the 10 days/40 �C test, in case of polyolefins with high thickness, the

substitute test with isooctane (2 days/20 �C) might result in exaggerated values
whereas 95% ethanol, which does not interact with the polymer, gives more realistic
fat migration values at 10 days/40 �C. In case of medium polar polymers like
polystyrene, both isooctane and 95% ethanol strongly interact with the polymer and
cause highermigration as fat would do. US FDA (2002) recommends 50% ethanol as
fat simulant for polystyrene as well as for the polar polymers PET and rigid PVC.

11.3.3.2 Time–Temperature Conditions
Time–temperature conditions are chosen according to the intended use of the final
FCM or article. The conditions are classified in categories which are laid down in
Table 3 of Directive 97/48/EC (European Commission 1997) (Chapter 13 of this
book). When a material or article shall be used for various time–temperature
conditions, for example storage at ambient and refrigerated temperature, the more
severe is applied for the test and the evaluation is valid for this and all less severe
conditions. In case a heating step (e.g., hot fill or sterilization) is applied before long-
term storage, the test conditionswill be combined (e.g., 30min/121 �C followed by 10
days/40 �C). In case of hotfill defined asmaximumfilling temperature of 85 �Cwhich
cools down below 70 �Cwithin 15min, and subsequent long-term storage, the hot fill
test (2 h/70 �C or 30min/100 �C) can be omitted according to Chapter II 4.3 of
Directive 97/48/EC because the 10 days/40 �C test is conventionally considered as
more severe. For an FDApetition or food contact notification which requires similar
test conditions, the combined test is necessary also in this case (condition C �hot fill
above 66 �C�: 2 h/70 �Cþ 238 h/40 �C or 30min/100 �Cþ 239.5 h/40 �C) (US FDA
2002,Appendix II). According to EUDirective 97/48/EC,Chapter II 2, test conditions
of 4 h/100 �Cand2 h/175 �C for aqueous simulants and the fat simulant, respectively,
are conventionally considered as the most severe tests which could be applied at all.
With other words, at these testing conditions maximum migration is deemed to be
reached. The beneficial practical meaning is that independent of the real packaging
fill and storage conditions which may even include longer contact times, it is not
necessary to test longer and to omit the otherwise lengthy test conditions of 10 days at
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40 �Cusually applicable for long-term storage. In case the intendedhigh-temperature
application (for instance, baking conditions) would exceed the maximum regulated
temperature of 175 �C, we, nevertheless, recommend to test at these higher tem-
peratures because beginning degradation of the material may occur and initiate very
rapidly increased migration.
In the EU, for compliance testing, it is today normally sufficient to testmigration at

one time point. For approval of a new substance, it is required by FDA and
recommendable also for EU to perform a kinetic test. FDA requires four time points
which are defined depending on the intended usage conditions (US FDA 2002,
Appendix II). When knowing the kinetic behavior of a migrant in a given packaging
application, this better enables a realistic estimate ofmigration at other contact times
than the measured ones and allows better plausibility checking of the results by
mathematical modeling.
A situation which is not yet regulated in the EU is how to test multilayer packaging

structures for migration of substances originating from the layers behind the food
contact layer. This is the more remarkable because most packaging applications
consist of more than one layer and this is even more sensitive if one considers
printing ink and adhesive form separate layers with a certain migratory potential. To
find an approach to this issue considerable work has been done in the last 15 years in
the area of migration research on multilayer packaging (Franz et al., 1996, 1997;
Piringer et al., 1998; Simal-Gandara et al., 2000a; Feigenbaum et al., 2005; Dole et al.,
2006). All these research activities came to the conclusion that multilayer migration
testingmust considermigration kinetics (either by directmeasurements or indirectly
through diffusion/migration acceleration factors or modeling) and cannot be based
reliably on an one time point measurement according to the traditional or conven-
tional EUmigration test principle (Chapter 9). In these studies, diffusion behavior of
various packagingmaterials has been investigated at different temperatures to derive
activation energies for mass transport processes in polymers. With known values
for the activation energy in a particular case, it is possible to calculate acceleration
factors and to design timely shortened tests which are deemed to provide the same
migration result as the realistic longer term packaging application. However, for
simplicity reasons and for better reproducibility, a less sophisticated but scientifically
justifiable approach can be thought of: this approach considers known relationships
between diffusion coefficientsDi at different temperatures Ti and migration times ti
and includes the so-called factor 10 rule. In the above mentioned scientific research
work, it was found that the relevant activation energies for migrants in polymers
range typically from 80 to 100 kJ/mol. As a consequence, for the most EU relevant
migration test temperatures T1¼ 20 �C (normally, in fact room temperature that is
�23 �C) and T2¼ 40 �C, the corresponding diffusion coefficients D1 and D2 (in a
given polymer and for a given migrant), respectively, are roughly correlated by a
factor 10 :

D1ðT¼20�CÞ
D2ðT¼40�CÞ

¼ 1
10

ð11:2Þ
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From the known proportionality of migration with (Dt)1/2 (Chapters 7 and 9) the
same migration is obtained when

D1

D2
¼ t2

t1
ð11:3Þ

From this the following correlations which can be useful for a simple multilayer
test concept can be made when assuming infinite thickness (upto 60% of maximum
migration).

1. The migration time needed at 20 �C to reach the same value as after 10 days at
40 �C is 10 times longer.

2. Themigration value reached after a given time is at 20 �C 10 times lower compared
to 40 �C.

3. In the linear phase of a migration curve, the migration rate at 40 �C is 10 times
higher than at 20 �C.

4. The time lag observed from a 40 �C migration test is 10 times shorter compared
to 20 �C.

These relationships are also applicable to the other most important EU official
migration test temperatures, in particular when comparing 40 �Cwith 60 �C as well
as the room temperature with the 0–5 �Crange. It should be noted that this rule has a
certain degree of convention but it is fully supported by most recent scientific
research work in this area. In addition, from activation energy considerations and
because the most packaging multilayers are not infinitely thick, the extrapolations
from the 40 �C to lower temperatures contain a safety margin.

11.3.3.3 Surface-to-Volume Ratio
The conventional surface-to-volume ratio in the EU is 6 dm2/kg, which is derived
froma cubewith 1 dmedge length (density is calculated as 1 kg/L). In the experiment,
usually a somewhat higher surface-to-volume ratio of 1 dm2/100ml is used (Annex I
2002/72/EG, EN 1186-1). Fillable articles are usually tested at the real surface-to-
volume ratio. In the United States, the conventional surface-to-volume ratio is
10 g/in2 equal to 6.45 dm2/kg (US FDA, 2002).
Especially at SM testing when applying a higher surface-to-volume ratio, a

concentration step might be avoidable to reach the necessary sensitivity. In case of
good solubility of the migrant in the simulant, the surface-to-volume ratio can be
increasedwithout influence on the area-relatedmigration value. The same is possible
if migration is mainly determined by the diffusion in the polymer (e.g., from PETor
rigid PVC). If the partition coefficient is on the side of the polymer, that is if the
substance is good soluble in the polymer but poor in the simulant, then the
concentration in the simulant remains more or less constant when the surface-to-
volume ratio is varied. In this case a simple proportional calculation to other surface-
to-volume ratios is not allowed but the partition coefficient and the ratio of simulant
volume to polymer volume in the experiment need to be considered. For example, the
plasticizer diethylhexyl adipate will be nearly totally extracted by a fat simulant from a
plasticized PVC independent from the simulant volume but migration into water
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needs to be measured at the real surface-to-volume ratio. By using a software for
migrationmodeling as described inChapter 9, the influence of the surface-to-volume
ratio is automatically considered.
Theoretically, these considerations at the two extreme cases can be derived from

equation. which is transformation of the equation defining the partitioning coeffi-
cient KP/L.

mL;e

VL
¼ mP;0

VL þKP=L�VP
ð11:4Þ

In case the partition equilibrium is on food simulant side, KP/L is small and the
product of partitioning coefficient KP/L and polymer volume VP is negligibly small
compared to the simulant volume VL. Then the absolute migrating mass mL,e is
independent from the simulant volume. So concentration in the simulant can
be increased by reduction of the simulant volume at constant polymer volume
without influencing the area-related migration test result.
In case the partition equilibrium is totally on the polymer side (KP/L� 1000), the

simulant volume VL is negligibly small compared to the product of partitioning
coefficientKP/L and polymer volumeVP. Then at equilibrium the concentration in the
simulant is independent from the simulant volume but equals the quotient of the
initial concentration in the polymer and KP/L.

11.3.3.4 Migration Contact
Migration contact can be carried out by total immersion or single-sided test by using a
cell, a pouch, orfilling of a container as described in EN 1186 series (OM) (CEN 2002)
and EN 13130-1 (SM) (CEN, 2004). In the following text the advantages and
disadvantages of these methods are discussed.
The single-sided test is themost realistic way to test packagingmaterials which are

with only one side in contact with the food and especially recommended for
asymmetric multilayer constructions. Containers can be filled with the real filling
volume in case of small and medium volumes. Sealable films can be sealed to
pouches with the contact side as outer side and totally immersed. If this is not
possible, pouches with the contact side inside can be filled with simulant. As
the presence of a small air bubble normally cannot be prevented which might
additionally grow during storage at elevated temperature, then especially the latter
pouch method has the disadvantage of a higher uncertainty in the contact area. The
best choice is the migration cell. The first cell was developed by Tice (Pira Interna-
tional). This was a relatively large metal cell with 1.25 dm2 contact area (EN 1186-1
Cell A).Wehave long-termexperiencewith glass cells, where thefilm isfixed between
the flat flange of a beaker and the lid. The simulant is filled in through an opening in
the lid. Such a cell is shown in Figure 11.4 in an improved version by FABES GmbH
and glass blower Gassner, Munich. The glass cells are available in various diameters.
The diameter is chosen depending on the needed simulant volume and the available
sample area, for most cases the cell with 0.4 dm2 contact area filled with 40-ml
simulant is appropriate. Larger contact areas increase the risk of leakage; the same is
for samples with buckles or creases.
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Total immersion is the easiest way to testing migration. Inner and outer surface
of the material are in contact with the simulant; migration occurs from both sides.
Thin materials will approach partitioning equilibrium or will be nearly totally
extracted during migration contact. At total immersion the equilibrium will be
reached faster compared to a single-sided contact but the total migrating mass is
the same. Therefore, for thin materials, only one-sided surface area is used for
migration calculation. When migration is mainly determined by the diffusion in
the material, doubling the contact surface doubles the migration velocity and
therefore the migrating mass. For these samples, the total surface area (inner and
outer surface) is used for migration calculation. Conventionally and independent
from the polymers and their diffusion properties, the material thickness is used to
distinguish these two cases. Migration of samples with a thickness of 500 mm and
higher is calculated using the total surface area, samples with a thickness less than
500 mm using the one-sided surface area. These considerations are only valid for
monomaterials or symmetric multilayer constructions. Knowing the diffusion
behavior of a material, this conventional rule at which minimum thickness
migration will be mainly determined by diffusion in the material can be adapted
to the material properties. For example, migration from segments of PET bottle
walls can be calculated on the basis of scientific evidence using the total surface
area even they have a thickness of only 300mm or less. The edges are usually
neglected. But when the surface area of the edges is greater than 10% of the
measured area, the edges are included in the calculation (EN 1186-1, CEN, 2002).
Examples for such geometry are injection molded test sticks of 120mm·
10mm· 2mm size. Especially cut edges might have a different morphology and
migration behavior than the smooth surface of a material and be stronger attacked by
the simulant. For example in our experience, lacquer layers, which had been stable
against the simulant in a single-sided test, had beenpartly destroyed at the edges in the
total immersion test resulting in a considerably higher migration value.

Figure 11.4 MIGRACELL for single-sided migration testing.

11.3 Migration Experiment j371



If the migration value in the total immersion test is higher than the allowed limit,
the experiment may be repeated using the more realistic single-sided contact.

11.4
Analysis of Migration Solutions

11.4.1
Overall Migration

Determination of OM is described in EN 1186 series of CEN (European Committee
for Standardization) standards (CEN, 2002) and in numerous papers and
books (Ashby et al., 1997; Katan 1996b; De Kruijf and Rijk, 1988; Tice, 1997). The
method will not be taken up in detail here but only the principle and the possible
problems shall be discussed. In general, the gravimetric methods loose volatile
migrants totally or at least partially. For covering volatile migrants no methods are
developed up to now.

11.4.1.1 Aqueous and Alternative Volatile Simulants
The method is described in EN 1186 parts 3, 5, 7, and 9 for aqueous simulants and
parts 14 and 15 for isooctane and 95% ethanol as substitute or alternative fatty food
simulants, respectively. The test principle is such that themigration is determined as
themass of nonvolatile residue after evaporation of the simulant. The residue is dried
to weight constancy at 105 �C. Therefore, the method covers only such substances
which are not volatile at these conditions. The result is expressed in milligrams per
square decimeter surface area of the test specimen or in milligrams per kilogram of
filling according to Article 2 of the Plastics Directive 2002/72/EG (European
Commission, 2002). The measured value is compared to the OML given by the
Plastics Directive taking the analytical tolerance of this method into account. On the
basis of ring trials at CEN, the analytical tolerance of these methods is set 2mg/dm2

or 12mg/kg according to Annex I of the Plastics Directive 2002/72/EC (European
Commission, 2002).

11.4.1.2 Olive Oil
Themethod is described in parts 2, 4, 6, 8, and 13 (MethodA) of EN 1186 (CEN2002).
Because of its nonvolatility a simple gravimetric determination of olive oil is not
possible. Therefore, a complicated indirectmethod is applied. Themass difference of
the sample before and after migration contact is determined. As the sample after
contact still contains residues of the olive oil which is sticking on the surface or
migrated into the polymer, the sample is extracted with pentane and the oil is
quantified after derivatizing to fatty acid methyl esters. This value is used for
correction of the mass difference. In other words (EN 1186-13A, CEN, 2002):
Migration into the olive oil is calculated by subtracting the mass of olive oil retained
by the test specimen from themass of the test specimen after removal from the olive
oil, then subtracting this mass from the initial mass of the specimen.
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In this procedure inheres a high analytical imprecision up to such analytical
interferences whichmakes the application of themethod inmany cases not feasible.

. Subtracting high values obtained by weighing the sample in order to determine a
much smaller OM value causes inherent imprecision. At too high sample masses
differences of somemilligrams are too small related to the accuracy of the balance.

. The sample weight of polar plastics depends highly on their water content and
therefore on the environmental humidity. Exactmoisture conditioning is necessary
in these cases to assure comparable conditions at weighing before and after
migration contact.

. The sample takes oil up duringmigration contact. The oil migrates into the plastic,
especially in increased amounts at higher temperatures. If back extraction is not
complete, the experiment ends up with too low or negative migration values.

. Analytical determination of the absorbed oil amountmay be disturbed due tomany
possible gas chromatography (GC)–flame ionization detection (FID) interferences,
for example the use of fatty acid esters as additives. According to the Plastics
Directive, some 40 or 50 interfering compounds are in the positive list.

. At high-temperature testing (>100 �C), the increased oil absorption often causes
strong problems. Temperature differences of 1 �C may cause a sharp rise of oil
uptake which might be a source of irreproducible results. Such nonlinear increase
of oil uptake at increasing temperatures had been shown, for example, for
polypropylene between 120 and 130 �C (own results, unpublished data). High oil
uptake plasticizes thematerial and changes completely the properties. Such effects
often occur only with pure fats and oils but not with partially fatty foods and are not
compensated by reduction factors. The obtained migration value might therefore
be not realistic for real foods.

Even when the performance of an oil test looks good and these problems do not
appear in an distinctly remarkable way, all these points add to a high analytical uncer-
tainty and imprecision.ThePlasticsDirective2002/72/EGsets 3mg/dm2or20mg/kg
food simulant as value for the analytical uncertainty (at an OML of 10mg/dm2 or
60mg/kg which means a 30% analytical uncertainty). The results of proficiency test
schemes (e.g., FAPAS) often showamuchhigher scatteringof the laboratories results.
The many working steps needed to come to the result cause a high personal

workload and make the test extremely time and cost extensive. At high-temperature
tests, handling of the hot oil requires high care.
These extreme disadvantages of the oil test had been the driving force to develop

more rapid, easier, more precise, and more cost-efficient alternative tests.

11.4.1.3 Modified Polyphenylene Oxide (Tenax�)
The OM method using MPPO is described in EN 1186-13 Method B for high-
temperature applications (>100 �C) (CEN 2002). MPPO is a porous polymer with a
high adsorption capacity. It has a high molecular weight (500,000–1,000,000 g/mol), a
very high-temperature stability (Tmax¼ 350 �C), a high surface area, and a low specific
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mass (0.23g/cm3). The surface of the article to be tested is covered with MPPO
(4 g/dm2) and held at the selected time–temperature test conditions. The heating takes
place in a conventional oven even if the samples are intended for use in a microwave
oven. After contact, the adsorbent is extracted using diethyl ether. Finally, the extract is
evaporated todrynessusing anitrogenstreamand the residue remaining isdetermined
gravimetrically. According to the standard EN 1186-13B, the maximum temperature
applicable is 175 �C. Higher temperatures can be applied but as oxygen is present,
MPPO starts to get oxidized and cannot be fully reconditioned to a white powder.

11.4.2
Specific Migration

Only for a little part of the approved substances with restriction validated or even pub-
lishedmethods are available. Sources for suchmethods are presented in the following
sections. Development and validation of new methods are discussed in Section 11.5.

11.4.2.1 Vinyl Chloride EU Directives
As a consequence of EU Directive 78/142/EEC (European Commission 1978) that
introduced a limitationofVCmonomerboth as residual amount infinal articles (QM:
1mg/kg) intended tocome intocontactwith foodstuffs and inmigration to food (SML:
not detectable; limit of detection (LOD): 0.01mg/kg), the corresponding necessary
analyticalmethodswere developed between several European expert laboratories and
laid down as agreed methods in EU Directives 80/766/EEC and 81/432/EEC,
respectively (European Commission 1981). This piece of the EU harmonization
processwas too time- andwork-consuming to continue in thisway.TheVCDirectives,
therefore, remain a unique feature in EU food packaging legislationwhichwas found
to be impractical for generalization.

11.4.2.2 EN 13130 Series
Validation and standardization of analytical methods is a recognized basic task of the
European Committee for Standardization (CEN). Within the CEN organization, a
working group, CENTC 194/SC1/WG2, has produced fully validatedmethods for 15
plastic monomers that have been published as European norms (EN) within the EN
13130 series (CEN, 2004). While the Part 1 of this multipart standard gives general
guidance to the SM test methodology prior to analysis of the specific migrant, the
remaining seven parts are pure analytical methods for the determination of mono-
mers in food simulants or plastics. Table 11.2 gives an overview of the methods
published as standard in the EN 13130 series.
During the period 1993–1996, a European project was conducted within the

Standards, Measurements, and Testing program of DG XII (Research). The scope
of this BCR (S,M&T) project �Monomers� was to fill the tremendous gap in analytical
methods by development and prevalidation ofmethods of analysis for 36monomers)
selected from the �Plastics Directive� positive lists. The project was carried out by an
European consortium of 13 laboratories from 9 different member states, under the
coordination of the �Fraunhofer-Institute of Process Engineering and Packaging�
(Fraunhofer IVV) Freising, Germany, and the main partner �TNO-Nutrition and
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FoodResearch�Zeist, TheNetherlands. From the36 targetmonomers (seeTable 11.3
and 11.4), the project has elaborated 33 prevalidated methods of analysis for the
determination of the SMof a selection ofmonomers listed with a restriction in at that
time actual Plastics Directive 90/128/EECand its amendment 92/39/EEC (Franz and
Rijk 1997). As thesemethods are up to nownot fully validated but only in two or three
laboratories, they have not been published as standard methods but in 2005 as
technical specifications within the EN 13130 series (CEN/TS 13130-9 to 13130-28,
CEN, 2005a).

11.4.2.3 Further Standard Methods
Further standardmethods exist for the epoxy derivatives bisphenol A-diglycidyl ether
(BADGE) and bishphenol F-diglycidyl ether (BFDGE) and their hydroxy and chlori-
nated derivatives in food simulants (EN 15136, CEN, 2006a). The method was
developed for a sum restriction of BADGE, hydroxy, and chlorinated derivatives of
1mg/kg. BADGE and derivatives are determined before and after total hydrolysis to
BADGE�2H2O. In themeantime, the restriction was changed to 9mg/kg for BADGE
and hydroxy derivatives and 1mg/kg for the sum of chlorinated derivatives. The
method is still applicable for low levels. At higher migration it has to be modified to
specific quantification of all derivatives before hydrolysis and, for example, using the
hydrolysis only for check on matrix interferences.

Table 11.2 Overview of standard methods in EN 13130 series (2004).

No. Title Restriction (mg/kg)

Part 1 Guide to the test methods for specific migration
of substances from plastics into food and food
simulants and the determination of substances
in plastics and the selection of conditions
of exposure to food simulants

–

Part 2 Determination of terephthalic acid in food simulants SML: 7.5
Part 3 Determination of acrylonitrile in food and

food simulants
SML: not detectable,
LOD: 0.02

Part 4 Determination of 1,3-butadiene in plastics QM: 1
Part 5 Determination of vinylidene chloride in food simulants SML: not detectable,

LOD: 0.05
Part 6 Determination of vinylidene chloride in plastics QM: 5
Part 7 Determination of MEG and DEG in food simulants SML (T): 30
Part 8 Determination of isocyanates in plastics: QM (T): 1 (expressed

as NCO)� 2,6-toluene diisocyanate
� diphenylmethane-4,40-diisocyanate
� 2,4-toluene diisocyanate
� hexamethylene diisocyanate
� cyclohexyl isocyanate
� 1,5-naphthalene diisocyanate
� diphenylmethane-2,40-diisocyanate
� 2,4-toluene diisocyanate dimer
� phenyl isocyanate
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11.4.2.4 Methods of Analysis in Petitions to the European Commission
As another source of analytical methods for monomers and additives, the numerous
technical dossiers submitted to the Scientific Committee of Food or to the European
Food Safety Authority (EFSA) through many European companies should be
mentioned. According to theCommission�s request to the petitioners, thesemethods

Table 11.3 Overview of prevalidated CEN/TS technical specifica-
tions in EN 13130 series (CEN 2005a).

No. Title Restriction (mg/kg)

Part 9 Determination of vinyl acetate in food simulants SML: 12
Part 10 Determination of acrylamide in food simulants SML: not detectable,

LOD: 0.01
Part 11 Determination of aminoundecanoic acid in food

simulants
SML: 0.01

Part 12 Determination of 1,3-benzenedimethanamine in food
simulants

SML: 0.05

Part 13 Determination of 2,2-bis(4-hydroxyphenyl)propane in
food simulants

SML: 0.6 (1997:
restriction is 3)

Part 14 Determination of 3,3-bis(3-methyl-4-hydroxyphenyl)-2-
indolinone in food simulants

SML: 1.8

Part 15 Determination of 1,3-butadiene in food simulants SML: not detectable,
LOD: 0.02

Part 16 Determination of caprolactam and caprolactam, sodi-
um salt in food simulants

SML: 15

Part 17 Determination of carbonyl chloride in plastics QM: 1
Part 18 Determination of 1,2-dihydroxybenzene, 1,3-dihy-

droxybenzene, 1,4-dihydroxybenzene, 4,40-dihydroxy-
benzophenone, and 4,40-dihydroxybiphenyl in food
simulants

SML: 6, 2.4, 0.6, 6, and
6, respectively

Part 19 Determination of dimethylaminoethanol in food
simulants

SML: 18

Part 20 Determination of epichlorohydrin in plastics QM: 1
Part 21 Determination of ethylenediamine and hexamethyle-

nediamine in food simulants
SML: 12 and 2.4,
respectively

Part 22 Determination of ethylene oxide and propylene oxide in
plastics

QM: 1 each

Part 23 Determination of formaldehyde and hexamethylene-
tetramine in food simulants

SML: 15 each

Part 24 Determination of maleic acid and maleic anhydride in
food simulants

SML (T): 30

Part 25 Determination of 4-methylpentene in food simulants SML: 0.02
Part 26 Determination of 1-octene and tetryhydrofuran in food

simulants
SML: 15 and 0.6,
respectively

Part 28 Determination of 2,4,6-triamino-1,3,5-triazine in food
simulants

SML: 30

Part 29 Determination of 1,1,1-trimethylolpropane in food
simulants

SML: 6
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should have been written in a CEN standard format and meet current analytical
requirements. Normally, however, thesemethods were established in assessing front
line human exposure under the envisaged contact application, and were not always
suitable for general control purposes. Nevertheless, there seems to be a large
potential for technically suitable methods to be further evaluated and processed to
a generally agreed level of validation on the Europe-wide scale. References to those
methods can be found on the website of the Joint Research Centre of the European
Commission in Ispra: http://crl-fcm.jrc.it.

11.4.2.5 Methods in Foods (Foodmigrosure Project)
Between March 2003 and September 2006 the Foodmigrosure EU project, contract
numberQLK-CT2002-2390, was carried out with the intention to develop amigration
model tool to allowprediction ofmass transfer of constituents fromplastic FCMs into
foodstuffs (see Section 11.7). In the course of the project analytical determination
methods formodelmigrants in a series of foodstuffs had to be developed as a basis for
the systematic migration core studies of the project on which the model should be
built on. Asmodelmigrants 18 different organic chemical compounds were selected
according to the criteria: representativeness with regard to physical and chemical
properties such as chemical structure, molecular weight (104–532Da), polarity or
solubility in foods, volatility but also intended use as monomer/other starting
substance/additive or unwanted occurrence as contaminant in FCMs. Part of these
model migrants were selected since they had been incorporated in plastic films
produced as candidate certified reference materials within the European project
�Specific Migration� under contract number G6RD-CT-2000-0411 so that extremely
useful migrant release systems were already available at the start of the project
(Stoffers et al. 2004). Furthermore, 25 representative foods and food categories were
selected as matrices into which the mass transport behavior of the selected model
migrants was studied. For this, the elaboration of analytical methods was an
inevitable requirement. The analytical project work started with a �triangular�
approach to select those three foods on each corner of the triangle representing
the extremes of different food components (fat, protein, and carbohydrate) which
could influence the sampling and work-up procedure prior to the analytical deter-
mination. From this, minced turkey or chicken breast (<5% fat), orange juice
(containing pulp, not filtered), and Gouda or Emmental cheese (�30% fat content
in fresh matter) were selected that were thought to represent major food categories,

Table 11.4 Further methods in BCR project �Monomers,� not published in EN 13130 series.

Title Restriction (mg/kg)

Determination of ethyleneimine in food simulants SML: 0.01
Determination of methylacrylonitrile in food simulants SML: 0.02
Determination of 1,3-phenylenediamine in plastics QM: 1
Determination of trialkyl(C5–C15)acetic acid,
2,3-epoxypropylester in food simulants

SML: 6

11.4 Analysis of Migration Solutions j377



both with respect to consumption and toward the physicochemical properties
influencing the migration process from FCMs. In an EU report (Paseiro et al.,
2006a), the collection of analytical determination methods for all 18 model migrants
and at least for the 3 �triangle corner foods� are compiled in a harmonized written
format. These methods have been successfully applied to all of the 25 foods selected
for the project, some of them after minor modifications to meet the specific
requirements of a particular foodstuff. In a second EU report, existing literature
and strategies for development of methods in food are presented (Paseiro et al.,
2006b, see also Section 11.5.2).

11.5
Development of Methods, Validation, and Verification

11.5.1
Establishing (Juristically) Valid Performance of Methods

Ideally andstrictly speakingalso legallyprescribed, thepositive list systeminDirective
2002/72/ECand its follow-upswould formally only be enforceable on thebasis of fully
validatedanalyticalmethods forSMdeterminations.Furthermore,EURegulationNo.
882/2004 European Commission 2004b states that analytical procedures for compli-
ance testing with food laws are to be carried out on the basis of validated methods.
However, since full collaborative trials according to ISO5725 (ISO1994) are very time
consuming and expensive and because of the large number of SML values to be
validated, it is immediately quite obvious that achieving this ideal situation is an
economical impossibility. In addition, the time frame to fulfill such a task would
exceed the dimensions of any real-life requirement. Furthermore, many of the
positively listed plastic constituents obviously have such a low commercial relevance
that the question of absurdity would also be raised in these cases. As a consequence,
there is clearly aneed forpragmatic solutions to this problem.Sinceprovisionof �fully
validated� methods turns out to be impossible, certain minimum requirements to
method validation should be agreed upon at a European level to produce so-called
generally agreed or acceptedmethods. Possible ways out of the situation are in-house
validation procedures carried out by one laboratory, which, however, have to fulfill
generally agreed requirements for single laboratory validation. This strategy may be
assisted by the definition ofminimum requirements for testmethod precision based
on the so-called Horwitz trumpet (Horwitz, 1988, 1995) which links repeatability to
concentration.Asaneconomicalternative to ISO5725andobeying full validation ring
trials, small collaborative trials with two or three laboratories can also be considered.
It is generally recognized and accepted that analyticalmethodsmust be suitable for

the intended use. Method validation is known as the process used to confirm that a
procedure is fit for a particular analytical purpose. This process, an essential part of
analytical quality assurance, can be described as the set of tests used to establish and
document performance characteristics of amethod. The performance characteristics
of a method are experimentally derived values for the fundamental parameters
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of importance in assessing the suitability of the method (Horwitz 1988, 1995;
Thompson and Wood 1993, 1995; Eurachem 1998; FAO, 1998; US EPA, 1995; US
FDA, 1993; Thompson et al., 2002). These parameters include:

Applicability: Includes matrix, analyte, and species being measured,
concentration ranges and the purpose for which it is
suited, limitations of the method.

Selectivity: The ability to discriminate between the target analyte and
other substances in the test sample.

Calibration: The calibration curve is a graphic representation of the
detection system�s response as a function of the quantity
of analyte.

Accuracy: The closeness of agreement between a test result and the
accepted reference or true value.

Precision: The closeness of agreement between independent test
results obtained under stipulated conditions.

Range: The interval of concentration within which the analytical
procedure demonstrates a suitable level of precision and
accuracy.

Limit of quantification: The lowest amount or concentration of analyte in a
sample which can be quantitatively determined with an
acceptable level of precision and accuracy.

Limit of detection: The smallest amount or concentration of analyte in a
sample that can be reliably distinguished, with stated
significance, from the background or blank level.

Sensitivity: A measure of the magnitude of the response caused by a
certain amount of analyte.

Ruggedness: The resistance to change of an analytical method when
minor deviations are made in the experimental condi-
tions of the procedure.

Practicability: The ease of operation, in terms of sample throughput and
costs, to achieve the required performance criteria and
thereby meet the specified purpose.

A fully validation of amethod includes a collaborative trial forwhich internationally
accepted protocols have been established (Horwitz, 1988, 1995; ISO, 1994). These
protocols require a minimum number of laboratories and test materials to be
included. However, only for a very limited number of substances such as fully
validated methods exist (e.g., EN 13130 part 2–8) as well as for the OMmethods (EN
1186). Methods developed in the European project �Development of Methods of
Analysis for Monomers� (SM&T project MAT1-CT92-0006), which are now pub-
lished as CEN Technical Specifications (CEN/TS 13130 part 9–28, CEN, 2005a), have
been only validated by two laboratories up to now. For many other substances,
methods are only validated in a limited way within one laboratory.
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The background to whether acceptable validation of analytical methods for
migration testing could be achieved faster and at less cost than by fully validation
is discussed within the CEN report �Validation and interpretation of analytical
methods, migration testing and analytical data for materials and articles in contact
with food. Part 1. General considerations� (CEN, 2006b). Practical guidelines for
single laboratory validation of analytical methods are given by IUPAC (Thompson
et al., 2002) and by Eurachem (1998). Single laboratory validation is used to show the
suitability of a method before entering the (expensive) ring trial or in cases where
conducting a ring trial is not practicable. A next higher level of validation is including
a second laboratory to confirm the performance obtained. A (limited) set of single
laboratory validation data should be collected by each laboratory even when using
fully validated standard methods to show its ability to carry out the methods with a
comparable performance.
The validation data are the basis for the estimation of the analytical uncertainty of

the method.

11.5.2
A Practical Guide for Developing and Prevalidation of Analytical Methods

In the following, a practical guide for a step-by-step procedure is presented to
establish a validated method of analysis for determination of both a specific migrant
in a food simulant and the residual concentration in a plastic. This procedurewasfirst
developed and then applied in an European project (Franz and Rijk, 1997) and found
to be very practical. It should be considered as a recommendation based on the great
practical experience of the analysts involved.
The development procedure consists of the following eight steps:

1. Scope of the method
Basically, two types of method must be taken into account:
. Analysis of a specific migrant in a food simulant (SML methods)
. Analysis of a specific migrant in a polymer (QM methods)
Generally, the method to be developed should allow quantitative analysis of the

analyte at the required restriction limit in all the official food simulants, including
substitutes or alternatives, and/or in the polymer, respectively. Thatmeans that for
very low SML values which are assumed to be in the range of the detection limit,
the aim should be to obtain a detection limit equal to or even lower than the
restriction criterion. For other, higher SML and QM values, the aim should be to
obtain a detection limit at least ten times below the legal or self-defined restriction
criterion. It should also be kept in mind that the method description should
provide the relevant intralaboratory precision data (at the required SML/QM
value) according to ISO 5725 (ISO, 1994).
The most suitable analytical methodology should be selected based on the

required performance characteristics. A sound literature search is always of great
help with respect to known methods for the respective analyte and matrices. In
most cases the search results will not directly provide the method wanted but will
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allow the most likely successful analytical approach to be set up. In this context,
preconsiderations should address themost appropriate samplework-up procedure
as well as the suitable analytical separation and detection system. The question of
direct analysis of the analyte or a derivate formed after chemical reaction should be
clarified. Finally, some thoughts should already begiven to thequestionof chemical
stability of the analyte in the given matrices under the applied conditions.
Paseiro et al. reviewed within the EU project Foodmigrosure (QLK1-CT2002-

2390) existing literature to a range of substances and developed strategies for
methods determining these substances in plastic materials and food starting from
the physical chemical properties (Sendón García et al., 2006; Sanches-Silva et al.,
2006; Paseiro et al., 2006b).

2. Setting up the chromatographic and detection system
It exceeds the scope of this chapter to give more background and details on

analytical chemistry. The corresponding scientific knowledge and technical
information have been described elsewhere (for instance, Schomburg 1987; Lee
et al. 1984; Chapman, 1986; and many other lecture books).
Having rationalized the most suitable analytical principle as a result from step

1, it is necessary to demonstrate the adequate specificity and sensitivity of the
analytical system. This aim can be achieved by carrying out an initial feasibility
study where the following points need in-depth consideration:

. availability and purity of reference standards;

. purity requirements for chemicals, reagents, and solvents;

. safety considerations;

. selection of sampling and chromatographic instrument;

. choice of separation column;

. suitable detection system;

. optimization of instrument parameters;

. appropriate internal standard;

. solvent to be used for preparation of stock and standard solutions.
The feasibility exercise should include preparation of a concentrated (stock)

solution as well as diluted standard solutions of various concentrations and
establishing a first calibration curve. From the data obtained, preliminary con-
clusions should be drawn with respect to the approximate precision, its working
range, and LOD. Finally, the results should provide sufficient evidence with
respect to the workability of the intended analytical approach. If the method
appears inappropriate, it must be optimized by methodological improvements,
instrument changes, or application of a completely different analytical technique.
If no satisfactory improvements canbe achieved, a possibleway out of the problem
may be through compromising the acceptance limits.

3. Preparation and measurement of calibration samples
When the initial study has been successfully completed, the performance

characteristics should be investigated. As a first step on this way, calibration
samples should be prepared in order to prove the calibration with respect to
fulfilling general acceptance limits for linearity and repeatability performance.
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Starting from two independent stock solutions, two sets of analyte calibration
solutions should be prepared. The solutions should preferably consist of the same
medium (i.e., either food simulant for SMLmethods or swelling/extraction solvent
for QMmethods) to be used for the final determination of the SM or the residual
amount in the plastic. Since the method�s performance characteristics are to be
established in relation to the intendeduse, it is not necessary to check themethod�s
linearity over the full range of the equipment. Therefore, at least five concentration
levels are required spanning the given restriction criterion value (or expected
concentration value) from0.1x value to 2.0x value, provided this is within the LOD.
Solutions without any analyte (blanks) should be analyzed as well. In the case of
standard addition procedures,five levels should also be analyzed spanning theQM
restriction value by standard additions ranging from 0.5x value to 5.0x value.
All calibration and blank samples should be measured in triplicate (three

injections of one sample) and the calibration graph should be constructed by
plotting the detection signal obtained for the analyte (preferably peak area rather
than peak height) relative to that of the internal standard versus analyte concen-
tration.With respect to the correlation coefficient obtained (usually �R�) from the –
in most cases – linear regression line, a minimum value of R¼ 0.9996 should be
defined as a general acceptance limit. Deviation from this minimum requirement
to linearity should only occur in exceptional cases. But the correlation factor gives
only limited information on the linearity (Analytical Methods Committee, 1988;
Van Loco et al., 2002). Additionally a visual check of the calibration graph is
necessary.Agraphplotting the residues betweenmeasured andcalculated values at
the different calibration levels might also be useful. Objective information on
linearity is given by statistical tests (Lack-of-fit test: Massart et al. 1997; Mandel�s
fitting test: Mandel 1964). Full statistical evaluation of the calibration graph
provides useful data about the method�s performance characteristics over the
applied calibration range such as the standard error of the procedure, sx, or the
standard error of estimate, sy. On the basis of 95% probability level, the corre-
sponding confidence bounds should be calculated. The two independently pre-
pared sets of calibration samples should coincide with the upper and lower
confidence bounds as another general acceptance limitwith respect to repeatability
performance. From the data of the calibration samples the detection limit can be
obtained (see Section 11.5.4).

4. Within laboratory (repeatability conditions) precision according to ISO 5725
The precision of an analytical method is the degree to which individual

determinations of a series of standards agree. Since in general only one laboratory
is involved in the development of themethod, the precision, as determined by one
laboratory by one operator over a relatively short time, is defined as repeatability
�r� (ISO, 1994; compare also Section 11.5.3.
For determining �r,� the following procedure is recommended:

. SML methods: for conventional or alternative food simulants, at least six
samples should be prepared, having the same concentration at the restriction
criterion (SML value). All the samples should be measured by at least double
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injections and the detector signals obtained should be evaluated using the
calibration graph established as described under step 3 above.

. QM methods: for the analysis of polymer matrices, 12 samples should be
prepared for headspace sampling technique or 6 samples for liquid injection.
In each case, the series of samples should be prepared in the polymer/
swelling solvent systemwith all samples using the same concentration at the
restriction criterion (QM value). Headspace samples aremeasured only once
and liquid injection samples in duplicate. If possible, analyte-free polymer
should be used here. Again the spiked concentrations should be verified by
standard addition calibration procedure carried out as described above under
step 3. When conducting an additional series of measurements using only
the swelling solvent as the matrix without polymer and comparing results to
those obtained above, the influence of the polymermatrix on the detection of
analyte can be investigated.

From the results obtained the repeatability standard deviation �Sr� as well as the
repeatability limit �r� can be calculated on a 95% probability level according to
equation 11.5 (see also Chapter 11.5.6)

r ¼ 2:8Sr ð11:5Þ
In addition, the results can also be used to calculate the mean recovery

percentage as (the ratio of measured concentration/nominal concentration)
·100 and its standard deviation in the case of direct analyte determinations
without any sample work-up. In cases where a sample work-up procedure such as
extraction or chemical derivation has been applied, the mean recovery can be
determinedby comparing the detector response for the analyte signal after sample
work-up with the response obtained from a standard dissolved in pure solvent.

5. Development of an appropriate confirmation procedure
Whenever a measured value exceeds a certain threshold (an internally defined

limit or a legal restriction criterion) then a confirmation procedure is recom-
mended or even necessary. The purpose of confirmation analysis is to prove or
disapprove the measurement result obtained by the usual analytical method.
Generally, the difference from the confirmation procedure compared to the usual
test method should be due to only either the use of a completely different
separation column (with completely different retention behavior) in the same
detection system or the use of an alternative detection method with sufficient
sensitivity. For the latter case and especially for GC methods, the preferred
procedure should be to apply analyte selective mass spectroscopy (MS) detection.
In some cases, derivatization of the analyte followed by MS detection can also be
the method of choice. In the case of HPLCmethods, different polarity of another
column in connection with full exploitation of modern UV diode array detection
systems may be useful to selectively allow confirmation of the analyte. Using
LC-MS or LC-MS-MS highly selective detection of analytes is possible. It is
extremely important to make sure that the confirmation procedure works at the
restriction criterion level or other self-defined concentration limit!
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6. Stability check on stock and standard solutions
Stability tests are understood to be time-dependent measurements of a stock

and a standard solution at different temperature conditions, for instance at
ambient temperature (approximately �22 �C), normal refrigerator conditions
(2–8 �C), and at deep freezing temperatures (approximately�20 �C). Stability tests
should always be carried out with the exclusion of light. Under these storage
conditions, stock and standard solutions should be monitored for constancy of
initial analyte concentration. This can be achieved by comparison against freshly
prepared solutions. Storage time should be extended to at least three months or
until a decrease of 50% ormore has been observed. Sampling frequency depends
on the decrease rate of the solutions. It is wise to commence stability checks early
enough when starting method development work. The aim here is to find out the
optimum storage conditions and maximum practical storage time. Internal
standards, if applied, should also be investigated.

7. Workability of the test method under practical conditions
After successful completion of all the development steps described above, the

analyst still cannot be sure that the developed method will work under realistic
conditions. The workability of the method therefore has to be proved. There are
two major reasons why this workability test has to be carried out: First, it should
be demonstrated that the method is not affected by interferences migrating from
the polymer matrix. Second, it needs to be clarified whether the analyte is stable
under the contact conditions applied during the migration exposure, to avoid
false-negativemigration results. Therefore, a suitable plasticmaterial containing a
high residual level of the analyte under investigation should be available for the
following experiments:

. SML methods: The selected polymer sample should be brought into contact
with the food simulants under the relevant time–temperature conditions. In
general, a migration test applying the total immersion principle using olive
oil and 10% ethanol at test conditions of 10 days at 40 �C is sufficient. The
determination should be performed in triplicate with double injections for
analysis of the food simulants. In cases where the analyte level in the
migration solutions is found to be below the detection limit, the migration
solutions should be fortified with themigrant at the restriction criterion level
or some other concentration of concern and measured again. In parallel, to
check for migrant stability in the migration solutions, the relevant food
simulants should be fortified at the level of concern to ensure that it is
sufficiently higher than the LOD. If the test level concerned is in the range of
the LOD, then the threefold concentration should be applied. The food
simulants spiked in this way should be stored under appropriate time–-
temperature conditions and recovery of the analyte determined by cross-
checking against freshly prepared solutions.

. QM methods: In case of headspace analysis, triplicate determination of the
concentration of the analyte in the selected polymer sample should be
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performed by the standard addition procedure using the polymer/swelling
solvent system.Thecomparison to a calibration curve of theanalyte in thepure
swelling solvent allows significant polymer matrix effects to be recognized.
When extracting semivolatiles or nonvolatiles from a polymer, using the
standard addition approach in most cases a homogeneous distribution of
added substance levels in the polymer sample is not feasible. Recovery cannot
be determined this way. Completeness of extraction can only be checked by
analysis of subsequent extractions.An impact of interferences from thematrix
to the result is tested in these cases by standard addition to the ready prepared
extract (after removing the polymer sample). In all cases, the stability of the
analyte in the swellingor extracting solvent shouldbe studiedby fortification at
the QM concentration or other relevant level and determination of recovery
under the applied swelling and polymer extraction conditions.

8. Method description and reporting
Once the method has been established and validated, it should be described in

full detail such that it can be carried out by any other analyst. Besides thenumerous
experimental details relating to the chemicals, solvents, and solutions used and the
chromatographic parameters, important observations such as the findings about
the stability of standard solutions should be laid down appropriately in themethod
description as notes or remarks. But potential health risks to the analytical operator
should also be addressed, for instance in a warning note at the beginning of the
method description. The following structure of a method description, which was
agreed upon as a CEN standard format, is a recommended example.

Foreword: Optional paragraph explaining about the background or history
of the method.

1. Introduction: This chapter gives a rationale why it was necessary to establish
this method.

2. Scope: In this section, the range of applications for the method should
be indicated.

3. Principle: This paragraph summarizes the applied analytical principle,
including sample preparation techniques.

4. Reagents: It is necessary to describe in full detail the origin and purity of
chemicals and solvents, the preparation of stock and standard
solutions or other solutions, such as themobile phase in the case
of HPLC analysis. In conjunction with a given set of analytical
parameters, the chromatogramobtained or at least an indication
of retention times obtained for the analyte and the internal
standard should be presented.

5. Apparatus: This chapter should describe the complete set of instrumental
and other analytical parameters as well as special laboratory
equipment and analytical accessories such as size and type of
sample vials, pipettes, and syringes, standard laboratory
glassware and equipment accepted.

(continued)
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6. Samples: In this section, the preparation of test samples, blanks, and
calibration samples has to be described, together with an
indication of the minimum number of samples needed. If
necessary, precautions should be mentioned, for instance to
avoid cross-contamination of samples in the case of volatiles or
to minimize chemical degradation in the case of unstable
analytes.

7. Procedure: Here it is necessary to provide details as to how the analytical
measurement of test, blank, and calibration samples is executed
and how the obtained data are evaluated. The measured con-
centration of the analyte obtained in this way may need further
transformation into a different dimension and this should also
be addressed in this section.

8. Confirmation: When a certain critical concentration value has been measured
and found excessive, then it may be recommendable or even
necessary to confirm the result or the identity of the quantified
analyte by means of another analytical technique, for instance,
by specific detection using MS. This confirmation procedure
should be clearly presented in this paragraph.

9. Precision data: This chapter should give an insight into the validation proce-
dure applied and report the most important performance
characteristics:
. the achieved LOD or LOD range;
. the achieved repeatability criteria, that is the r values in the
different food simulants or in the polymer matrix and the
concentration range where they have been determined; and

. if available the determined reproducibility, that is the R value
and the critical difference, that is the CrD95 value, as obtained
in the most usual situation, that is one laboratory carries out n
measurements Chapter 11.

10. Test report: The test report should contain all necessary documentation
such as
. date of analysis and reporting;
. clear identification of the test laboratory and the responsible
analyst;

. analyte and method of test, including references;

. sample details like origin and specification, type of food/
simulant/material/article, reception date, and storage
conditions;

. results expressed in milligram analyte per kilogram food
simulant or plastic material,

. details of confirmation procedure, if any; and

. reasons for modifications introduced into the test method, if
any.
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This format is obligatory formethoddescriptions inEUpetitions for approval of
new substances for FCMs and also described in the Note for Guidance (EFSA,
2006). Practical examples can be found in the EN13130 series (CEN, 2004) and the
BCR project �Monomers� report (Franz and Rijk, 1997).

11.5.3
Validation Requirements for EU Food Contact Petitions and US FDA Food
Contact Notifications

The requirements to the analysismethods to be provided in EU food contact petitions
are described in the Note for Guidance (EFSA, 2006), that for FDA food contact
notifications or petitions in FDA chemistry recommendations (US FDA, 2002). Data
on reproducibility, recovery, detection limit, and stability of the analyte at migration
test conditions are requested. An appropriate way to determine reproducibility is
described in Section 11.5.2, step 4. At EU level, recovery ismainly focused on sample
preparation steps and may be determined using spiked simulant blanks. For
checking if other substances out of the plastic sample interfere with the analyte,
recovery should be determined by spiking real migration solutions at one level at
least. FDA requires in any case spiking of the migration solution with the longest
contact time at three levels (half, full, double expected concentration), each in
triplicate, instead of spiking of blanks. At nondetects, the detection limit shall be
verified by spiking at the detection limit and at least one further level. The ranges of
acceptable recoveries are given in Table 11.5. Stability testing, which is explicitly
required for EU petitions, is described in Section 11.5.2, step 7.
Themethod description is part of the EU petition and shall follow the CEN format

as described in Section 11.5.2, step 8.
The specific requirements of EU and FDAcan easily be combined so that the same

set of measurements and reports may be used for petitions/notifications to both
authorities.

11.5.4
Determination of the Detection Limit

There are two principle ways to determine the detection limit (LOD): directly by
repeated analysis of blanks and statistically from the calibration line. If the analyzed

Table 11.5 Acceptable recoveries and relative standard deviations of fortification experiments
according to FDA chemistry recommendations (US FDA 2002).

Levels in food or
food simulantsa (mg/kg)

Acceptable average
recovery (%)

Acceptable relative
standard deviation (%)

<0.1 60–110 <20
>0.1 80–100 <10

aIf 0.001mg of a substance is extracted from a square inch of packagingmaterial into 10 g of food
or food simulant, the estimated concentration is 0.1mg/kg.
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concentration is near or below the detection limit or if the requirement is non-
detectable, LOD should be determined precisely. If the working range of the method
that covers the migration limit or the found concentrations is far above the analytical
observable detection limit, a rough estimate would be sufficient.
The detection limit can be obtained from the threefold or fivefold signal to noise

ratio in case that there is no peak in the blank at the retention time of the analyte. A
more precise method would be to fortify six blanks with the lowest acceptable
concentration and to determine the standard deviation. If is a signal found at the
respective retention time, the mean area and the standard deviation of this signal in
the blank (without fortification) is determined. The Eurachem Guide on method
validation (Eurachem, 1998) proposes to use 10 independent samples. The detection
limit is obtained from the mean concentration in the blank (if any) plus the k-fold
standard deviation. Usually factor k¼ 3 is used. Huber (2003) describes the proce-
dure to calculate the detection limits and to derive these factors k statistically from the
probability of a false positive result, that is detection of a nonexisting analyte. Factor
k¼ 3 equals to a 99% confidence interval (1% probability of a false positive detection)
at 9 or 10 independent single determinations. At a confidence interval of 95% which
is the most common used one, at six independent single determinations k¼ 2.2. In
case of means of double injections, at five samples k< 2.
According to DIN 32645 (DIN, 1994), detection limit is defined as substance

concentration at which, at a given a, a substance is detected with a probability of 50%
(b error, probability of false negatives) (Figure 11.5). A prerequisite for the suitability
of this tool is the homogeneity of the variances or standard deviations over the range
of the calibration line (the variances of thefirst and the last calibration point should be
similar). This is normally only the case between the lowest detectable concentration
and its tenfold value. Otherwise using this formula is statistically not correct and the
result only a rough estimate. In any case, the result of the calibration line method
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Figure 11.5 Calibration line, detection limit, and 95% confidence
interval according to DIN 32645. Example data from DIN 32645.
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should be compared to the signal to noise ratio. If the latter gives a higher detection
limit, this value or determination via the standard deviation of the blank should be
used.
The detection limit via the calibration line method is calculated according to

equation 11.6

xLOD ¼ sx0tn�2;a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ n
n

þ x2P ðxi� xÞ2
s

ð11:6Þ

with xLOD the detection limit, sx0 the standard error of the procedure, tn�2,a the
Student�s t factor (single sided) for n� 2 degrees of freedom and a type 1 error
probability a (normally 5% corresponding to a 95% confidence interval), n the
number of calibration points (single determinations), xi the calibration level at i, and
�x the mean of all calibration levels.

11.5.5
Analytical Uncertainty

Estimation of the analytical uncertainty is an important tool to show confidence in the
analytical results and for evaluating results at the specification or legal limit. An
authority may only object to a material if the measurement value is significantly
higher than the legal limit, that is higher than the legal limit plus the analytical
uncertainty. Accredited laboratories need to have procedures to estimate the analyti-
cal uncertainty according to EN ISO/IEC 17025 (EN ISO/IEC, CEN 2005b). The
principal procedures anddefinitions are laid down in the ISOGuide ofUncertainty of
measurements (GUM) (ISO, 1993).
Applying fully validated methods (e.g., standard methods), then data on intrala-

boratory repeatability and interlaboratory reproducibility are already available from
which the analytical uncertainty canbe obtained as described inSection 11.5.6. In this
case, a laboratory has only to check if its proficiencyfits to the proficiency data given in
the standard (detection limit, linearity, repeatability). Furthermore, it has to be
checked if all analytical steps have been tested in the validation ring trial or if the
laboratory applies additional steps which are not described in the standard, for which
then the uncertainty needs to be estimated.
For many analytes fully validated standard methods do not exist. In this case,

the laboratory has to estimate the uncertainty itself using the in-house validation
data, precision data from laboratory equipment (e.g., scale, pipettes) as well as
expert judgment. More specifically, estimation of analytical uncertainty of chemi-
cal analytical methods with examples is described in the Eurachem/CITAC Guide
(Eurachem, 2000). In the first step, the measurand has to be clearly specified.
Then in the second step, the uncertainty sources need to be identified and best to
be collected in a source-and-effect diagram. In a third step, it should be simplified
by grouping sources covered by existing data. The uncertainty of grouped
components should be quantified, then of the remaining components (negligible
ones may be omitted) and all uncertainties shall be converted into standard
deviations. In a forth step, the single uncertainties shall be combined in principle
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according to the Gaussian error propagation function. The equations and sim-
plifications in special cases are described in the Eurachem Guide. For obtaining
the uncertainty in terms of a 95% confidence interval, the standard deviation has
to be multiplied with a factor k which is normally 2. Only in case of only a few
replicate measurement data (<6 degrees of freedom), the Student�s t factor is
used as k (Eurachem, 2000).
All the standard methods (except for OM) and usually also the in-house methods

start with the measurand in the ready-prepared migration solution, that is the
uncertainty impact of the migration contact is not considered. To estimate this
uncertainty contribution is difficult. The properties of the material, those of the
migrating substance of interest, especially its partitioning coefficient between the
material and the simulant, the time, the temperature, and the volume play a role, but
at the various points on the kinetic migration curve in different extent. In the
beginning of the migration curve, when migration is proportional to the square root
of time, deviations of time and temperature have a large impact on uncertainty
whereas in partitioning equilibrium migration does not increase anymore with the
contact time. Deviations in the volume and losses during migration contact have a
higher impact to the uncertainty in case when a high partitioning coefficient (low
solubility in the simulant) restricts migration or when the ratio between simulant
volume and packaging volume is small. This reflection considers already that in the
end of the migration experiment the volume has to be defined or the simulant to be
filled to a defined volume. Otherwise the volume error might be unacceptably high.
In EU project G6RD-CT2000-00411 �Specific Migration� a feasibility study was
performed on the production and certification of referencematerials for SM (Stoffers
et al. 2004, 2005). Using those future certified reference materials, the laboratories
shall be enabled to test their proficiency in carrying out the migration contact. Six
material–migrant combinations had been shown to be suitable (LDPE//Irganox
1076/Irgafos 168, LDPE//1,4-diphenylbutadiene,HDPE//Chimasorb 81/UvitexOB,
PPhomo//Irganox 1076/Irgafos 168, HIPS with 1% mineral oil//styrene, PA 6//
caprolactam). The certification exercise was only performed in 4 partner laboratories.
The first step is done, but for using these materials for estimating the uncertainty of
performing the migration contact, a new and larger scale of these materials has to be
produced and the certification parameters need to be tested in a ring trial with a larger
number of laboratories.

11.5.6
Use of the Precision Data from Fully Validated Methods

A relevant juristically valid statement about the precision of a method can only be
made after defining the performance characteristics obtained from interlaboratory
trial study (round robin, collaborative trial), as for instance described in ISO 5725
(ISO, 1994). This study is used to determine the statistical key data about the
precision of a method.
ISO uses two terms, �trueness� and �precision,� to describe the accuracy of a

measured value. �Trueness� refers to the closeness of agreement between the average
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value of a large number of test results and the true or accepted reference value.
�Precision� refers to the closeness of agreement of test results, or in other words,
the variability between repeated tests. The standard deviation of the measured
value obtained by repeated determinations under the same conditions is used as
a measure of the precision of the measurement procedure, whereas the repeatability
standard deviation �sr� describes the intralaboratory precision and the reproducibility
�sR� the variation betweendifferent laboratories. In otherwords, if the test result as an
average of several individual measurements is obtained with the samemethod from
an identical test sample, in the same laboratory, by the same analyst, with the same
instrumentation, over a short period of time, then the study takes place under
�repeatability� conditions. On the other hand, �reproducibility� conditions occur
when themeasurements take place following the sameprocedure and using identical
samples but in different laboratories using different analysts with different
instrumentation.
The repeatability limit, �r,� is the within-laboratory precision and describes the

maximum expected value of the difference between two individual test results
obtained under repeatability conditions at a defined significance which is in most
cases a probability level of 95%. Similarly, the reproducibility limit, �R,� describes the
analogous between-laboratory precision. An important assumption for the use of r
andR in practice is that they have been determined in an interlaboratory test inwhich
the participating laboratories represent those potential candidate appliers of the
particular analytical procedure. For the determination of r and R, the method of
analysis must be described very clearly and in detail to eliminate as many differences
between laboratories as possible. Particular precautions are necessary with regard to
the homogeneity and stability of the sample to be studied in the interlaboratory test.
Clearly the sample must withstand transport conditions and arrive unaltered at the
participating laboratories.
The statisticalmodel for estimating the precision of the analyticalmethod assumes

that every individual measurement result y is the sum of three components:

y ¼ mþBþ e ð11:7Þ

Here m represents the average of all values for the material studied (the
characteristic level), B the scattering between the laboratories, and e the random
deviation in results occurring in everymeasurement. The characteristic levelmmust
not necessarily agree completely with the true value. There may be a difference
(m�my) from the true value due to a systematic error in the measurement
procedure (bias). For contributions B and e, it is assumed that they approximately
follow the normal distribution. Then the variance of B, var(B), is the variance
between laboratories (s2

L). This includes the scattering between different analysts
and different instruments. The variance of e, var(e), is referred to as the internal
variance of a laboratory (s2

W). The average of all the internal variances of the
participating laboratories in an interlaboratory test is expressed as the repeatability
variance s2

r . While r depends only on the repeatability variance, R is determined
by the sum of the repeatability variances and the variance between all laboratories.
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The standard deviations of repeatability and reproducibility are given by sr and
s2
R ¼ ðs2

L þs2
r Þ1=2 and it follows:

r ¼ t
ffiffiffi
2

p
sr and R ¼ t

ffiffiffi
2

p
sR ð11:8Þ

The factor
ffiffiffi
2

p
is based on the fact that r and R are related to the difference

between two measurement results. For distributions which are approximately
normal and in the case of not too small a number of measurements, the factor t
is the two-sided Student's t factor and does not vary much from 2 at a probability
level of 95%. As approximate value one can use the factor 2.8 for t�21/2. In
practice, the true repeatability and reproducibility standard deviations are not
known. They are replaced with estimated values sr and sR from the interlaboratory
study with a limited number of participating laboratories and measurement
results.
Repeatability r and reproducibility R are then expressed as:

r ¼ 2:8sr and R ¼ 2:8sR ð11:9Þ

The precision of a standardmeasurementmethod is expressed using the values of
r and R. It can be verbally described as:

Repeatability : The difference between two individual measurement results,
which an analyst obtained on the identical sample material with the same
instrument within the shortest time span possible, will on average not exceed
the repeatability limit r more than once in 20 cases, provided the measurement
procedure has been correctly carried out.

Reproducibility : The difference between two individual measurement results,
reported by two laboratories for identical sample material, will on average not
exceed the reproducibility limit R more than one time in 20 cases provided the
measurement procedure has been correctly carried out.

When precision shall be expressed as a probability level of 99%, the values for r and
R must be multiplied by factor 1.25.
The precision data r andR can be used for the decision if twomeasurement results

are significantly different or if a result is significantly different from a given value
(e.g., the SML or a certified value of a referencematerial). Two values are significantly
different when their difference is higher than critical difference CrD95 obtained from
the precision data.
In the case of comparison of data from the same sample, if the difference of two

averages or of an individual value and a given value exceeds the corresponding critical
difference, then this deviation should be considered suspect. There could be a
specific reasonwhy the critical difference is exceeded and this should be rationalized.
In particular, if the given or reference value is a true or correct value, then the
suspected difference can point to a bias in the measured result.
In the case of comparing measured data with an SML, the critical difference

evaluation system allows the decision whether a legal restriction criterion has been
exceeded or not.
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The calculation of the critical difference is shown in the following four cases: (1)
comparison of twomeasurement rows in one laboratory, (2) comparison of results of
two laboratories, (3) comparison of a measurement result of one laboratory with a
given value, and (4) comparison of a group of laboratories with a given value.

1. In one laboratory, two groups of measurements are carried out.
In one laboratory, two groups of measurements are carried out under repeat-

ability conditions whereby the first group of n1 measurements gives an average
value of y1 and the second group of n2 measurements gives an average value of y2.
With r being the repeatability limit (for two individual measurement results), the
critical difference CrD95(y1� y2) is then:

CrD95ðj�y1��y2jÞ ¼ r
1
2n1

þ 1
2n2

� �1=2

ð11:10Þ

In the case of n1¼ n2¼ 1, then by definition one obtains r as the critical
difference.

2. Two laboratories conduct more than one measurement each.
One laboratory carries out n1 measurements with an average of y1 while a

second laboratory obtains an average of y2 for n2 measurements. The critical
difference between the two is then:

CrD95ðj�y1��y2jÞ ¼ R2�r2 1� 1
2n1

� 1
2n2

� �� �1=2
ð11:11Þ

By definition, for the special case where n1¼ n2¼ 1 the formula simplifies to R
and for n1¼ n2¼ 2, one obtains

CrD95ðj�y1��y2jÞ ¼ R2� r2

2

� �1=2

ð11:12Þ

3. The mean value from one laboratory is compared with a given value.
One laboratory has carried nmeasurements under repeatability conditions and

has obtained an average value y which is compared with a given value m0 (e.g.,
SML). Then one obtains the critical difference as

CrD95ðj�y1�m0jÞ ¼ 1

21=2
R2�r2

n�1
n

� �� �1=2
ð11:13Þ

4. The mean value of several laboratories is compared with a given value.
A number of p laboratories have carried out nimeasurements and obtained the

average values yi (i¼ 1, 2, . . ., p). The overall mean value over yi, �y� , is compared
with a given value m0. One obtains the following expression for the critical
difference:

CrD95ðj�y��m0jÞ ¼ 1

ð2pÞ1=2
R2�r2 1� 1

p

X
i

1
ni

 !" #1=2
; �y� ¼ 1

p

X
i

�yi

ð11:14Þ
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11.6
Sources of Errors

During method development and validation, a number of practical difficulties
may occur and need control. An already well-known major phenomenon that can
cause problems to the analyst is, for instance, insufficient or even zero recovery
of analytes from the migration test solution. Possible reasons for that may be as
follows:

1. the chemical instability of analytes under migration test conditions due to
oxidation, chemical binding to food simulant, (acid catalyzed) hydrolysis, or
ethanolysis or

2. volatilization during migration exposure and sample preparation (Rijk 1993).

To illustrate and put into practice what has been said so far, several examples of
methods of analysis are presented in the following text, together with some specific
difficulties and problems related to SM determination methods.

11.6.1
Highly Volatile Migrants

Butadiene, CH2¼CH�CH¼CH2 [CAS No. 106-99-0; PM/Ref. No. 13630], is com-
monly copolymerized with styrene and butadiene to make ABS or BS food contact
plastics or rubbery impact modifiers, for example, for high impact polystyrene.
Butadiene is a suspected carcinogen with extreme volatility (bp �4.5 �C) and low
water solubility. This makes it very difficult to handle migration and calibration
samples especially when the matrix is of highly aqueous character such as the
aqueous food simulants.
The method developed in the BCR project (Franz and Rijk, 1997; CEN/TS 13130-

15) to determine butadiene in all of the official food simulants and probably also in
real foodstuffs was prevalidated by a collaborative trial with three laboratories. It was
found appropriate in principle for the quantitative determination of butadiene at a
range of 0.01–0.1mg/kg in food simulants. Indeed the LOD was found to be in the
range 4–9mg/kg, thus being even in the worst case significantly lower than originally
presumed when establishing the Plastics Directive limit of 0.02mg/kg. The level of
butadiene in a food or food simulant is determined by headspace GCwith automated
sample injection and by FID. Quantification is achieved using an internal standard
(n-pentane) with calibration against relevant food simulant samples fortified with
known amounts of butadiene.
During the method development and validation work in the project, severe

problems had been observed with respect to volatilization of butadiene. Therefore,
it is important and crucial to take the following into account when planning and
designing a migration test: From migration experiments carried out at 10 days for
40 �C it was recognized that irreproducible considerable loss (up to 90%) can result
from volatilization of 1,3-butadiene when using aqueous food simulants.
Just opening and closing vials containing calibration solutions caused significant
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headspace losses of the volatile analyte, which is due to very unfavorable partitioning
from the aqueous phase to the headspace. On the other hand, olive oil samples were
found to provide satisfactory recoveries, due to the much better solubility of
butadiene in this nonpolar matrix. As a consequence, migration exposure of plastic
materials to an aqueous food simulant in a test cell or glass container combined with
sampling steps to prepare food simulant aliquots for analysis even when using gas
tight containers will most likely lead to irreproducible results due to uncontrollable
loss of analyte.
As a solution for this kind of problem, the idea of two restriction types for

butadiene was born – having an SML (not detectable at detection limit 0.02mg/kg)
and alternatively a restriction for residual butadiene in the finished material (QM
1mg/kg). Indeed, compliance testing with respect to the QM limit of butadiene in
plastic according the EN13130-4 standard method, which also originates from the
German official analytical methods according to x35 LMBG (now x 64 LFGB), is in all
cases highly recommendable since this method is much easier and straightforward
and therefore, much less error prone.

11.6.2
Reaction with Food/Simulant Constituents

The two homologous aliphatic diamines ethylenediamine (SML¼ 12mg/kg) and
hexamethylenediamine (SML¼ 2.4mg/kg) are commonly used as bifunctional
monomers for polycondensation reactions. Hexamethylenediamine or 1,6-diamino-
hexane,C6H16N2 [CASNo.124-09-4,PMRef.No.1840],which ismostwellknownasa
polyamide (Nylon66)monomer, isalsocopolymerizedwithsebacicacid to formNylon
6/10, or with isophthalic acid. Besides that, it is applied as a curing agent for expoxy
resins. Practical packaging applications are vacuumandmodified atmosphere packs,
boil-in-packs for packaging meat, fish, coffee, and snack foods. In the field of rigid
containers,monolayer ormultilayer bottles for refillingwith soft drinks andwater are
on the market. Ethylenediamine or 1,2-diaminoethane, C2H8N2 [CAS No. 107-15-3,
PMRef.No.16960] isalsousedtomakesomenylonsand thermosettingresins. Itfinds
application as a reactive hardener in epoxy resins and in stabilizing rubber latexes.
Examples of practical applications are adhesives, moisture barrier coatings for paper,
cellophane or others, and corrosion inhibitor for aluminum alloys.
In the BCR project, a groupmethod was developed for both diamines HMDA and

EDA in the same way (Franz and Rijk, 1997; Demertzis et al., 1995, CEN/TS 13130-
21). During the project work a remarkable observation was made: Stability tests in
olive oil as a food simulant carried out under test conditions 10 days/20 �C and 10
days/40 �C indicated that both diamines could no longer be recovered, whereas in
aqueous food simulants, nearly 100% recovery was obtained under the same test
conditions. To investigate the mechanism of diamine disappearance a model
experiment was carried out. A 1:1 mixture by mass of olive oil and diamines was
stored for 10 days at 40 �C. Then the mixture was analyzed by supercritical fluid
chromatography (SFC) using FID detection and compared with the original olive oil
SFC pattern. The result is depicted in Figure 11.6. It can be recognized that the
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Figure 11.6 SFC–FID analysis of olive oil before (upper) and after
reaction (lower) with an EDA/HMDA mixture.
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original olive oil triglyceride peaks are nearly completely transformed into a series of
different SFC peaks with lower molecular weights. The only reasonable explanation
is that the triglycerides reactwith the diamines to form transamidation products. This
was confirmed by LC-MS analysis that demonstrated that the products formed
contain the moiety of the diamines.
An important conclusion from these findings was that even though this analytical

method works in principle with olive oil as a food simulant, the migration test using
olive oil or another fat simulant can provide false-negative results. Therefore, the
method should only be applied in the case of short exposure periods with olive oil.
The example shows the importance of a recovery check with spiked simulant
applying the same time–temperature migration test conditions (compare to Section
11.5.2). As a consequence of these findings, the scope of the analytical method
was extended from the determination of the diamine monomers in the aqueous
food simulants and in olive oil to the substitute food simulants 95% (v/v) ethanol and
isooctane. 95% ethanol should be preferred because the solubility of EDA and
HMDA in isooctane is lower and therefore the partitioning coefficient between
packaging and simulant is higher than in olive oil. Thiswill cause anunderestimation
of migration when using isooctane as fat simulant.
Another example for reaction of migrants with the simulants during migration

contact is the epoxy compound BADGE (2,2-bis(4-hydroxyphenyl)propane-bis-(2,3-
epoxypropyl) ether or bisphenol A diglycidyl ether, CAS No. 1675-54-3, Ref. No.
13510). The epoxy group hydrolyzes during migration contact in aqueous simulants
(Table11.6) (PaseiroLosada et al.1993;Philo et al.1997).This is considered in theSML
which is defined as sum of BADGE and its hydrolysis products BADGE�H2O and
BADGE�2H2O (SML(T)¼ 9mg/kg in EU Regulation 1895/2005 (European Com-
mission 2005). With chlorine-containing compounds, for example, in PVC, BADGE
reacts to chlorine derivatives already in the material. Because of their different
toxicological properties, the chlorine derivative have a separate SML(T) of 1mg/kg
food.At long-termstorageof foodor olive oil over severalmonths,BADGEdisappears
slowly by binding onprotein components (Petersen, 2003;CortizasCastro, 1999). But
at 10 days/40 �C contact in olive oil no significant losses are observable.

11.6.3
Migrants in Reactive Processes (e.g., Primary Aromatic Amines from Adhesives)

In reactive processes, for example, during curing of polyurethane adhesives, the
concentration of the relevantmonomericmigrants is decreasingwith the curing time

Table 11.6 Hydrolysis of BADGE in aqueous food simulants at 40 �C

Food simulant Half-life time (days)

Distilled water 1.1
3% (w/v) acetic acid 0.15
15% (v/v) ethanol 1.4
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as they react to polymeric chains. At the end of the curing process all monomer
should have been reacted. Therefore, migration is strongly dependent on the
sampling time point and, furthermore, in a not fully cured material migration and
hardening might be interfering and opposite processes.
Bifunctional isocyanates react with bifunctional alcohols to polyurethane chains

(Figure 11.7).Not fully reacted free isocyanatemightmigrate to the packaging surface
and formamines in contactwithmoisture of the food (Figure 11.8). Primary aromatic
amines are considered to be carcinogens. Aliphatic isocyanates and the correspond-
ing amines are of toxicological relevance as well.
Because of this high reactivity of the isocyanates there is not an SML but a residual

content limit QM(T) for the sum of all isocyanates which is 1mg/kg in the finished
article calculated as NCO. Migration of primary aromatic amines is regulated as
general specification in Annex Vof the Plastics Directive 2002/72/EC (version of EU
Directive 2007/19/EC) that plastic articles and materials shall not release them in a
detectable quantity (detection limit 10 mg/kg food or food simulant).
The QM(T) limitation for NCO was originally directed to polyurethane plastics

with a homogeneous distribution of isocyanates and not for a two or more layer
structure combined through thin polyurethane adhesive layers. Since isocyanates are
not stable in food simulants, a QM instead of an SML was established to allow in
principle enforcement of an isocyanate restriction.However, in practice, isocyanates-
based PUR layers are part of multilayer structures and the QM is then related to the
whole laminate. Depending on the thicknesses of the individual layers of a laminate,
a certain relatively high initial isocyanate concentration in the PUR layer can lead to
completely different mass transfers into the food. Especially in cases where an
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isocyanate layer is separated from the food only by a thin barrier, the QM of 1mg/kg
NCO in the finished product does not assure that detectable aminemigrationwill not
occur. On the other hand, if the QM is related only to the PUR layer(s), it is an
unrealistic (also from toxicological sight) and technically not feasible requirement for
these thin layers.
Consequently, it appears that the determination of NCO in laminates is of limited

use when accounting the chemical reactivity of the NCO group. Furthermore,
determination of isocyanates according to EN 13130-8 is complicated and error
prone. It needs an experienced laboratory but even then, matrix interferences make
analysis in several cases difficult or impossible. In principle, migration testing for
primary aromatic amines should bemore appropriate and replace the determination
of aromatic isocyanates in plastic.
The migration test shall represent the situation in the roll at the sampling time

point. Access of air and humidity to the film as well as light and elevated
temperatures cause accelerated decrease of isocyanates. Therefore, samples are
transported best as small rolls. Because of the possible influence of humidity present
in the outer layers of a roll, the samples must be taken from inner roll layers. Based
on experience, 5–10 layers are recommendably removed prior to sampling. This
ensures that the specimen taken was not in contact with the atmosphere before. The
sampling distance from the cutting edge of the roll should be more than 10 cm or
better from the middle part of the roll. Samples should be measured immediately.
For transport to the test laboratory, samples should be protected from humidity,
elevated temperatures, and light. If the samples are not analyzed immediately after
sampling, it should be noted that the curing process and chemical degradation of
isocyanates as well as amines are ongoing during sample storage and may occur at a
higher rate compared to the roll. Then the results of the taken samples will not
represent the roll. Migration/extraction solutions in 3% acetic acid can be stored
refrigerated for a short period. The isocyanates status might be conserved by deep
freezing the filmwhen protected from air and humidity, for example, by wrapping in
aluminum foil.
Since aromatic amines are formed from isocyanates by hydrolysis and due to

their weekly basic character, 3% acetic acid is generally considered to be the most
severe food simulant for aromatic amines. Isocyanates as well as the amines can
chemically react with olive oil and other fats.With ethanol, isocyanates react to ethyl
urethanes. Therefore, in 95% ethanol as alternative fat simulant as well as 10%
aqueous ethanol, migrating isocyanates are not completely subsumed by measure-
ment of aromatic amines. At higher temperature applications, for example sterili-
zation, 3% acetic acid migrating into the laminate might cause hydrolysis of the
polyurethane. In case of nonacidic fillings, water would be the more appropriate
choice then.
Laminates are often used for dry foods (snack products, coffee, instant coffee,

coffee whitener etc.). Directives 97/48/EC and 85/572/EEC do not require a migra-
tion test for dry foods althoughmigration into or onto dry food is principally possible.
In comparison to that, the test with 3% acetic acid, however, is likely to give too
exaggerated values relative to the intended application. The alternative use of Tenax
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(MPPO) as simulant for dry foods appears to be a suitable option but is not yet
sufficiently validated for isocyanate and amine migration.
Conventionally, migration of primary aromatic amines is tested at 2 h/70 �C

contact. It has been shown in many cases that this condition is similar to 10
days/40 �C. Having thick or high-barrier layers between the polyurethane layer and
the food this short-time contactmight be less severe.On the other hand, in case of not
fully cured adhesives, the 40 �C storage condition causes accelerated reaction of
isocyanates to polyurethanes, whereas at 70 �C migration is more rapid then curing
reaction.
Primary aromatic amines may be measured by the photometrical sum method

(ASU, 1995) or by a specific method. For the photometric method, the primary
aromatic amines are derivatized to an azo dye and quantified as aniline hydrochloride
equivalents. Themethoddoesnot consider differences in reactivities compared to the
aniline hydrochloride standard and not shifting of the wavelength of absorption
maximum. Because of this, the value can underestimate real migration. Therefore, it
was agreed within CEN TC 194/SC1/TG9 that this method is suitable as a first
screeningmethod and shows conformity ifmigration is below the detection limit of 2
ppb of this method. At higher migration only specific methods are able to show
conformity with the specification of nondetectable at 10 ppb.

11.7
Migration into Food Simulants in Comparison to Foods

Basically, the European food packaging compliance testing concept has been a
migration modeling system as long as it exists. It applies the use of food simulants
for migration testing and correlates the obtained migration data with foodstuffs to
conclude whether the so derived concentrations in foodstuffs will be acceptable or
not. In fact, it is an experimental modeling system that makes use of only four food
simulants with the preassumption that they serve asmodel contactmedia for all types
of foods. To take account of the generally assumed higher extraction efficiency of the
fat simulantD (olive oil) a reduction factor concept is legally applied (EUDirective 85/
572/EEC: European Commission 1985) to adjust the experimental results obtained
from food simulant D to migration levels in foods. Although this is a very crude and
largely conventional approximation, in principle, it is a usable concept for pure
compliance testing. However, it needs to emphasize that the applied concept and the
correlations between simulant and foods have been established�30 years ago. And,
since scientific knowledge in the area ofmigration research has almost exponentially
evolved, major deficiencies linked to this European concept were getting more and
more evident. Again and again discrepancies and miscorrelations were found when
comparing the actualmigration in foodstuffswith that obtained from the fat simulant
D according to the correlation as set by the EU legislation. An important study that
had a completely different aim, namely to develop a fatty contact test method in
support of EUDirective 85/572/EEC (Castle et al., 2000), revealed with its systematic
research program clearly the weakness of the fat simulant D reduction factor (DRF)

400j 11 Migration of Plastic Constituents



concept. Figure 11.9 shows a comparison of migration data obtained for olive oil (fat
simulant D) and various foods. The data demonstrate in that particular case that in
foods such as chocolate spreads the same migration values are obtained as for olive
oil, and other foods such as mayonnaise or cocoa powder would also be largely
underestimated. Even dry foods such as flour or biscuit for which the Directive does
not require migration testing at all cause very significant migration. Finally, the
comparison indicated that migration into milk products is likely to be underesti-
mated when using aqueous simulants A and C for simulation. This observation had
been made long before (O�Neill et al., 1994). In this study, the migration behavior of
styrene monomer from PS into different milk products and water ethanol mixtures
was investigated and the authors concluded that 50%ethanol inwaterwould simulate
milks appropriately. The scientific reason for that was found in the gas/liquid
partition coefficients which were also determined for styrene in the investigated
foods and simulants. These coefficients were largely higher in pure water compared
to the milks and were found more or less identical for 50% ethanol and for regular
milk containing 3.5% fat. It should be noted that today this miscorrelation has been
corrected in the meantime by the European legislator who prescribes now 50%
ethanol as the simulant to be used for milk products (Directive, 2007/19/EC:
European Commission, 2007).
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Figure 11.9 Migration of diphenyl butadiene from an LDPE film
into olive oil (standard EU test at 10 days/40 �C) in comparison to
various foods (at realistic contact conditions). According to EU
Directive 85/572/EEC: X/n (2, 3, 4, or 5) are the reduction factors
for fatty foods, simulants (A) and (C) were/are applicable for
whole milk and cream liqueur, and flour and biscuit as dry foods
are not to be tested (NT).
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From what we know today, one important reason for these observed miscorrela-
tions is that the legally applied correlation concept according to EUDirective 85/572/
EEC ignores the migrant releasing matrices, the packaging materials themselves.
The correlation depends severely on the type of plastic materials (criterion: its basic
diffusivity) and for a given plastic material, in particular for polyolefins (which have a
high diffusivity), on the thickness. Moreover, the molecular weight of the migrant
plays also a role as well as the test temperature because these parameters are linked
with the diffusion coefficient. For better illustration of this discussion, migration
modeling according to the recognized state of the art according to the Piringermodel
(Baner et al., 1998; Piringer and Hinrichs, 2001) was applied to demonstrate how the
migration behavior under standard conditions of 10 days at 40 �C for anymigrant up
to a molecular weight of 1000 g/mol from two different plastics would be in
dependency of the film thickness and the fat concentration (in %) in a food packed
with 6 dm2 packaging film/kg food (Franz 2005). In this thought experiment, the
percentage of fat is expressed by the actual volume of the fat fraction in the food and
by assuming that only the pure fat phase is in contact with the packaging film.
Consequently, the 100% fat food (pure oil) is expressed by having 1000ml olive oil in
contact per 6 dm2, whereas the 20% and 5% fat-containing foods are expressed by
having 200 ml and 50 ml olive oil in contact per 6 dm2, respectively. For the migrant,
lipophilic character is assumed so that it would dissolve only in the fat phase and not
in the aqueous phase of the food. Figures 11.10 and 11.11 show the situation for
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Figure 11.10 Migration in mg/dm2 in dependency of the
molecular weight up to 1000 g/mol from an HDPE film
(CP,0¼ 500 ppm, 10 days/40 �C, contact area 6 dm2/kg food) as a
function of HDPE film thickness d and fat content in food
(expressed as volume V of fat fraction in food, that is when
V¼ 1000 ml or 50ml, ) food has 100% or 5% fat).
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HDPE and PS as two representatives for higher and lower diffusivity, respectively.
Both plastics are modeled each at three different thicknesses (50, 200, and 500mm).
The initial concentrationCP,0 ofmigrant is assumed to be 500 ppm. It canbe seen that
for the thin filmwith 50 mm thickness themigration is independent of the fat content
of a food since always almost complete extraction of themigrants takes place. For the
200 mm thick film the pure fat and the 20% fat food show again almost the same
migration behavior and only the 5% fat food exhibits somewhat lower migration.
Only for the thickHDPEfilm there is a considerable influence of the fat content in the
food on themigration behavior. This is however only for the smaller molecules up to
450 g/mol.With biggermolecules again similar migration behavior can be found. In
case of the PS example, migration is more or less the same in all cases because it is
completely controlled by the diffusion in the polymer. It is also important to note that
the extent of migration is one to two orders of magnitude lower than the lowest
migration curve observed for the HDPE film. This confirms the complete diffusion
control due to the much lower diffusivity of PS compared to HDPE. From the PS
migration curves it gets evident that simulant DRFs of up to 5 are obviously not
applicable anymorewhere extreme low diffusion occurs. On the other hand, from the
HDPE figures it gets evident that DRFs are not applicable to thin films and to
situations where almost exhaustive migration takes place. This has, in fact, also been
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Figure 11.11 Migration in mg/dm2 in dependency of the
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corrected by the European legislator (European Commission, 2007) with the clause
that DRFs are not applicable when the migration exceeds 80% of the maximum
possible migration.
These examples demonstrate that the current experimental EU compliance test

approach is problematic because food simulant-based migration test results do not
always assure compliance with the legal requirements which, in the final instance,
are applicable to foodstuffs. In other words: in numerous cases, compliance shown
with the food simulant test can be contradicted by a migration value determined in
the food itself. Consequently, modeling migration into foods could assist or even
replace decisions taken on food simulant migration data. One practical case that
made this very evident was the so-called isopropyl thioxanthone (ITX) crisis which
came up by the end of 2005. ITX was used as a photoinitiator in food packaging inks
and was transferred from the printing ink layer from the outside of the packaging
material to the food contact side either by setoff (on the roll or in stacked beakers
before filling) or permeation through the packaging structure. Migration data, which
were made publicly available (EFSA, 2005), demonstrated that ITXmigration highly
depended on the nature of the foods. For instance, for clear fruit juices ITXmigration
was not detectable (<5mg/L) but for cloudy drinks migration values ranged up
�300 ppb (mg/L). Similar high values were also obtained for milk and soy drinks.
It should be noted that the food simulants A, B, and C would also not give any
detectable migration above 5mg/L, which is simply due to the low solubility of ITX in
these aqueousmatrices. Very recently a study has been undertaken to investigate the
reasons for the higher migration in cloudy fruit juices using as the case example
orange juice in contact with an LDPE film containing diphenyl butadiene, an optical
brightener. After removal of solids by centrifugation and filtration from the orange
juice matrix, diphenyl butadiene migration into the remaining clear filtrate was
almost not detectable anymore compared to a highmigration value obtained from the
orange juice (Sanches-Silva et al., 2007).
As the weaknesses of EUDirective 85/572/EEC correlations have been recognized

since some years, an attempt was made with the Foodmigrosure EU project
(Foodmigrosure project (finished, 2006), Franz, 2005) to generate a better scientific
basis for understanding themigration into foods as a basis for any necessary changes
of the legislation. This project was generated in context with European Union�s
consumer protection and health care policies according to which one important
aspect is the exposure of consumers to undesirable chemicals in the diet. FCM are
one potential contamination source and therefore of particular interest for food
exposure assessment. On the other hand, scientific investigations concerning the
migration potential and behavior of food-packaging materials have demonstrated
that diffusion in andmigration from FCM are foreseeable physical and, in principle,
mathematically describable processes. Because of this situation and the current state-
of-the-art in migration science, the Foodmigrosure research project (European
Union Contract No. �QLK1-CT2002-2390�) was initiated within the fifth Framework
Programme of the European Commission from March 2003 until September 2006.
Project aim was to extend currently existing migration models (which have been
demonstrated to be applicable for less complex matrices such as food simulants) to

404j 11 Migration of Plastic Constituents



foodstuffs themselves and to establish a novel and economic tool for estimation of
consumer exposure to chemicals migrating from food contact plastic materials. The
more scientific aim was to increase knowledge of the mechanisms of diffusion of
organic compounds in foodstuffs and provide data on the partitioning effects
between FCMs and foods. Today the latter aspect is increasingly regarded as a
fundamental influence parameter for migration into foods. As a result, the Foodmi-
grosure project has provided besides a new compilation of analytical standard
methods for specific compliance testing in foods an extensive set of kinetical
migration data as well as concentration profiles in all food categories for model
migrants released from a plasticmaterial after defined time–temperature conditions.
From these data sets physicochemical parameters (diffusion coefficients in foods and
partition coefficients between plastics and foods) were derived as basis for a
migration model applicable to foodstuffs. Important conclusions had to be drawn
from the project findings with respect to European legislation on migration testing:

1. EU assumptions for correlations between the fat test with olive oil and fatty
foods are very problematic and are rather too relaxed than realistic, if possible at
all.

2. The aqueous simulants A and C do largely not reflect what occurs in aqueous
foods, which is due to their too low solubility for many or even most migrants.

As a consequence from these findings, compliance testing needs amore thorough
consideration what measured into-food simulant migration values would mean in
terms of actually occurringmigration in foods (Foodmigrosure, 2006). Obviously, EU
Directive 85/572/EEC needs a thorough revision concerning more realistic correla-
tions between simulants and foods. This is even more important when considering
that exposure-orientedmigration is today one of the modern key aspects in ensuring
compliance and safety of food-packaging materials.
Indeed, the final intention of into-foodmigration determination or evaluation is to

have information about the possible concentration(s) of packaging constituents to
which a consumer typically would be exposed to. Besides information of concentra-
tion(s) in food, further information data on plastics-packaging usage factors and food
consumption data are needed (which can be obtained from other sources). But also
without these additional information into-food migration modeling can be used as
an, admittedly, exaggerating instrument for orientation purposes. For instance, it can
serve to identify unproblematic exposure levels that can be ruled from further
considerations or it can help to identify critical exposure scenarios where more
refinement and accurate studies are necessary.
As a useful example the potential migration from PET bottles is considered in the

following condition. This packaging material is typically used for carbonated soft
drinks, isotonic beverages, ice teas, mineral water, and other. It has a relatively high
market share that makes it interesting for exposure estimation. PET exhibits a very
low-diffusion behavior and can lead to relatively small migration values only.
In particular, the following migration scenario is modeled. A PET bottle with 1 L
volume and 8 dm2 inner contact surface is assumed to be representative for the
exposure estimation. The average contact temperature with food should be room
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temperature (23 �C). The diffusion coefficientDP for a givenmigrant withmolecular
weight up to 1000 g/mol is the corresponding one as set in the recognizedmigration
model for food simulants (Piringer and Hinrichs 2001). Since at this moment, no
validated migration model for foodstuffs is finally established, as a worst-case
assumption the solubility for any migrant is assumed to be high which means
KP/F¼ 1. In practice, this means a migration scenario is modeled in this way which
represents the situation of a PET bottle filled with pure fat or simulant D, olive oil.
This modeled scenario, which is shown in Figure 11.12, can then be considered as a
worse case for any food item potentially filled into the bottle. In Figure 11.12, the
migration rates are expressed or lined out as functions of the molecular weight of a
potential migrant and as storage time-related curves with contact times between 14
days and 1 year. To explain the meaning of the figure, for instance, a substance with
molecular weight¼ 100 g/mol and present in PETmaterial at initial concentration
CP,0¼ 10 ppmmigrates into food at a level of 20 ppb after 1 year. Consequently, when
assuming a standard 60 kg body weight person, the maximum possible exposure for
the consumer from this type of bottle would be 0.02mg per person and day or 0.33mg
per kg body weight per day. In this way, the migration behavior for any chemical
substance of interest of concern from a PET bottle when filled with any foodstuff can
be derived regardless to the type and nature of the particular foodstuff of interest or
concern. The only informationwhich is needed is the concentration of themigrant in
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the PETmaterial. Again for worst-case considerations appropriate assumptions can
be made from the generally available technical informations and specifications of
PET bottle materials. Moreover, the modeled curves can also be used to predict the
behavior of any PETpackaging type independent of the material thickness because
for thin films themigration rates would decrease and therefore themodeled curves
would overestimate the situation. Also for other packaging surface-to-volume ratios
the curves would either give directly relatively precise information or could be, of
course, modeled for any ratio. In conclusion, the modeled curves allow very quick
answers for any migrant of interest present in PET-packed foodstuff. Moreover, it
should be noted that similar curves as in Figure 11.12 would be obtained for other
low-diffusivity plastics such as rigid PVC, polycarbonate, polymethyl methacry-
lates, general purpose polystyrene, and other. As a consequence for all these
materials, worst-case modeling in analogy to Figure 11.12 could largely simplify
the discussion on possible exposures from these plastics (Chapters 6, 7 and 9).

11.8
Consideration of Non Intentionally Added Substances (NIAS) and Other not
Regulated Migrants

For many years, NIAS, for example reaction by-products in the raw materials,
degradation products, had been considered only when filing a petition for approval
of a new substance but normally not for regular compliance testing. They have no
SMLs but they are included in the general requirement of �not to endanger human
health� of Article 3 EU Regulation No. 1935/2004. In the recent years, these
substances come more and more in the focus of both, the legislator and the
industry. Now in the fourth amendment to the Plastics Directive, 2002/72/EC,
assessment of such contaminants and reaction products is required from industry
in accordance with internationally recognized scientific principles (Directive,
2007/19/EC, �whereas (13)�: European Commission, 2007). However, for this
requirement no specific guidance documents do exist. But on the other hand, EC
Directive 2007/19/EC outlines a possibility for evaluation of migration of non-
authorized substances by using the functional barrier concept. In multilayer
structures nonauthorized substances may be used in non-food-contact layers if
migration (including setoff) is below 0.01mg/kg (EUDirective 2007/19/EC Article
7a, for definition compare also Section 11.1.2). Not allowed to be used are
substances which are known or suspicious to be carcinogenic, mutagenic, or
reproduction toxic. In United States, substances may be excluded from authoriza-
tion when dietary exposure is below 0.5mg/kg daily diet (21 CFR 170.39, US
Government 2004 and US FDA, 1995). The migration value is multiplied with the
packaging material specific consumption factor to obtain the dietary exposure (US
FDA, 2002). The consumption factor is the statistical ratio of the use of the target
material to the whole of all FCMs.
Intentionally added substances migrating from layers which are not specifically

regulated like printing inks or adhesives are evaluated in a similar way. The ITX crisis
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in 2005/2006 (see above in Section 11.7) made it obvious that migration and setoff of
printing ink components from the outside of a packagingmay not be neglected. After
transfer to the food contact side of the packaging, these substances are rapidly
transferred into the food after package fill. Even inmaterials with very low diffusivity
like polystyrene or PET setoff occurs. Printing ink components can plasticize the
interface layer by setoff and cause a more rapid migration into food than expected
from the diffusivity properties of the material. The Council of Europe recommends
thatmigration of not evaluated substances should be below 10 mg/kg food (Council of
Europe, 2006). The European Printing Ink Association proposes a similar procedure
in future (EUPIA, 2007). Substances with not known toxicological properties should
not migrate at levels higher than 10 mg/kg. For substances migrating up to 50 mg/kg
absence of a mutagenic potential should be shown.
Under the NIAS also substances originating from use or misuse by the consumer

in repeated use packagings (e.g., bottles) or recyclingmaterials have to be subsumed.
For recycling processes especially for PET bottle to bottle recycling, guidelines have
been developed with respect to cleaning efficiency to such post consumer contami-
nants and safety evaluation (Franz et al., 2004; BfR, 2000; AFSSA, 2006) and an EU
Regulation is in preparation. In cleaning/filling lines for repeated used bottles
efficient detection systems are necessary to sort out bottles that are not sufficiently
cleaned during the washing process.
From an analytical view, common to all these cases is that the identity of the

potentially migrating substances is a priori not exactly known. Analytical screen-
ing assays are necessary. Identification can be obtained by mass spectrometric
detection. To have higher concentrations in the solutions, identifications should
be carried out best on the level of direct extracts from the materials. Semiquanti-
tative estimates of concentrations in extracts and migration solutions are possible
by GC–FID. From theory, the FID signal correlates to the mass of carbon atoms
per time unit and therefore the signal should be more or less independent from
the chemical structure and can be quantified via the signal of a universal internal
standard. The use of tert-butyl-hydroxyanisol or other chemicals such as toluene as
internal standards is recommendable. For nonvolatiles that are only measurable
by HPLC such a generally applicable detection method with sufficient sensitivity
for semiquantitative determination based on universal calibration is not yet
available.
The evaluation should focus on additional substances apart from the typical

oligomers. Oligomers from the approved polymers are considered as less reactive
and less toxicological relevant. The reactive groups from the monomers disappear
during polymerization reaction and are only present at the ends of the chains. In
a multilayer material, peaks from approved polymer layers can be distinguished,
for example, from peaks originating from adhesive or printing ink layers by
comparing the chromatograms of the finished materials with those from the pure
polymer films. Even knowing that every screening method will not detect all
possible substances, this is the best available way at present to tackle this issue
of unknown components in the materials, also known as the so-called forests of
(GC) peaks.
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12
US FDA Food Contact Materials Regulations
Allan Bailey, Layla Batarseh, Timothy Begley and Michelle Twaroski

12.1
Introduction

In theUnited States (US), regulatory processes have changed significantly in the past
decadewith regard to components of food contact articles ormaterials, often referred
to as indirect food additives, allowing industry a variety of options for obtaining
authorization for their safe use. A thorough understanding of the US regulatory
processes for these substances, presently referred to as food contact substances1)

(FCS), allows industry to determine themost appropriate regulatory option based on
the intended use. In this chapter, we discuss theUS Food andDrug Administration�s
(FDA) regulatory authority and premarket safety evaluation of FCSs.

12.2
Regulatory Authority

Two acts are pertinent to any discussion regarding the regulation of food contact
materials in the US. These are the 1958 Food Additives Amendment to the Federal
Food, Drug, and Cosmetic Act (FFDCA) and the 1969National Environmental Policy
Act (NEPA). A brief discussion of the authority granted to the FDA under each
follows.

12.2.1
Federal Food, Drug and Cosmetic Act (FFDCA)

The US Congress granted authority to the FDA to regulate food additives in the 1958
Food Additives Amendment to the FFDCA. A food additive is defined as �. . . any
substance the intended use of which results or may reasonably be expected to result,

1) Section 409(h)(6) of the Act defines an FCS as
�any substance intended for use as a compo-
nent of materials used in the manufacturing,

packing, packaging, transporting or holding of
food if such use is not intended to have a
technical effect in such food.�

Plastic Packaging. Second Edition. Edited by O.G. Piringer and A.L. Baner
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31455-3
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directly or indirectly, in its becoming a component or otherwise affecting the
characteristics of any food.�2) The food additive definition contains certain exclu-
sions, such as those for color additives, substances whose use is generally recognized
as safe, and substances approved for their intended use prior to September 6, 1958.
As detailed in the FFDCA, a food additive shall be deemed unsafe unless it

conforms to an exemption (for investigational use), a regulation listing or, as
explained below, an effective food contact notification (FCN).3) Moreover, in the US,
food additives require premarket evaluation before introduction into interstate
commerce. Such an evaluation can lead to an approval through a food additive
petition resulting in the publication of a regulation authorizing its intended use, a
Threshold of Regulation (TOR) exemption resulting in a website listing, or an
effective FCN resulting in a website listing for an individual notifier. The food
additive petition (�petition�) process is codified in Title 21, Part 171, of the Code of
Federal Regulations (denoted as 21 CFR 171.1 through 171.130), while the TOR
exemption and the FCNprocesses are codified in 21CFR170.39 and 21CFR170.100,
respectively. As TOR exemptions and FCNs are appropriate for the majority of
exposures encountered in food contact applications (i.e., exposures of 0.5 ppb or
�1000 ppb, respectively), a more detailed discussion of these processes is provided
below. A comparison of the current regulatory options available for an FCS is shown
in Table 12.1. Of particular note is the applicability of an FCNwith regard to both the
range of allowable exposures and substances.
In 1995, the FDA established the TOR exemption process4) (US Food and Drug

Administration 1995). To obtain an exemption, two criteria must be met and
confirmed by FDA; first, the estimated daily intake from the proposed use of the
substance must be less than or equal to 1.5 mg per person per day (equivalent to a
dietary concentration of less than or equal to 0.5mg per kg of food consumed)5) and,
second, the substancemust not be known to be a carcinogen inman or animals. FDA
may decline to grant an exemption if the substance is a potent toxin or if there is a
reason, based on the chemical structure of the substance, to suspect that the
substance is a carcinogen. In addition, the substancemust not contain a carcinogenic
impurity with a tumor dose of 50 (TD50)

6) value of less than 6.25mg per kg body
weight per day. Alternatively, if the substance is currently regulated for direct addition
to food and the estimated daily intake from the proposed use is less than or equal to
1% of the acceptable daily intake value, a TOR exemption from the need for a
regulation may also be granted.
In 1997, the FDA Modernization Act amended Section 409 of the FFDCA to

establish a new process, referred to as the FCN process, whereby food additives
that are FCSs can be deemed safe for their intended use (US Food and Drug
Administration 2002). The new FCN process7) is intended as the primary method of

2) FFDCA, Section 201(s).
3) FFDCA, Section 409(a).
4) Codified in 21 CFR 170.39.
5) For the purpose of this chapter, estimated daily

intake and dietary concentration are collec-
tively referred to as exposure.

6) For the purpose of this chapter, the TD50 is
the feeding dose that causes cancer in 50%
of the test animals when corrected for tumors
found in control animals.

7) Described in 21 CFR 170.100 through
170.106.
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authorizing new uses of an FCS; however, the petition process is still available. As
codified in 21 CFR 170.100(c), a petition must be submitted to FDA for an FCS
(unless FDA agrees to accept an FCN) in the cases where the cumulative estimated
daily intake (which takes into account the estimated daily intakes for all authorized
uses) is greater than 3mg per person per day (or 0.6mg per person per day for
biocidal compounds) or where there exists a bioassay8) on the FCS that FDA has not
reviewed andwhich is not clearly negative for carcinogenic effects. FDAhas generally
agreed to accept an FCN rather than a petition if the sponsor submits a draft FCN and
consults with FDA (termed �prenotification consultation� or PNC) prior to submis-
sion of an FCN, such that there is adequate time for a thorough review of the safety
information.
In regard to the available options, industry/submitters should examine the

comparisons outlined in Table 12.2. In contrast to the TOR exemption and petition
processes, the FCN process results in an authorization for only the notifier and
manufacturer/supplier listed in the FCN as opposed to the �generic� listing in the
CFR that results from a petition approval. A TOR exemption is effective for any
manufacturer/supplier of the FCS; however, unlike a petition, a CFR listing is not
generated as a result of the safety review. Instead, FDA maintains a list of effective
FCNs and TOR exemptions on its website (a list of current website addresses is
contained in Table 12.3). Furthermore, unless the FDA objects, an FCN becomes

Table 12.1 General and specific listing regulations for food
ingredients and packaging: Title 21 of the Code of Federal
Regulations.

Regulation Description

25 Environmental impact considerations
170 General information on food additives and notification process
171 General information on food additive petitions
172 Direct food additive regulations
173 Secondary direct food additive regulations
174–178 Indirect food additive regulations
175 Adhesives and Coatings
176 Paper and paperboard
177 Polymers
178 Adjuvants and production aids
179 Irradiation of foods
180 Substances permitted on an interim basis
181 Prior-sanctioned food ingredients
182 Generally recognized as safe (GRAS) substances
184 Direct substances affirmed GRAS
186 Indirect substances affirmed GRAS
189 Prohibited substances

8) Bioassay herein describes a chronic feeding
study for the assessment of the potential of a
chemical to produce carcinogenic effects.

12.2 Regulatory Authority j419



effective120days after theacceptancedate and theFCSmaybe legallymarketed for the
proposed use. In contrast, TOR exemption requests and petitions do not have a
statutory time frame default approval like FCNs and, unlike petitions, FCN submis-
sions are confidential until the 120 day effective date or the date the Agency objects to
the submission. Alternatively, if a notifier decides to withdraw an FCN during the
review process, the submission of the FCN and its contents remain confidential.

Table 12.2 Regulatory options relevant to food contact materials
with regard to the food additive petition (petition), food contact
notification (FCN), and threshold of regulation (TOR) exemption
processes.

Factor Petition process FCN process TOR process

Requirements Data requirements
specified in 21 CFR
171.1; environmental
requirements are
specified in 21 CFR
25.15 and 40

Data requirements
specified in 21 CFR
170.101; environ-
mental requirements
same as petitions

Data requirements
specified in 21 CFR
170.39; environmen-
tal requirements
same as petitions

Review period 180Day review period
after filing that can be
�reset� with a new
filing date as a result
of substantive
amendment

120Day review period
after acceptance that
cannot be reset

Review period is
variable, averages
45 days

Review outcome Federal Register (FR)
publications; regula-
tion listing in 21 CFR
170–199

Notification letters;
listing on CFSAN
website

Letter to submitter;
listing on CFSAN
website

Legality Not legal until a
regulation publishes

Legal if theAgency has
no objections after the
120 day review period

Not legal until letter is
received

Ownership Generic to all
manufacturers

Exclusive to the sup-
plier or manufacturer
named in the FCN

Same as petitions

Confidentiality Disclosure of sub-
mission and data
during review; auto-
matic disclosure of
environmental
assessments at the
time of filing

Disclosure after 120
day review period,
including disclosure
of environmental
assessments

Same as petitions;
automatic disclosure
of environmental
assessments at the
time of receipt of
submission

Qualifying exposure None Cumulative dietary
concentration of less
than 1000mg per kg
food consumed

Dietary concentration
of less than or equal to
0.5mg per kg
consumed
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Under all three processes, the submitter bears the burden of demonstrating that
the intended use of the FCS is safe. In reviewing the submitter�s determination of
safety, FDA uses the �reasonable certainty of no harm� safety standard.9) Thus, the
data and information in all three processes are generally comparable for a given level
of consumer exposure and, internally, FDA�s safety review and standard are equiva-
lent for the three options.

12.2.2
National Environmental Policy Act (NEPA)

The FDA has environmental responsibilities under NEPA of 1969. NEPA requires
Federal agencies to take, to the fullest extent possible, environmental considerations
into account in the planning and making of their major (where the responsible
official fails to act and that failure is reviewable by courts; i.e., it is subject to judicial
review) and final (meets the finality test under the Administrative Procedure Act)
Agency decisions. NEPA is divided into two sections. Title I contains the broad
statement of national environmental policy and the �action-forcing� components of
the Statute. Title II establishes the Council on Environmental Quality (CEQ) which is
the regulatory body charged with overseeing NEPA implementation. In accordance
with Title II, the regulations of CEQ require Federal agencies to develop their own

Table 12.3 Useful links on the �Food Ingredients and Packaging:
Food Contact Substance Notification Program� section of the
CFSAN Website (http://www.cfsan.fda.gov/�lrd/foodadd.html).

Contents Location (URL)

Inventory of effective FCNs http://www.cfsan.fda.gov/�dms/opa-fcn.html
Inventory of environmental records
for effective FCNs

http://www.cfsan.fda.gov/�rdb/opa-envt.html

Administrative guidance http://www.cfsan.fda.gov/�dms/opa2pmna.html
Chemistry guidance http://www.cfsan.fda.gov/�dms/opa2pmnc.html
Toxicology guidance http://www.cfsan.fda.gov/�dms/opa2pmnt.html
Environmental guidance http://www.cfsan.fda.gov/�dms/opa2eg.html
FDA Form 3480 http://www.cfsan.fda.gov/�dms/pmnforms.html
CEDI/ADI database http://www.cfsan.fda.gov/�dms/opa-edi.html
Threshold of Regulation (TOR) guidance http://www.cfsan.fda.gov/�dms/torguid.html
Inventory of TOR exemption requests http://www.cfsan.fda.gov/�dms/opa-torx.html
CFR listing through GPO http://www.access.gpo.gov/nara/cfr/waisidx_01/

21cfrv3_01.html
List of indirect additives used
in packaging

http://www.cfsan.fda.gov/�dms/opa-indt.html

Redbook 2000 http://www.cfsan.fda.gov/�redbook/red-toca.html
Toxicology templates http://www.cfsan.fda.gov/�dms/opatoxtm.html

9) Codified in 21 CFR 170.3(i).

12.2 Regulatory Authority j421



regulations to comply with the procedures and achieve the goals of NEPA.10) FDA�s
NEPA-implementing procedures are set forth in 21 CFR Part 25 to supplement the
CEQ regulations.
NEPA is a declaration of the Nation�s environmental policy and goals. It supple-

ments FDA�s authority under the FFDCA and other public health statutes but it does
not supersede these statutes. It does not require substantive FDA decisions to favor
environmental protection over other considerations mandated by other statutes the
FDA administers, such as human health. NEPA is a full disclosure statute that
requires public involvement and it is a broad statute that considers all aspects of the
human environment. In addition, NEPA applies abroad and requires Federal
agencies to identify those actions that may have trans-boundary environmental
effects. The FDA considers authorizing the uses of FCSs under all three regulatory
options (FAP, TOR, and FCN) to be bothmajor and final Agency actions and, thus, all
are subject to NEPA considerations.

12.3
Premarket Safety Assessment

12.3.1
Introduction

FDA�s safety assessment relies on evaluating probable consumer exposure to anFCS,
including all constituents or impurities, as a result of the proposed use and other
authorized uses, and ensuring that such exposures are supported by the available
toxicological information. It is important to understand that the safety assessment
focuses on those substances that would be expected to become components of food as
a result of the proposed use of the FCS. A general discussion of the recommended
chemistry, toxicology, and environmental information for a submission relating to an
FCS follows. Detailed technical guidance documents can be found on the Agency�s
website (www.cfsan.fda.gov/�dms/opa-guid.html). An industry/stakeholder con-
sidering an FCN submission must address all three of these areas in order for their
submission to be complete.

12.3.2
Chemistry Information

The recommended chemistry information includes the discussion and submission
of supporting data on the identity, manufacture, stability, technical effect, and
proposed use of the FCS, all of which are used to identify and estimate consumer
exposure to the various substances originating from the proposed use of the FCS.
Exposure estimates usually involve combining migrant concentrations in food
with information on the use of articles that contain the FCS. The following discussion

10) Codified in 40 CFR 1500–1508.
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will focus onwhatmaybe considered themost pivotal aspect of the safety assessment,
i.e., estimating consumer exposure.

12.3.2.1 Migrant Levels in Food
In general, migrant levels in food are determined by one or more of the following
methods: (1) accelerated migration studies conducted with food-simulating liquids
under the most severe anticipated conditions of use; (2) the assumption of 100%
migration to food using actual use or residue levels; or (3) mathematical modeling of
mass transfer frompolymers to food based on a thermal processing-extended storage
scenario using actual use or residue levels.
There are two categories for using an FCS: single-use and repeat-use applications.

Single-use describes an article that will be used one time, such as a plastic bottle for
holding beverages, whereas repeat-use articles will be used over an extended period
and will contact food repeatedly, such as an o-ring, a conveyor belt used in a food
processing plant, or a food tray. The protocols for migration studies are generally
intended to model the thermal treatment and extended storage (or contact) of the
article containing the FCS. The intended use conditions of the FCS (i.e., use level and
article(s), food types, time/temperatures conditions, single or repeat use) are crucial
in determining test parameters (i.e., test sample(s), food simulants, and accelerated
time/temperature protocols). In other words, the intended use of articles containing
the FCS determines the appropriate food types and classifications (Table 12.4) as well
as the accelerated time/temperature conditions (Table 12.5) that should be used to
determine migrant concentrations in food. It is important to note that these
migration testing protocols for a new FCS or use bear no relation to the �end-test�
specifications listed in the CFR for compliance evaluation.
In some caseswhere theuse level of theFCSor residue level of amigrant is low, itmay

be possible to dispense with migration studies altogether by assuming 100%migration
of the substance to food. Although actual migration studies might result in a lower
estimate of migration to food, hence a lower exposure, such studies would be unneces-
sary if the resulting exposure is sufficiently low or otherwise supported by the available
toxicological information. Alternatively, mathematical modeling of migration based on
the principles of mass transfer from polymers to foods, an approach also recognized by
the European Food Safety Authority, can be used along with a consideration of the
intended conditions of use (Begley et al., 2005). Migration modeling is discussed in
Section II, Part D.5, of FDA�s chemistry guidance document and elsewhere in this text.

12.3.2.2 Packaging Information
Information on single-use food contact articles that contain the FCS is captured by
packaging factors, which include both consumption factors (CF) and food-type distri-
bution factors (fT). The CF describes the fraction of the daily diet expected to contact
specific packagingmaterials and represents the ratio of theweight of all food contacting
a specific packaging material to the weight of all packaged food. CF values for select
packaging categories (e.g., polymer and paper), specific food-contact polymers (e.g.,
low-density polyethylene), and applications (e.g., microwave susceptors) are summa-
rized in the chemistry guidance document and presented here in Table 12.6.
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The fTdescribes the fraction of all food contacting eachmaterial that is aqueous (aq),
acidic (ac), alcoholic (al), and fatty (fat). The fTaccounts for the variable nature of foods
contacting each packaging material. Their use in calculating exposure is critical, as
migration is dependant on several factors, including the nature of the food matrix, i.e.,
the food type. Althoughmigration might be highest in fatty foods for a particular FCS,
use of the article containing the FCSmight also be extremely limited in its application to
fatty foods. Applying the fT to themigrant levels in food simulants allows for a �weighted
average� migration to food, denoted as hMi, to be used in estimating exposure.
The expression relating migrant levels in food and packaging factors to estimate

exposure (expressed as dietary concentration, DC, in units of mass of migrant per
mass food consumed) for single-use articles is

Table 12.4 Classification of food types and recommended food
simulants for food contact articlesa.

Type Description Classification

I Nonacid, aqueous products; may contain salt, sugar or both
(pH> 5), e.g., raspberries, maple syrup, consomme, ripe olives

Aqueous

II Acid, aqueous products; may contain salt, sugar or both, and
including oil-in-water emulsions of low- or high-fat content,
e.g., vinegar, mayonnaise, orange juice, cream dressing

Acidic

III Aqueous, acid or nonacid products containing free oil or fat; may
contain salt, and including water-in-oil emulsions of low- or high-fat
content,e.g.,crab, lobster,groundbeef,bacon,chicken,oleomargarine

Fatty

IV Dairy products and modifications
A. Water-in-oil emulsions, high- or low-fat, e.g., cheddar cheese,

Swiss cheese, butter
Fatty

B. Oil-in-water emulsions, high- or low-fat, e.g., milk, ice cream,
cottage cheese, sweet cream (40%)

Aqueous

V Low-moisture fats and oils, e.g., Lard, peanut oil Fatty

VI Beverages
A. Containing up to 8% alcohol, e.g., beer Low-alcohol
B. Nonalcoholic, e.g., soda Aqueous
C. Containing more than 8% alcohol, e.g., distilled spirits, vodka High-alcohol

VII Bakery products (other than those under types VIII or IX)
A. Moist bakery products with surface containing free fat or oil Fatty
B. Moist bakery products with surface containing no free fat or oil Aqueous

VIII Dry solids with the surface containing no free fat or oil, e.g.,
macaroni, shredded wheat, corn meal, coffee

Dry

IX Dry solidswith the surface containing free fat or oil, e.g., potato chips,
French fried potatoes, broiled meat and fish, fried chicken, pop corn

Fatty

aRecommended food simulants (a more detail discussion is in the chemistry guidance
document): aqueous/acidic/low-alcohol foods – 10% ethanol; high-alcohol foods – 50% ethanol;
fatty foods – aqueous ethanol solutions or food oil.

DC ¼ CFhMi ¼ CF
X

ðMFSLÞð f TÞ
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whereMFSL is themigration level in each food simulating liquid and fT is the factor for
the simulant intended to model each type of food. The expression FDA uses in
relating DC and estimated daily intake, EDI, assuming a consumption of 3 kg (1.5 kg
liquid and 1.5 kg solid) food per person per day is

EDI ¼ DC� 3 kg food per person per day

Exposure estimates derived from packaging factors are �averages� across the US
population and may be thought of as �per capita� estimates. FDA believes that this
�per capita�-based approach to estimate exposure to components of food contact
articles is appropriate because consumer selection of food is not generally dependent
on the type of packaging; rather, it is dependent on the eating habits and spending
preferences of the consumer. In fact, one criticism of FDA�s approach to estimate
exposure for components of packaging materials is the assumption that a food(s)
eaten by a given consumer will have been packaged with the same material 100% of
the time. For example, if a notifier proposes use of an antioxidant in high-density

Table 12.5 Time-temperature conditions of use for single- and repeat-use.

Designation Name or description Protocol

Single use
A High temperature, heat sterilized or

retorted above 100�C
121�C/2h, 40�C/238 h

B Boiling water sterilized 100�C/2h, 40�C/238 h
C Hot-filled or pasteurized above 66�C 100�C/0.5 h, 40�C/239.5 h or

66�C/2h, 40�C/238 h
D Hot-filled or pasteurized below 66�C 66�C/0.5 h, 40�C/239.5 h
E Room temperature filled and stored

(no thermal treatment in the container)
40�C/240 h

F Refrigerated storage (no thermal
treatment in the container)

20�C/240 h

G Frozen storage (no thermal treatment in
the container)

20�C/120 h

H Frozen or refrigerated storage;
ready-prepared food intended
to be reheated in container at time
of use

100�C/2h

Repeat use
Repeated use in contact with food Highest intended use temperature

for the longest time
High temperature use

Dual-ovenable trays Highest intended conventional oven
temperature for the longest time

Microwavable containers See guidance document
Microwave heat-susceptor applications See guidance document

polyethylene, the consumer is assumed to ingest the selected food(s) only if it is
packaged in the high-density polyethylene containing the antioxidant, even though
the food(s) may be packaged in other materials as well.
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FDAmodifies these packaging factors as new information on the use of packaging
materials in the marketplace becomes available. In fact, the more information a
submitter can provide on the specific scenarios of use, such as subdividing packaging
or resin categories with marketing information, the more accurately FDA can
estimate exposure. As summarized recently byHeckman 2005, this use of packaging
factors for determining consumer exposure contrasts with the approach utilized by
other regulatory bodies, such as the EU.
For repeat-use food-contact articles that contain the FCS, FDA takes into account

information such as the weight of food contacting a known area of a representative
repeat-use article, contact time of food with the repeat-use article, and the average
lifetime of the article. This allows the calculation of a representative food mass-to-
surface area ratio for the use and the extrapolation of the representativemigrant levels
in food over the entire service lifetime of the article. In general, exposure estimates
for repeat-use applications are lower than those for single-use, primarily because of
the large foodmass-to-surface area ratio used in the calculations. In fact, submissions
for only repeat use are generally ideal candidates for TOR exemption requests.

12.3.3
Toxicology Information

FDA�s toxicological assessment is based on a tiered approach and is consistent with
the general principle that increased exposure leads to increased potential health risks;
however, the inherent toxicity of a structural/functional class of chemicals is also

Table 12.6 Select packaging factors for several packaging
categories (a complete list may be found in Appendix IV of the
chemistry guidance document).

Packaging factors

Category CF f (aqueous) f (acid) f (alcohol) f (fat)

Metal – uncoated 0.03 0.54 0.25 0.01 0.20
Metal – polymer coated 0.17 0.16 0.35 0.40 0.09
Paper – uncoated and clay coated 0.1 0.57 0.01 0.01 0.41
Paper – polymer coated 0.2 0.55 0.04 0.01 0.40

Low-density polyethylene (LDPE) 0.12 0.67 0.01 0.01 0.31
Linear LDPE (LLDPE) 0.06 � � � �
High density polyethylene (HDPE) 0.13 � � � �
Polypropylene (PP) 0.04 � � � �
Polyethylene terephthalate (PET) 0.16 0.01 0.97 0.01 0.01
Nylons 0.02 0.10 0.10 0.05 0.75

Adhesives (consistent with
Section 21 CFR 175.105)

0.14

Retort pouch 0.0004
Microwave susceptor 0.001

426j 12 US FDA Food Contact Materials Regulations



considered, as demonstrated by the separate requirements for biocides. The follow-
ing section discusses FDA�s approach to the evaluation of toxicological information
in the overall safety assessment of an FCS.

12.3.3.1 Safety Assessment

Tiered Testing Recommendations and Noncarcinogenic Assessments FDA does not
ordinarily suggest conducting toxicity tests at DCs less than or equal to 0.5mg per kg
food consumed; rather, a literature search and a structural comparison to known
carcinogens are requested. This approach and the safety information are the
minimum regardless of submission type. It is noteworthy that the tiered approach
expands the test requirementswith increasing exposure (Table 12.7). Accordingly, the
information needed to support safety at these low doses is required for any level of
exposure. The use of structural comparisons or structure–activity relationship (SAR)
analysis has long been important in prioritizing toxicity concerns. With the develop-
ment of the TOR and FCN processes, an FDA review group now reviews every
submission explicitly from this perspective.
At the next tier of exposure, between 0.5 and 50 mg per kg food consumed, FDA

recommends assessing the genetic toxicity of the substance using in vitro assays.
These assays are less expensive and time consuming than a bioassay and they provide
information on the ability of the substance to cause genetic damage, a key event in the
development of cancer (Pitot III and Dragan 2001). As many of the chemicals
involved in the production of FCSs are likely to be of wide interest, based on other
uses and/or subject to another regulatory authority, these studies are often available
in the open literature. These assays have varying specificities and sensitivities, as
recently evaluated by Kirkland et al. 2005, and measure different endpoints. There-
fore, when differences in individual test results arise, the collective data may be
difficult to interpret with regard to the overall carcinogenic potential of the substance.
Accordingly, by examiningmultiple endpoints of genetic toxicity, a broad assessment
of the substance�s ability to cause genetic damage is obtainable. Pairing these data
with SAR analysis allows for a more comprehensive review of a chemical�s potential
to be mutagenic and/or carcinogenic.
At exposures of greater than 50 mg per kg food consumed, in addition to the data

requested at the lower tiers, FDA recommends the completion of an in vivo test for
chromosomal damage using rodent hematopoietic cells (i.e., mouse micronucleus
assay) and two subchronic studies, one rodent and one nonrodent. Additional studies
may be suggested based on the results of the subchronic studies and/or SAR analysis.
FDAuses this information to determine an acceptable daily intake (ADI) value for the
substance from the most sensitive species (hence the need for both rodent and
nonrodent data). In determining an ADI value, FDAuses the no observed effect level
(NOEL) or the no observed adverse effect level (NOAEL, if the use of a NOAEL is
appropriate based on the endpoint examined), and uncertainty (or safety) factors.
Table 12.8 details the determination of an ADI value and the applicable uncertainty
factors used by the FDA. Once an ADI value is determined, this value is compared to
the cumulative estimated daily intake (CEDI). If the ADI value is greater than the
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CEDI, the substance is considered safe for the proposed use. If the ADI value is less
than the CEDI, the substance is not considered safe for its proposed use and more
information, either toxicological or exposure, may be used to establish safety. In
general, ADI values are not calculated for substances with positive genotoxic or
neoplastic findings.

Table 12.7 Toxicology testing recommendations for food contact
substances based on dietary concentration (DC) and
corresponding estimated daily intake (EDI) valuesa.

Exposure Recommendation

DC of �0.5mg kg�1 (EDI of � No toxicity testing recommended
�1.5mg per person per day) � Available information on potential mutagenicity and carci-

nogenicity, published and unpublished, should be submitted
and discussed

� Structural similarity of the substance to known carcinogens
or genotoxic chemicals should be discussed, if appropriate

CDC of> 0.5mg kg�1 but �50
mg kg�1 (CEDI of >1.5mg per
person per day but �150mg per
person per day)

Recommendations for DC of �0.5mg kg�1 and:
� Genetic toxicity tests on the substance
� An in vitro cytogenetic test in mammalian cells or an in vitro
mouse lymphoma tk� assay

� A test for gene mutations in bacteria

CDC of >50 mg kg�1 but <1000
mg kg�1 (CEDI of >150mg per
person per day but <3mg
per person per day)

Recommendations for DC of �0.5mg kg�1 and:
� Genetic toxicity tests on the substance
1. A test for gene mutations in bacteria
2. An in vitro cytogenetic test in mammalian cells or in vitro

mouse lymphoma tk� assay
3. An in vivo test for chromosomal damage using rodent

hematopoietic cells
� Potential toxicity of the substance should be evaluated by
two subchronic (90 day) oral toxicity tests, one in a rodent
species and the other in a nonrodent species

� Results from these studies or other available information
may trigger the need for longer term (1-year or 2 year) or
specialized (e.g., reproductive/developmental toxicity,
neurotoxicity, etc.) tests

CDC of �1000mg kg�1 (EDI of
�3mg per person per day)

Recommend Food Additive Petition containing the data
listed above for lower exposures and:
� Two-year carcinogenicity bioassays in two rodent species
(one study should include in utero phase)

� A two-generation reproductive study in rats with a
teratology phase

� Other specialized studies, as appropriate

aNote that thecumulativeexposuresarebasedonnonbiocidal chemicals;biocidal tiersare 1/5th the
cumulative dietary concentration (CDC) and cumulative estimated daily intake (CEDI) values
expressed. DCandCDCvalues are in units ofmass ofmigrant permass food consumed. EDI and
CEDI values are in units of mass of migrant per person per day. Abbreviations are as follows: mg:
microgram;kg:kilogram;mg:milligram;�: less thanorequal to;<: less than;� and>: greater than.
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At exposures of greater than 1000 mg per kg food consumed, FDA recommends the
completion of two 2-year carcinogenic bioassays in rodents (one with an in utero
phase) to determine the carcinogenic potential of the substance, a reproductive/
developmental study, and other specialized studies as warranted by the results of
shorter term studies, structure–activity relationship analysis, exposure or other
available information. Again, substances with DCs greater than 1000 mg per kg food
consumed are not acceptable for submission of an FCNwithout previous agreement
with FDA.

Carcinogenic Assessments With regard to a food additive, Section 409(c)(3)(a) of the
FFDCA states that �. . . no additive shall be deemed safe if it is found to induce cancer

Table 12.8 Examples of FDA�s approach to toxicity safety
assessment depending on endpoint of concern.

Endpoint Example of assessment approach

Nonneoplastic endpoint Derivation of an acceptable daily intake (ADI) value using the no
observed effect level (NOEL): ADI (mg kg�1 bw per day)¼NOEL/
(UF1·UF2· . . .); (ADI)* 60 kg per person¼mg per person per
day
Uncertainty factors (UF):
� 10 extrapolation from animals to humans
� 10 intraspecies variability
� 10 for less than chronic exposure
Typical FDA uncertainty factors:
� 100–200 for chronic toxicity studies
� 1000–2000 for subchronic toxicity studies
� 1000 where reproductive and developmental effects are severe
and/or irreversible

� 100 where reproductive and developmental effects are not severe
or are reversible

Neoplastic endpoints
Food additive Delaney clause applies – assessment is qualitative (positive or

negative)
Constituent – genotoxic Multiply unit cancer risk by EDI to obtain worst case upper bound

lifetime cancer risk.
�Unit cancer risk (UCR) is defined as the sumof the slopes of lines
drawn from the lowest apparent effective dose of the chemical
through zero for each tumor site

� Tumors arising from multiple sites are assumed to be inde-
pendent and are added to obtain the overall UCR

� Lowest dose at which significant neoplastic findings are reported
is used to calculate UCR

Constituent – nongenotoxic � Evaluate using threshold approach applying applicable uncer-
tainty factors detailed above
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when ingested byman or animal . . .� This is the so called food additive or anti-cancer
Delaney Clause. The Delaney Clause applies to the additive itself, not to constituents
of the additive or impurities that may be present [(Scott v. FDA, 728 F. 2d 322 (US 6th
Cir. 1984)]. Accordingly, individual constituents of the food additivemay be evaluated
under the general safety standard using applicable risk assessment procedures. This
regulatory interpretation is often referred to as the Constituents Policy (US Food and
Drug Administration 1982). Although the level of exposure from an FCS may not
necessarily require performing a bioassay, if such studies are available, these data are
considered pivotal and must be submitted regardless of the level of exposure
expected.
In the safety assessment of the FCS, neoplastic data on constituents of an additive

are reviewed to determine whether or not the constituent is a carcinogen. If there are
no positive carcinogenic findings, this resolves any cancer issues and other toxicity
data are considered in the safety assessment of the constituent. On the other hand, if
the constituent is determined to be a carcinogen, risk assessment procedures are
used to determine whether or not the proposed use would present more than a
negligible risk. The unit cancer risk derived from the linear, low-dose extrapolation
is used in combination with the exposure estimate to determine the upper-bound
lifetime cancer risk. Details of this approach for constituents are provided in
Table 12.8 and have been elaborated upon elsewhere (Lorentzen 1984; FDA 2006).
It is important to note that this approach is applicable only to constituents of food
additives and not to food additives themselves, which are subject to the Delaney
prohibition.

Use of Structure Activity Relationship (SAR) Analysis As mentioned above, the
structure of a chemical may be used to predict its toxicological profile based on
analogies to chemicals that have been tested for the endpoint of concern. This is the
basis of SAR analysis. FDA has historically considered this predictive approach
valuable is in the safety assessment as exemplified in Redbook 2000 and the analysis
performed in establishing the TOR exemption policy by Rulis 1989. Moreover, 21
CFR170.39(a)(1) specifies that the substance that is the subject of the TORexemption
request will be granted an exemption only if it has not been shown to be a carcinogen
in humans or animals, and there is no reason, based on the chemical structure of the
substance, to suspect that the substance is a carcinogen. This allows FDA to consider
the carcinogenic potential of a substance whose structure suggests that it may be a
potent carcinogen even if the use of the substance would result in a DC less than or
equal to 0.5 ppb.
At the FDA, a team with expertise in SAR analysis and analysis software routinely

apply SARanalysis in the evaluation of an FCS.Details regarding SARanalysis and its
incorporation in the safety reviewwere recently elaborated upon by Bailey et al. 2005.
Briefly, SAR analysis is performed on all migrating substances using a two-phase
approach, qualitative SAR, and, if necessary, quantitative SAR. Qualitative SAR
analysis involves using experts systems and software programs that compare the
queried structure to tested substances using substructure, similarity, and biophores
to produce a concern level. Quantitative SAR, on the other hand, involves examining
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the data of the analogs, identified during the qualitative run or elsewhere, in order to
obtain potency values that can be used in a predictive analysis. The results of these
analyses are combined with the toxicological data provided or identified for the
compound in question to perform a weight of evidence safety assessment. For
example, SAR analysis, when paired with mixed results of multiple genetic toxicity
assays, can be useful in determining if the genotoxic substance is related to known
carcinogens andwhat level of risk it presents given the exposure.Moreover, using this
tool, FDA can more effectively determine if expensive, long term studies, such as
bioassays, are necessary to ensure safety given the exposure andwhat is known about
compounds in a given class of chemicals.

12.3.3.2 General Considerations
There are several important considerations to keep in mind with regard to toxicity
data. First, although FDA has established a tiered approach to testing, these are not
rigid criteria but points that trigger examination of additional endpoints. As the
safety standard is �a reasonable certainty of no harm,� it is important to consider
a comprehensive approach to the data and how the structure of the substance
relates to its potential toxicity. As an example, though toxicological testing is not
ordinarily requested for exposures less than or equal to 0.5 mg per kg food
consumed, it may be requested for a substance that contains biophores indicating
mutagenic activity. The same can be said for reproductive SAR analysis at exposures
of less than or equal to 50 mg per kg food consumed. In addition, notifiers are
required to submit and discuss all available, relevant data regardless of the level of
exposure. For this reason, the FDA receives numerous studies that would not be
required based on the estimated exposure. Some of these studies, such as 28-day
studies, are not considered appropriate for setting ADI values; rather, they are used
to assess toxicity which may be the basis for requesting longer terms studies to
ensure safety.
Submitters should thoroughly search all publicly available databases, including

those of international and foreign regulatory agencies, for applicable information
with regard to their safety analysis. A thorough review of available information
often avoids questions and requests for additional information during FDA�s initial
review. Additionally, correspondence between FDA and submitters regarding
available, previously determined safety analyses conducted by FDA is often time
saving and can assist in the preparation of a safety assessment. This is important if
exposure is expected to a substance that was evaluated prior to the inception of the
FCN process, because the substance may not have been evaluated for mutagenicity
when it was evaluated for general toxicity. In such cases, the submitter proposing a
new use may be requested to submit genetic toxicity studies to supplement the
available data.
Over the last several years, the FDA has developed several toxicology assessment

tools to aid industry in the submission process. The Redbook 2000 Toxicological
Principles for the Safety Assessment of Food Ingredients (US Food and Drug Adminis-
tration 2004) details testing guidelines for commonly requested toxicology tests.
Additionally, the FDA has developed toxicology templates to aid in the review and
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evaluation of commonly requested tests. Lastly, FDA-developed ADI and unit cancer
risk values are available either on FDA�s website or through correspondence with the
Agency.

12.3.4
Environmental Information

FDA�s assessment of the environmental impact of FCSs is the same under the FCN,
TOR, and petition review processes; however, there is a major difference in the
availability of the environmental record. NEPA is a full disclosure statute and Section
1506.6(a) (Public Involvement) of the Council on Environmental Quality regulations
implementing NEPA states that Federal agencies shall make diligent efforts to
involve the public in preparing and implementing their NEPA procedures. As a
result, the environmental record for a petition and a TOR exemption request are
made publicly available at FDA�s Dockets at the time of acceptance. However, the
FFDCA requires that the FCN remain confidential during the 120-day review
period.11) Because NEPA does not supersede the main statute under which the
Agency functions, the environmental record for an FCN is not made publicly
available until FFDCA permits its availability; specifically, after an FCN becomes
effective.
The Agency will not accept an FCN, a TOR exemption request, or a petition for

review if the environmental component is missing or deficient (21 CFR 25.15); thus,
every one of these submissions must contain either an environmental assessment
or a claim of categorical exclusion from the need to prepare an environmental
assessment (EA).

12.3.4.1 Claim of categorical exclusion
A claim of categorical exclusion applies to Agency actions that do not individually or
cumulatively affect the quality of the human environment and, therefore, do not
require the preparation of either an EA or an environmental impact statement (EIS).
An adequate claim of categorical exclusion12) must include a citation of the 21 CFR
25.32 subsection under which the exclusion is warranted (Table 12.9), a statement of
compliance with the categorical exclusion criteria, and a statement that, to the
submitter�s knowledge, there are no extraordinary circumstances that will require
the submission of an EA.
Tiered Testing Recommendations: In accordance with 40 CFR 1508.4 and 21 CFR

25.21, FDA will require at least an EA for any normally excluded action if extraordi-
nary circumstances indicate that the proposed action may have a significant envi-
ronmental affect. An extraordinary circumstance may be shown by data available to
either the agency or industry sponsor and may be based on production, use, or
disposal of a substance. Data available to the agency include public information,
information in the submission, and information the agency has received in
other submissions for the same or similar substances. Examples of extraordinary

11) FFDCA section 409(h). 12) Definition codified in 21 CFR 25.15.
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circumstances that may apply to CFSAN actions are listed at the Agency�s website13).
The CEQ regulations have defined �significantly� to aid in determining if an action
may affect significantly the quality of the human environment. This definition should
be considered when evaluating whether extraordinary circumstances exist that may
warrant the submission of at least an EA.
Significance: Section 1508.27 of CEQ regulations states that �Significantly� as

used in NEPA requires considerations of both context and intensity:

1. Context: Thismeans that the significance of an actionmust be analyzed in several
contexts such as society as a whole (human, national), the affected region, the
affected interests, and the locality. Significance varies with the setting of the
proposed action. Both short- and long-term effects are relevant.

2. Intensity: This refers to the severity of impact. Responsible officials must bear in
mind that more than one agency may make decisions about partial aspects of a
major action. Things to considerwhen assessing intensity are listed under Section
1508.27(b) of CEQ regulations.

The Council on Environmental Quality�s view is that the information submitted in
a request for categorical exclusion is usually sufficient to determine that the exclusion
is applicable to the requested action. Therefore, FDA has formulated its categorical
exclusions to include specific criteria so that, in most instances, a categorical
exclusion can be determined simply by citing the exclusion listed in 25 CFR
25.32 or confirmed by review of other information contained in the submission,

Table 12.9 Claims of categorical exclusions applicable to food-
contact materials: Title 21, Parts 25, Section 32 of the Code of
Federal Regulations (denoted as 21 CFR Section 25.32).

21 CFR 5.32
subsection Category of substances

i Substance is present in the finished food-packaging material at not greater than
5% by weight (wt.%) and is expected to remain with finished food-packaging
material through use by consumers or when the substance is a component of a
coating of a finished food-packaging material

j Substance is to be used as a component of a food-contact surface of permanent or
semipermanent equipment or of another article intended for repeated use

q Substance that is registered by the US Environmental Protection Agency (US
EPA) under the Federal Insecticide, Fungicide and Rodenticide Act (FIFRA) for
the same use requested in the FCN

r Substance that occurs naturally in the environment when the action does not alter
significantly the concentration or distribution of the substance, itsmetabolites, or
degradation products in the environment

13) Accessible at http://www.cfsan.fda.gov/
�dms/opa2eg.html#partiii
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available in theAgency�sfiles, or published in the open literature.However, in limited
instances, it may be necessary to submit additional information to the Agency to
establish that the criteria for a categorical exclusion have been met, particularly for
exclusions claimed under 25 CFR Sections 25.32(i), 25.32(q), and 25.32(r).
Inadequacies in a claim of categorical exclusion: A careful evaluation of the

general environmental guidance available at the Agency�s website will aid submitters
to prepare an adequate claim of categorical exclusion.14) An inadequate claim may
delay the review process of a submission. Examples of inadequacies in a claim of
categorical exclusion are citation of the wrong exclusion, claim lacks explicit
statement that the exclusion complies with the applicable criteria and that there
are no extraordinary circumstances that would require preparation of an EA,
exclusion applicable to only some, not all, of the uses requested in the FCN, the
use requested in the claim is different from the use requested in other sections of
the FCN, and there is insufficient evidence in the notification for the agency to
determine if the exclusion criteria are met.

12.3.4.2 Environmental Assessment (EA)
Any industry-initiated action that is subject to NEPA must contain an adequate
environmental assessment (EA), as defined in 21CFR25.40, if it does not qualify for a
claim categorical exclusion or when extraordinary circumstances exist that would
make an exclusion unwarranted, as determined by the submitter or by the Agency.
Themajority of proposed uses of FCSs qualify for categorical exclusion under 21CFR
25.32 (i), (j), (q), or (r); those that do not qualify for categorical exclusion require at
least an EA. There are three proposed uses of FCSs requiring at least an EA: (1)
substances used in the production and processing of food and are not intended to
remain with food, (2) processing aids used in the production of food-packaging
material and are not intended to remain as components offinishedpackaging, and (3)
components of food-packaging material present at greater than 5% by-weight (wt.%)
of the finished packaging. For example, if the FCS is for use as a nonchemically
bound adjuvant in all polymers, the proposed use would qualify for categorical
exclusion under 21 CFR 25.32(i) if it is present at not-greater-than 5wt.% of the
finished food-packaging material and almost all of the market volume will remain
with the packaging. However, if the FCS is a chemically-bound component of a
polymer (such as a monomer) used to make finished food-packaging material, then
the submission must contain an EA, even if the FCS is present at not-greater-than
5wt.% of a polymer, if the polymer is used at levels greater than 5wt.% of the finished
food-packaging material. In these cases, the substance that is the subject of FDA�s
review under NEPA regulations is the material that will be introduced into the
environment; specifically, the food additive or polymer containing the FCS. In
general, for substances incorporated in polymers, as blends or covalently bound,
FDA believes that little or no introduction of these substances into the environment
will result from their use because they are almost completely incorporated into the
polymeric food-packagingmaterial and essentially all of them are expected to remain

14) Accessible at http://www.cfsan.fda.gov/�dms/opa2eg.html#partii
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with the packaging throughout use of the product. Consequently, the EA for
polymeric substances or new uses of polymeric substances should focus on the
impact of the proposed use on energy and resources.
An adequate environmental assessment is one that addresses the relevant environ-

mental issues and contains sufficient information to enable the Agency to determine
whether the proposed action may significantly affect the quality of the human
environment. It must contain a brief discussion of: (1) the need for the proposed
action, (2) introductions, fate, and effects of the substances in the environment, (3)
alternatives to the proposed action, and (4) of the environmental impact of the
proposed use as a result of use and disposal of the substance; except for these
requirements, the Agency�s NEPA-implementing regulations do not specify what
data the EA must include to demonstrate that the proposed use is not expected to
cause a significant impact on the environment . However, the agency is often unable
to determine what impact the proposed use may have on the environment without
additional information about the amounts of substances introduced into the
environment, the fate of these substances in the environment, and the effects of
such amounts on organisms in the environment. It is the submitter�s responsibility
to demonstrate no significant impact on the environment as a result of the proposed
use of the FCS. However, the agency published guidance documents on its website
to provide submitters with additional recommendation for information to be
included in an EA to help the agency determine the potential of the proposed use
to lead to significant environmental impacts as a result of use and disposal of the
article.
The environmental fate and effects data included in an EA could be either actual

data or obtained by using prediction models such as the US Environmental Protec-
tion Agency�s ECOSAR and EPIWIN (EPA, 2007). FDA will accept data obtained
from testing either under its own testingmethods or those of any other entity such as
theUSEPA, theOrganization for EconomicCo-operation andDevelopment, or other
international regulatory bodies. Regardless of the method used to determine no
significant impact on the environment, the submitter should consider the physical/
chemical properties of the FCS (water solubility, dissociation constants in water, n-
octanol/water partition coefficient (Kow), and vapor pressure or Henry�s Law con-
stant), environmental depletion mechanisms (adsorption coefficient (Koc), aerobic
and anaerobic biodegradation, hydrolysis, and photolysis), and effects data (aquatic
toxicity mostly).

12.3.4.3 Polymeric Food Packaging Materials
The Agency has the responsibility to consider the impact of its actions on the use of
natural resources and energy as required under NEPA, Section 102 (b)(6), which
states that one goal ofNEPA is to, �. . . enhance the quality of renewable resources and
approach themaximumattainable recycling of depletable resources. � As a result, the
EA for a new polymeric food-additive (if it makes greater than 5wt.% of the finished
food packaging) or a new use of a polymeric material should focus on the identity of
the polymer and on how it may impact the environment as a result of disposal by
affecting solid waste management practices such as recycling (resources and energy
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use), landfilling (groundwater contamination), and incineration (acid gas emissions).
Specifically, an EA should discuss the environmental impacts of the proposeduse as a
result of the disposal of the polymeric packaging. In general, unlike for human safety
determinations, FDA does not review the environmental impact of contaminants
present in polymeric materials.
The EA should identify fully the new polymeric material and provide relevant

physical, thermal, and mechanical properties such as melting point, glass transition
point, intrinsic viscosity, melt flow, and crystallinity. This information is especially
important to assess how the new polymer will affect use of energy and resources if it
will replace recycled material. Additional information needed to assess such impact
is: (1) technical effect of the proposed substance, (2) estimated yearly market volume
(confidential), (3) types of packaging, e.g.,films,multi-component containers, bottles
or other rigid containers, (4) size of containers (mass and volume), (5) intended food
applications (specific food and beverage products), (6) method of disposal of the
proposed packaging, and (7) currently used packaging materials that the proposed
additive may compete with and replace.

Questions Relevant to Impact on Recycling When assessing the environmental
impact of a new polymeric substances or a new use of a polymeric substance, the
following specific questions should be considered: (1) Is the polymer intended to
replace a similar substance already in use? Will it not change the potential uses or
disposal pattern of the replaced packaging? (2) Will the polymer replace packaging
that is recycled but it will not be recycled itself? If so, to what extent will it reduce the
quantity of an existingmaterial that is recycled, and howwill it be distinguished from
other recyclable packaging? (3) Will the polymer replace packaging that is recycled
and will it be recycled itself? If so, then: (4) Will it fit into established source
separation, collection, reprocessing systems or will new systems have to be devel-
oped? (5) Will the material be processed separately or only with commingled
materials? (6) Will the package be distinctly marked to encourage recycling and
minimize contamination of existing recycling systems? (7)Whatmarkets exist for the
recycled material?, and (8) Does the FCS, if it is a modifier to the base polymer, open
new markets for the modified polymer?

12.3.4.4 Inadequacies in EAs
A careful evaluation of the general environmental guidance available at the Agency�s
website at http://www.cfsan.fda.gov/�dms/opa2eg.html will aid submitters to pre-
pare an adequate EA. An inadequate EA may delay the review process of a submis-
sion. Examples of inadequacies in an EA are: (1) the use requested in the EA is
different than the use requested in other sections of the FCN, (2) lacks an explicit
statement that there are no extraordinary circumstances that apply to the site of
production of the substance, (3) not independent of the submission, (4) does not
include estimates of environmental introduction concentrations, (5) does not include
physical, thermal, and mechanical properties for polymeric substance, (6) lacks a
discussion of potential impact on solid waste management strategies, and (7)
contains confidential information.
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Incorporation by reference:AnEAmay incorporatematerial by referencewhen the
effect will be to cut down on bulk without impeding agency and public review of the
action. The incorporatedmaterial shall be cited in the EA and its content summarized
in the EA to the extent possible. Nomaterial may be incorporated by reference unless
it is reasonably available for inspection by potentially interested persons. Material
based on proprietary data which is itself not available for review and comment must
not be incorporated by reference.
Cumulative impact: The agency has the obligation to consider the cumulative

impact of its actions. Section 1508.7 of CEQ regulations defines cumulative impact
as, �The impact on the environmentwhich results from the incremental impact of the
action when added to other past, present, and reasonably foreseeable future actions
regardless of what agency (Federal or non-Federal) or person undertakes such other
actions. Cumulative impacts can result from individually minor but collectively
significant actions taking place over a period of time.�

12.4
Final Thoughts

Exposure estimates, developed frommigrant levels in food and information on food
contact uses, determine the amount of toxicological information needed to support
the proposed use of an FCS. Limitations on use conditions may be imposed by the
submitter, possibly at the suggestion of FDA, to reduce exposure to either the FCS or
to a constituent due to safety concerns identified during the review. For example, if
the available toxicological information is limited and, thus, supports only a low
exposure in accord with the tiered testing scheme, the submission may propose a
narrow or limited use. As additional chemistry or toxicological data become available,
additional submissions for expanded use of the FCS may be considered. As another
example, consider twomonomers used in themanufacture of polymeric food contact
articles, one of which is commonly used as a �base�monomer and the other used as a
minormonomer. Through its evaluation of numerous submissions that the FDAhas
processed, FDA has determined that some polymeric articles, manufactured from
certain monomers, are used only in such niche or specialty applications that they are
not expected to seewide use in food packaging. As such, themigrants of these articles
usually requireminimal data to ensure safety. This approach allows the FDAnot only
to fine tune the safety assessment for the particular FCS and use in question, but also
to reassess the safety assessment of FCSs and their constituents on a continuing
basis. If concerns are raised in the reassessment, they may result in postmarket
action on any permitted uses of the FCS.
In applying the hazard information gained in toxicology testing to a safety

evaluation, it is essential to assess the hazard in the context of consumer exposure.
For instance, if the substance has a large toxicological database of information, the
safety assessmentmay bemade using the data deemedmost relevant to the exposure
level being evaluated. As an example, consider the proposed use of a substance with a
dietary concentration of 1mg per kg food consumed and supporting data consisting of
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genetic toxicity tests and a subchronic study. At 1mg per kg food consumed, the
genetic toxicity studies would be thoroughly reviewed because it can provide
information relevant at such a low level while the subchronic study would be
subjected to a preliminary review. If the preliminary review of the subchronic study
indicates a safety concern based on the margin of exposure, the study should be
thoroughly reviewed to establish an acceptable daily intake value. An acceptable daily
intake value need not be calculated if the exposure and preliminary review do not
warrant an extensive evaluation of the additional data to ensure safety.

12.5
Conclusions

Though the last decade has witnessed a change in the US with regard to regulatory
processes for components of food contact articles, the safety standard has remained
unchanged since the Food Additives Amendment of 1958. FDA�s approach to the
safety assessment of these substances is exposure driven, in that it is specific to the
intended use and the resultant dietary exposure, which determines the amount of
toxicological data consistent with the tiered requirements. Structure activity rela-
tionship analysis or the pairing of structure–activity relationship analysis with short-
term genetic toxicology data can be used to determine the carcinogenic potential of a
substance in lieu of available data. Potentially carcinogenic constituentswith bioassay
or analog data are evaluated using quantitative risk assessment principles and, when
data are available and exposure warrants review, acceptable daily intake values are
established for comparison to cumulative exposure values.
Currently, FDA is exploring thedevelopment of refined tiers formultiple endpoints

of genetic and reproductive toxicity, the safety evaluation of low-molecular weight
oligomeric fractions of polymeric substances, and the use of market share in the
refinement of packaging factors. FDA�s goal has, andwill continue to be, the use of all
available information and the identification of the accompanying uncertainties in the
safety analysis to develop better guidance and thorough, efficient safety evaluations.
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13
Community Legislation on Materials and Articles Intended
to Come into Contact with Foodstuffs
Luigi Rossi

13.1
Introduction

At the end of the 1950s, following the first legal provisions adopted by the
US Food and Drug Administration (FDA) in 1958 in the sector of materials
intended to come into contact with foodstuffs (FCM), the German and Italian
authorities began issuing the first regulations in the field of migration. These
rules, which in Germany were adopted in the form of Recommendation, were
designed to avoid excessive release into foodstuffs of the substances contained
in the materials, especially in plastics, and above all to rule out the possibility
of a health hazard to the consumer as a result of the toxicity of some of the
substances used to manufacture these materials. One needs only think of the
migration of certain monomers regarded as carcinogenic (e.g., vinyl chloride,
acrylonitrile), the release of certain highly toxic metals such as lead and cadmium
from ceramic surfaces, the presence of nitrosamines in certain types of rubber used
for teats and soothers, the finding of semicarbazide, phthalates and ITX in baby
food, etc.
Subsequently, France, the Netherlands, Belgium, and Spain also issued sim-

ilar laws, although each provision differed from the other not so much in the
objectives behind them (consumer protection) as in the ways of achieving those
objectives.
In the European Union (EU) the differences in the provisions adopted at national

level may create problems for packaging companies, which were forced to adjust
production to the country of destination and apply for authorization to use a new
material. This led to a growing need to approximate (�harmonize�) various laws and
thereby remove legal barriers to Community trade in packaged food which, with the
abolition of customs duty and the new systems of sales (supermarkets) and lifestyles
(prepackaged food), had developed enormously.
In addition to this need there was the growing awareness on the part of the press

and public opinion of everything to do with health protection and the ever more

Plastic Packaging. Second Edition. Edited by O.G. Piringer and A.L. Baner
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31455-3
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pressing demand for regulation from the professional associations, which wanted to
have legal safeguards and to be able to advertise their products as safe by the law. This
explains the proliferation of national and community rules and the need to harmo-
nize the national rules.
In 1972 the European Commission (EC) drew up a broad program of action

designed to harmonize all existing national laws in the field of materials intended to
come into contact with food (plastics, paper, ceramics, rubber, etc.). In practice, rather
thanharmonizing laws and standardswhichwere often too different to be reconciled,
this meant drawing up a Directive (¼Community legal act requiring a national
implementing law) or a Regulation (directly applicable at national level) to replace
national laws. In this chapter we will limit to describe the main aspects of current
Community legislation, i.e., the legislation adopted at the Community level and
therefore valid in EU.

13.2
Community Legislation

It is not useful to list the EU Directives/Regulations as they are increasing continu-
ously and, then, the list will be very soon not updated. Therefore, it is better to provide
you an ECwebsite where it is possible to find the references of all adopted legislative
and their link with the texts itself (http://ec.europa.eu/food/food/chemicalsafety/
foodcontact/legisl_list_en.htm).
The directives adopted can be divided into three categories:

. directives applicable to all materials and articles,

. directives applicable to one category of materials and articles,

. directives relating to individual or groups of substances.

13.2.1
Directives/Regulations Applicable to all Materials and Articles

13.2.1.1 Framework Directives/Regulation
The Commission initially drew up a framework Directive, 76/893/EEC, which
establishes two general principles:

. The principle of the �inertness� of the material and the �purity� of the foodstuffs,
whereby the materials and articles must not transfer to foodstuffs any of their
constituents in quantitieswhich could �endanger humanhealth andbring about an
unacceptable change in the composition of the foodstuffs or a deterioration in the
organoleptic characteristics thereof.� It should be pointed out that this rule applies
not only to packaging but also to all articles whose surface can come into contact
with food at any stage of production, storage, transport, and consumption. For
practical reasons only water supply plants and antiques are excluded from the field
of application.
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. The principle of �positive labeling,� whereby materials and articles intended to
come into contact with foodstuffs must be accompanied by the words �for food
contact� (or an appropriate symbol) or, where there are restrictions on their use,
with some indication of the limitations in question so that consumers or users are
informed of the potential use and limitations of thematerials and articles they buy.
Only for materials and articles, which by their nature are clearly intended to come
into contact with foodstuffs, do Member States have the option of not imposing
such labeling at the retail stage.

In 1980 the framework Directive was completed by an implementing Directive
80/590/EEC, laying down the symbols to affix to materials and articles (see
Figure. 13.1).
In 1989 the framework Directive 76/893/EECwas replaced by Directive 89/109/

EEC. In confirmation of the principles set out above, the new Directive laid down
the sectors in which the Commission is asked to establish specific Community
rules (see Section 13.2.2) and the criteria and procedures to be followed in
the drafting the specific directives. These requirements can be summarized as
follows:

. The Commission must, as far as possible, satisfy rigorous health criteria and thus
consult the Scientific Committee for Food (SCF) on any regulation with implica-
tions as regards health.

. Specific directives and amendments to existing directives will be adopted by the
Regulatory Committee procedure, in this instance the Standing Committee on
Foodstuffs (CPDA), which is composed of the representatives of the Member
States.

In 2004 Directives 89/109/EEC and 80/590/EEC were repealed and replaced by the
new Framework Regulation 1935/2004/EC. This new text is much more extended
and introduced additional rules following the new EU policy on a �better regulation�
and increasing transparency. In this new Regulation the field of application was
enlarged to include also thematerials and articles which �can reasonably be expected
to be brought into contact with food or to transfer their constituents to food under
normal or foreseeable conditions of use.� Moreover, the group of materials set out in

Figure 13.1 Symbol for food safe material.
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Directive 89/109/ECwas extended to include also other materials indicated in italics
in the following list:

1. Active and intelligent materials and articles
2. Adhesives
3. Ceramics
4. Cork
5. Rubbers
6. Glass
7. Ion-exchange resins
8. Metals and alloys
9. Paper and board
10. Plastics
11. Printing inks
12. Regenerated cellulose
13. Silicones
14. Textiles
15. Varnishes and coatings
16. Waxes
17. Wood

It was also clarified that the new Framework Regulation applies also to active and
intelligent materials, as the interpretation of the previous framework Directive to
these new applications was unclear. Because the active emitter materials may bring
about changes in the composition or organoleptic characteristics of food, a new article
(Article 4) was inserted to permit these changes, provided that the changes comply
with the Community or, in absence, with national provisions applicable to food.
Adequate labeling is provided for the active and intelligent materials to avoid the
ingestion by the consumer of nonedible parts of the content inside the packaging and
to indicate to the enforcement authorities that thematerials or articles are active and/
or intelligent and that, therefore, special rules apply.
Moreover, other rules were introduced in the new Regulation. Particularly

important was the addition of the so-called supporting documentation to the
declaration of compliance, already existing in the previous texts. Article 16 states
that the specific measures shall require that materials and articles be accompanied
by a written declaration stating that they comply with the rules applicable to them
and that �appropriate documentation shall be available to demonstrate such
compliance.� That documentation shall be made available to the competent
authorities on demand. This article should be read together with Article 16 on
traceability which requires �business operators to have in place systems and
procedures to allow identification of the businesses from which and to which
materials or articles and, where appropriate, substances or products covered by
this Regulation and its implementing measures used in their manufacture are
supplied.� In practice, it is requested that in any stage of the manufacture of a
material and article a declaration of compliance should be delivered to the next
business operator and that documentation should be available to demonstrate this
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compliance such as good quality of the substance used, with respect to any existing
restrictions and rule. These new provisions as indicated in whereas (18) will
�facilitate control, the recall of defective products, consumer information and the
attribution of responsibility.�
The Framework Regulation established that a Community Reference Laboratory

(CRL) and national reference laboratories should be selected in accordance with the
Regulation (EC) No 882/2004 on control. The Commission Regulation (EC) No 776/
2006 of 23 May 2006 selected as CRL the Joint Research Centre of the European
Commission (Ispra – Italy) (JRC).
Finally, the newFrameworkRegulation describes in any detail the procedure for an

authorization of a new substance or the modification of his legal status. Adequate
deadlines (6 months, or under certain conditions 12 months) have been imposed in
the evaluation of substances to the new European Food Safety Authority (EFSA),
which replaced the SCF. The technical dossier containing the relevant information
for the risk assessment of the substances (chemical and physical properties, migra-
tion data, toxicology testing) should be available to the public unless some data (to be
justified) are considered confidential by the petitioner, and in the case of conflicts, by
the EC (Articles 8–12 and 20).
It was also clarified that the data included in the above-mentioned technical dossier

�may be used for the benefit of another applicant, provided that the Authority
considered that the substance is the same as the one forwhich the original application
was submitted, including the degree of purity and the nature of impurities, and that
the other applicant has agreed with the original applicant that such information may
be used� (Article 21).
It should be noted that the newRegulation provides that the new rules formaterials

indicated with the terms �measures� in the text may be adopted in the form of
Regulations, Directives andDecisions and not only in the form of Directive as set out
before. Because normally the European texts are quite precise and do not leave rooms
to Member States to modify the rules, it is expected that in the future the preferred
form to adopt new rules will be taken with Regulations and Decisions and no longer
Directives.

13.2.1.2 Regulation on Good Manufacturing Practice
A new Regulation (EC) 2023/2006 applicable to all materials was adopted on 22
December 2006 and applicable as from 1 August 2008 on Good Manufacturing
Practice (GMP). It stated that the business operators shall:

. Establish and ensure adherence to a quality assurance system which should verify
that �the materials and articles are in conformity with the rules applicable to them
and the quality standards necessary for their intended use�.

. Establish and maintain an effective quality control system, i.e., �the systematic
application of measures established within the quality assurance system that
ensure compliance of starting materials and intermediate and finished mate-
rials and articles with the specification determined in the quality assurance
system�.
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. Ensure for printing inks applied to the nonfood contact side of a material or article
that substances are not transferred into food by set-off or transfer through the
substrate.Moreover, the printed surface shall not come into direct contact with food.

. Establish and maintain appropriate documentation in paper or electronic format
with respect to specifications, manufacturing formulae and processing which are
relevant to compliance and safety of the finished material or article.

13.2.2
Directives Applicable to One Category of Materials and Articles

Having defined the general framework, the Commission began to study three of the
principal materials to be dealt with at the Community level, these being regenerated
cellulose film, ceramics and plastics. One of the reasons for this choice had to dowith
the possibility of using the rules for these three sectors as models for other, similar,
ones (see Table 13.1). The main results obtained are described below.

13.2.2.1 Directive on Regenerated Cellulose Film
The first specific Directive was adopted in 1983, this being Directive 83/229/EEC
on regenerated cellulose film (RCF). Based on a number of existing national

Table 13.1 Harmonization plan.

Framework Directive 

Ceramics Plastics Regenerated cellulose 

Glass Elastomers Paper and board 

Metals Surface coatings  
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regulations, the Community Directive lays down rules which differ from those laid
down for plastics (see below). The technical impossibility of applyingmigration tests
to these materials based on simulating liquids, limited use of these materials in
food packaging (only for solid or semisolid foodstuffs) because of its technological
properties, and the possibility of using a limited number of substances in the
manufacture of the finished material were the reasons for treating RCFs differently
from plastics.
For the preparation of the Directive the Commission collected the documentation

and evaluated about 150 substances or groups of substances considered necessary to
manufacture the finished article by the CIPCEL (European professional association
in the sector) (CEC, Reports of the Scientific Committee for Food, 6th Series, 1978).
The Directive established

. a list of authorized substances and

. restrictions on the composition of the material.

Only for monoethylene glycol (MEG) and diethylene glycol (MEG), which under
certain circumstances can be transferred in unacceptably high quantities, have
migration limits in food been provided for in Directive 86/388/EEC. The positive
list has been amended on two occasions (Directives 86/388/EECand 92/15/EEC) and
the Commission took the opportunity of the need to amend certain rules to codify all
the directives adopted (Directive 93/10/EEC).
In 2004 a new amendment (Directive 2004/14/EC) to the codified Directive was

adopted. The main raison of this new amendment was the request of CIPCEL to
authorize a new type of regenerated cellulose film with a coating consisting of
plastics, which is compostable and biodegradable in accordance with the require-
ment of packaging waste Directives. Therefore, the limited number of polymeric
coatings authorized not fully compostable and biodegradable have been suppressed
and replaced by all the polymers authorized by plastic Directives.

13.2.2.2 Directive on Ceramics
In 1984 Directive 84/500/EEC on ceramic articles was approved. It lays down
the specificmigration limits for the two elements, according to their intended uses,
along with the essentials of the method for checking those limits (see Table 13.2).
The analysis method, on the other hand, is contained in a CEN standard (EN
1388-1:1995).
At national level, the checking of compliance with the rules increased during the

last time and showed that particularly some imported ceramics did not fulfill with
the EU requirements. A more severe amendment was, therefore, adopted in 2005
(Directive 2005/31/EC). It extends to ceramics the obligation established in the
Framework Regulation 1935/2004 that the manufacturer or the seller established
within the Community shall issue a declaration of compliance containing, between
the others, the identity and the address of the manufacturer and the confirmation
that the ceramic article meets relevant EU requirements. This declaration shall be
accompanied by the so-called supporting documentation containing the results of the
analysis carried out, the test conditions and the name and the address of the laboratory
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that performed the testing. Moreover, the amendment, taking into account the
technological progress, establishes a set of performance criteria that the analytical
method must comply without any indication of the method to be chosen.

13.2.2.3 Directive on Plastics Materials
Finally, the Commission began to draw up rules for the most complex and
important area of packaging, that of plastic materials. With the wide divergence
of national regulations, their poor scientific basis and the need imposed by the
legislative procedure to consult a whole series of committees and to come to an
agreement of all unanimously (until the enforcement of 89/109/EEC) and then,
after the adoption of the Single Act which revised the decision-making procedures,
by a qualified majority, the Commission has been obliged to take a very cautious,
step-by-step approach toward harmonization. EU legislation (Directive 2002/72/
EC and its 4th amendments, Directive 82/711/EEC and its two amendments and
Directive 85/572/EEC and its amendment, included in the 4th Amendment) has
now established:

. a list of authorized substances at the Community level,

. restricted use of certain substances,

. a system of checking migration.

Other very important rules have been introduced with the adoption of the so-called
4th Amendment (Directive 2007/19/EC of 30 March 2007), e.g.,

. the Functional Barrier

. the Fat (exposure) Reduction Factors

. the Declaration of Compliance

. specific rules for infants and young children

. special restrictions for certain phthalates now authorized at EU level

. new simulant for milk and milk products

13.2.2.4 Field of Application
The current legislation applies (a) to materials and articles made up of one or more
layers exclusively of plastics material and (b) to �Plastic layers or plastic coatings,

Table 13.2 Specific migration limits for lead and cadmium. The
test is carried out in total darkness at 22 �C for 24 husing 4%acetic
acid (v/v) as the simulating liquid.

Category Type of article Lead Cadmium

Category 1 Nonfillable articles and fillable
articles of internal depth not
exceeding 25mm

0.8mg/dm2 0.07mg/dm2

Category 2 All other fillable articles 4.0mg/l 0.3mg/l
Category 3 Cooking utensils; packaging

with a capacity of more than 3 liters
1.5mg/l 0.1mg/l
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forming gaskets in lids that together are composed of two or more layers of different
types of materials are also included� (see later the 4th Amendment).
The surface coatings which are applied to materials other than plastics are

therefore outside its scope as well as �(a) the materials and articles which are
supplied as antiques; (b) covering or coatingmaterials, such as thematerials covering
cheese rinds, prepared meat products or fruits, which form part of the food andmay
be consumed together with this food; (c) fixed public or private water supply
equipment.�

13.2.2.5 EU List of Authorized Substances
This list, contained in the codified Directive 2002/72/EC and its amendments 2004/
19/EC and 2005/79/EC, concerns mainly monomers and other starting substances
as well as the majority of the additives, including few substances which constitute
the means of polymerization (PPA¼Polymerization Production Aids) if they may
be used also as additives. Aids to polymerization and colors are excluded from
the Community list as the Commission has not yet established a policy in these
problematic issues.
The list of monomers and starting substances related to the type of plastics

regulated is complete. It should be stressed that the provisional list contained in
SectionB ofDirective 2002 is no longer valid as the period of its validity is exceeded as
from 1 January 2005.
The list of additives is not yet complete. However Directive 2004/19/EC stated

that:

. �the Commission shall establish, by 31 December 2007 at the latest, the date when
that list shall become a positive list,� i.e. a list authorized additives, to the exclusion
of all others;

. �the Commission shall establish, by 31 December 2007 at the latest, a provisional
list of additives which may continue to be used after 31 December 2007 subject to
national law until the Authority has evaluated them.�

Only substances having the requested technical dossier in accordance with SCF/
EFSA guidelines and permitted in one or more of the Member States no later than
31 December 2006 are included in this so-called provisional list.
The inclusion in this provisional list ensures their legal existence until a

decision is taken about their introduction into the Community positive list. This
means that these substances, if they are not yet evaluated by EFSA, may be
marketed in accordance with national rules even when a positive list is enforced
provided the data requested but EFSA are available and accepted for an
evaluation. While all additives other than those described before will be for-
bidden as from the date when the incomplete list of additives becomes a positive
list.
All of themore important information on the evaluation of substances can be found

in the document entitled �Synoptic� inside the SANCO website (http://ec.europa.eu/
comm/food/food/chemicalsafety/foodcontact/index_en.htm) and for themore recent
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evaluations in EFSA website (http://www.efsa.europa.eu/science/afc/afc_opinions/
catindex_en.html) as the synoptic document may not be updated on time.

13.2.2.6 Restricted Use of Authorized Substances (OML, SML, QM, and QMA)
The legislation in force provides for two main types of restriction.
Thefirst, applying to all substances, provides that theymay not be released alone or

together with others in quantities greater than 60mg/kg or 10mg/dm2 per material
or article. This is an overallmigration limit (OML) which is designed on the one hand
to impart a certain inertia to thematerial intended to come into contact with the food
so as to guarantee its purity and on the other hand to avoid setting a special migration
limit for each substance.
The second one, which applies to isolated substances, provides that theymust not

migrate in quantities higher than a certain value fixed according to the toxicological
characteristics of each of them. This is what is called the specific migration limit
(SML), the value of which is generally established according to the acceptable daily
intake (ADI) or the tolerable daily intake (TDI) laid down by the SCF/EFSA for the
substance and the quantity of food containing the substance released by the plastics
material.
It is a diffused mistake to consider that the European risk assessment is based on

the comparison of TDIwith themigration level. In fact, there is no sense to compare a
hazard expressed inmg/kg body weight with amigration level expressed inmg/kg of
food. Themistake is due to the fact that the EC, pending the establishment of precise
rules to estimate the exposure of the consumer (mg (of substance)/person/day),
conventionally assumed that a personof 60 kg ingest daily 1 kg of food (solid or liquid)
containing the substance at themaximum permitted level �Conventional Exposure.�
Therefore, there is a numeric coincidence between the specific migration (mg/kg of
food) and the exposure person (related to 1 kg of person) to be ingested by a person in
one day.
The rules applied by the EU in establishing the SML are as follows:

. For substances classified by the SCF/EFSA in category 1 (having an ADI) or 2
(having a TDI), the SML is obtained bymultiplying the ADI and the TDI by 60 as it
is assumed that a person weighs 60 kg.

. For substances classified in category 3 the SML is equal to the restriction, if any,
fixed by SCF/EFSA.

. For substances classified by the SCF/EFSA in category 4A (�Substances for which it
was not possible to establish an ADI or a TDI but which could be used if the
substancewhichmigrates in the food or in food simulantswerenot detectable by an
acknowledged sensitivemethod�) an SML equal to a detection limit conventionally
fixed at a level of 0.01mg/kg of food has been set in the Community directives,
sometimes together with an analytical tolerance of 100%.

However, when, for example, the substances decomposes in food simulants or
the analyticalmethods for the determination in food simulants are not available, the
restrictions expressed as SML are often replaced by residue limits of the substances
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in the finished product (QM¼ �Quantit�e maximale� in French Language) or by a
QMA (�Quantit�e maximale� referred to an �area� assumed equal to 6 dm2). For
monomers it was assumed that only 1% of the residual monomers may migrate
and, therefore, the detection limit of 0.01mg/kg was transformed in a QMequal to
1mg/kg.
In the past for only few substances a restriction on use was established. In the 4th

Amendment to reduce asmuch as possible the exposure to phthalates released by the
food contact materials as their other sources, besides the SMLs, very severe limita-
tions on their use were set out (see later).

13.2.2.7 Authorization of New Substances
For new substances to be included in the Community lists the industry has to
submit a special request accompanied by a technical file containing the set of
data which will enable the SCF/EFSA to evaluate the risk associated with the use of
that substance. These data, as shown below, were necessary for the toxicological
evaluation of a substance and were laid down by the SCF and enforced also
by EFSA:

. identity

. physical, chemical and other properties

. use

. migration data

. toxicological data.

With regard to the most important data, i.e., the toxicity data, in principle the
SCF/EFSA requires a long-term study plus data on mutagenesis, reproduction,
metabolism, etc. The full set of essential toxicological tests is shown below. These
studies should be carried out according to prevailing EU or OECD guidelines,
including �Good Laboratory Practice�:

. 3 mutagenicity studies in vitro:
� A test for induction of gene mutations in bacteria
�A test for induction of genemutations inmammalian cells in vitro (preferably the
mouse lymphoma to assay)

� A test for induction of chromosomal aberrations in mammalian cells in vitro
. 90-day oral toxicity studies, normally in two species;
. Studies on absorption, distribution, metabolism, and excretion;
. Studies on reproduction in one species, and developmental toxicity, normally in
two species;

. Studies on long-term toxicity/carcinogenicity, normally in two species.

However in the introduction of SCF/EFSA Guidelines, it is clearly noted that
�these guidelines should not be applied or interpreted too rigidly. For example, since
the petitioner has knowledge of the identity, use of and potential exposure to the
substance requested, and of the database available for it, the petitioner may deviate
from the guidelines, provided valid, scientific reasons are given in the application.On
the other hand, the petitioner should provide all available data, which are relevant for
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the evaluation by the SCF. In all cases the SCFmay request additional data, if the data
submitted are equivocal or warrant further investigation.�
The set of data to be supplied depends on the scale of the migration (see

Table 13.3). However, �In determining the appropriate extent of the data set
required the migration values should not be regarded as absolute limits but as
indicative values.�
To assist industry in the procedure for authorization of a new substance, SCF/EFSA

and the Commission have drawn up a document entitled �Note for Guidance� which
contains the SCF/EFSA Guidelines as well as all the information necessary for
preparing the technical file and supplies explanations, suggestions and model letters
for the transmission of documents. This document is available in the EFSA website
(http://www.efsa.europa.eu/science/afc/afc_opinions/catindex_en.html).

13.2.2.8 Directives on the System of Checking Migration
In 1982 the first directive in the sector, Council Directive 82/711/EEC, laying down a
precise reference framework for the system of checking specific and/or overall
migration, was adopted. It establisheswhat simulating liquids (i.e., liquidswhich can
simulate the extractive capacity of foodstuffs), contact times, and temperatures are to
be used inmigration tests performed under standardized conditions. This reference
framework, which may seem unduly rigid given the innumerable conditions of
contact in reality, was made flexible by the inclusion of a clause which permits
Member States to depart from the standard conditions where these prove to be
inadequate in the case in question either for technical reasons or because they are too
different from the real conditions.
Moreover, the first amendment to it, Council Directive 93/8/EEC, made the

standard conditions for migration tests more flexible by allowing a greater number

Table 13.3 Set of toxicological tests in relation to migration/exposure.

Conditions: migration
data (mg/kg)

Toxicological tests required
by the SCF/EFSA

Usual decision
of the SCF/EFSA

0–0.05 3 mutagenesis tests - If results are positive:
use prohibited or other
tests are required
- If results are negative:
R*¼ 0.05mg/kg

0.05–5 3 mutagenesis tests Depends on toxicological
results90-day oral administration test

Bioaccumulation test
5–60 Full set of essential toxicological

tests, unless there are good
reasons for dispensing with them

Depends on toxicological
results

R*¼ restriction recommended by SCF/EFSA which may be expressed in a specific migration
limit or a value expressed in mg/kg p.c. or in some other way.
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of possible combinations of times and temperatures and the use of other simulants
for the �fat test� in cases where it is not possible to use those previously provided for
Table 13.4 shows the conditions which now apply.
A second amendment, Directive 97/48/EEC, laid down the conditions of the use

of volatile solvents, e.g., isooctane and ethanol, as test liquids in the �fat test� (see
Table 13.5). It provided that these solvents may replace olive oil or the other fat
simulants (HB 307, sunflower oil, etc.) if the fat test is not applicable in its basic
version for technical reasons or in routine checking.
It is possible to carry out alternative tests using isooctane or ethanol or other

solvents if the following conditions are satisfied:

. The values obtained in a �comparative test� are higher than or equal to those
obtained in the test carried out with olive oil or other fat simulators.

. The detection limits are not exceeded.

By way of derogation from condition (a), the comparative test may be dispensed
with if there is conclusive evidence based on experimental scientific results that the
values obtained in the alternative test are equal to or higher than those obtained in the
migration test.
Directive 85/572/EEC is a complement of Directive 82/711/EEC and it lays down

the simulating liquids to be used for materials or articles intended to come into
contact with only one food product or with one specific group of food products.

Table 13.4 Conditions for migration tests.

Conditions of contact in actual use Test conditions

Contact time Test time
t� 0.5 h 0.5 h
0.5 h< t� 1 h 1h
1.0 h< t� 2 h 2h
2h< t� 24h 24h
T> 24 h 10 days

Contact temperature Test temperature

T� 5 �C 5 �C
5�C<T� 20 �C 20 �C
20�C<T� 40 �C 40 �C
40�C<T� 70 �C 70 �C
70�C<T� 100 �C 100 �C or reflux temperature
100�C<T� 121 �C 121 �Ca

121�C<T� 130 �C 130 �Ca

130�C<T� 50 �C 150 �Cb

T> 150 �C 175 �Cb

aUse simulant C at reflux temperature.
bUse simulant D at 150 �C or 175 �C in addition to simulants A, B, and C used as appropriate at
100 �C or at reflux temperature.
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Because in principle the fatty food simulants have a greater extractive capacity of the
fatty food, the result of migration testing is divided by a factor 2 up to 5 called
�Simulant D Reductions Factor� (D-RF). The majority of D-RFs have been attributed
as follows: if the fatty food is solid a value 5 is allocated; if the fatty food is semisolid a
D-RF 3 is allocated; and, finally, if the fatty food is liquid no D-RF is attributed.
Exceptionally values 2 and 4 are also attributed. Table 13.6 gives examples of the
application of the D-RFs.
It should be noted that the use of fatty simulant (olive oil, HB 307) for checking the

compliance with the SML is not yet in application. The 4th Amendment extended up
to 1 April 2008, the date where the �fat test� using the simulant shall be applied. This
date coincideswith thedata of application of the correction ofmigration.However the
respect of the SML is ensured by analyzing the migration of the substance in fatty
foods itself.

13.2.2.9 Functional Barrier
Directive 2007/19/EC defines �Plastic Functional Barrier (FB)� as a �barrier
consisting of one ormore layers of plastics which ensures that the finishedmaterial
or article complies with Article 3 of Regulation (EC) No 1935/2004 and plastics
Directives.� Behind a plastic functional barrier, nonauthorized substances may
be used, provided they are not proved or suspect �carcinogenic,� �mutagenic,� or

Table 13.5 Conventional conditions for substitution tests.

Test conditions
with simulator D

Test conditions
with isooctane

Test conditions
with ethanol at 95%

Test conditions with Tenax
(modified polyphenylene
oxide¼MPPO)

10 d – 5 �C 0.5 d – 5 �C 10 d – 5 �C –

10 d – 20 �C 1 d – 20 �C 10 d – 20 �C –

10 d – 40 �C 2 d – 20 �C 10 d – 40 �C –

2 h – 70 �C 0.5 h – 40 �C 2.0 h – 60 �C –

0.5 h – 100 �C 0.5 h – 60 �Ca 2.5 h – 60 �C 0.5 h – 100 �C
1h – 100 �C 1.0 h – 60 �Ca 3.0 h – 60 �Ca 1 h –100 �C
2h – 100 �C 1.5 h – 60 �Ca 3.5 h – 60 �Ca 2 h – 100 �C
0.5 h – 121 �C 1.5 h – 60 �Ca 3.5 h – 60 �Ca 0.5 h – 121 �C
1h – 121 �C 2.0 h – 60 �Ca 4.0 h – 60 �Ca 1 h – 121 �C
2h – 121 �C 2.5 h – 60 �Ca 4.5 h – 60 �Ca 2 h – 121 �C
0.5 h – 130 �C 2.0 h – 60 �Ca 4.0 h – 60 �Ca 0.5 h – 130 �C
1h – 130 �C 2.5 h – 60 �Ca 4.5 h – 60 �Ca 1 h – 130 �C
2h – 150 �C 3.0 h – 60 �Ca 5.0 h – 60 �Ca 2 h – 150 �C
2h – 175 �C 4.0 h – 60 �Ca 6.0 h – 60 �Ca 2 h – 175 �C

aVolatile test media are used up to a maximum temperature of 60 �C. It is a precondition for
substitution testing that the material or article should withstand the test conditions applied with
simulator D. Immerse a test specimen in olive oil in the appropriate conditions. If the physical
properties are changed (e.g., melting or deformation), thematerial is considered to be unsuitable
for use at that temperature. If the physical properties are not changed, carry out substitution tests
using new specimens.
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�toxic to reproduction� and their migration remains below 0.01mg/kg in food
or a simulant. This value was fixed taking into account the difficulties of this type
of analysis affected by a large analytical tolerance as well as the minimum tol-
erated level of detection for the presence of pesticides in baby foods for infants
and young children (Directive 2006/125/EC of 5 December 2006, O : J. 339/16 of
5 December 2006).
The introduction of this concept is very useful for business operators and

enforcement national authorities not only because it permits the use of sub-
stances nonauthorized but also because it indirectly recognizes that at this level
of detection the risk for the majority of migrants is considered to be negligible
by the law. Therefore, this value is an important reference value to ensure the
compliance with article 3 of Framework Regulation of substances not intentionally
added substances (NIAS), such as impurities not covered by toxicity testing,
reactions products between added substances, oligomers and in general not listed
substances.

13.2.2.10 Fat (Consumption) Reduction Factors
The EU Regulation is not based on the evaluation of the real risk assessment
of the consumer. In fact the exposure is not estimated on the basis of the mea-
sured concentration of the substance migrated in food or food simulants and on
the quantity of food ingested. The exposure at EU level is assumed conven-
tionally equal to 1 kg of food or simulant containing the migrant at maximum
quantity permitted. This assumption in the case of the ingestion of fatty food is
clearly unrealistic, as a person according to the nutritional statistics cannot ingest
daily more than 200 g of fat.
The 4th Amendment introduces the so-called Fat (consumption) Reduction Factor

(FRF) to take into account the limitation on fat ingestion. Therefore the value
obtained in the migration testing with fatty food or fatty simulant shall be divided,

Description of foodstuffs Water
3%
acetic acid

15%
ethanol

Olive
oil

Nonalcoholic beverages, etc. X X – –

Chocolate, chocolate-coated products, etc. – – – X/5
Fresh, chilled, salted, or smoked fish X – – X/3
Animal and vegetable fats and oils, etc. – – – X
Vinegar – X – –

Fried potatoes, fritters, and the like – – – X/5

Table 13.6 Some examples taken from the
directive laying down the list of simulants
to be used in the migration tests. Only the
simulant indicated by an �X� may be used.
When �X� is followed by an oblique stroke and
�3� or �5,� the result of the migration tests

should be divided by the number indicated,
known as the �reduction factor.� This figure
is conventionally used to take account of
the greater extractive capacity of the simulant
for fatty foods compared with other types of
foods.
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under certain specified conditions, by the FRF. This factor is equal to 1 up to 5 and its
value depends on the percentage of fat in fatty food. It should be noted that this
Directive states that the correction is permitted only under specified conditions and
that it can be applied to only certain listed lipophilic substances which likely do not
migrate in the aqueous simulant. The result of themultiplication of theDRFwith the
FRF cannot be greater than 5.

13.2.2.11 Declaration of Compliance
The Framework Regulation in its article 16 set out that a declaration of compliance
and supporting documentation should be available. In analogy with the ceramic
Directive the plastic Regulation through the 4th Amendment establishes the content
of the declaration of compliance.
The written declaration of compliance shall contain the following information:

1. The identity and address of the business operator whichmanufactures or imports
the plastic materials or articles or the substances intended for the manufacturing
of these materials and articles.

2. The identity of the materials, the articles, or the substances intended for the
manufacturing of these materials and articles.

3. The date of the declaration.

4. The confirmation that the plastic materials or articles meet relevant requirements
laid down in this Directive and Regulation (EC) No 1935/2004.

5. Adequate information relative to the substances used for which restrictions and/
or specifications are in place under this Directive to allow the downstream
business operators to ensure compliance with those restrictions.

6. Adequate information relative to the substances which are subject to a restriction
in food, obtained by experimental data or theoretical calculation about the level of
their specificmigration and, where appropriate, purity criteria in accordance with
Directives 95/31/EC16, 95/45/EC17, and 96/77/EC18 to enable the user of these
materials or articles to complywith the relevant Community provisions or, in their
absence, with national provisions applicable to food.

7. Specifications on the use of the material or article, such as
. type or types of food intended to be put in contact with;
. time and temperature of treatment and storage in contact with the food;
. ratio of food contact surface area to volume used to establish the compliance of
the material or article.

8. When a plastic functional barrier is used in a plastic multilayer, the confirmation
that the material or article complies with the requirements of Article 7a, para-
graphs 2 to 4 of this Directive.

Thewritten declaration shall permit an easy identification of thematerials, articles,
or substances for which it is issued and shall be renewedwhen substantial changes in
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the production bring about changes in the migration or when new scientific data are
available.

13.2.2.12 Specific Rules for Infants and Young Children
The 4th Amendment introduces forfirst time specific rules to improve the protection
of infants and young children, since infants ingest more food in proportion to their
body weight than adults.

. When a plastic is in contact with baby foods, the OML equal to 60mg/kg of food or
the SML shall always be expressed in mg/kg. For the articles less than 500ml the
expression of the migration in mg/kg represents a more severe restriction.

. The correction by the FRF is not applicable for baby foods.

. For ESBO the SML is lowered to 30mg/kg.

. For some phthalates used as plasticizers the contact with nonfatty food was
forbidden.

. Finally, instead of 4 April 2009, for ESBO, phthalates and other plasticizers used in
PVC gaskets in lids the noncompliance with to the new fixed restrictions is
anticipated admitted until 30 June 2008.

13.2.2.13 Special Restrictions for Certain Phthalates now Authorized at EU Level
As known phthalates are ubiquitous contaminants derived from many sources.
Moreover some of them were suspected to be estrogenic and carcinogens. Even if
EFSA allocated full Tolerable Daily Intake (TDI), European Commission in 4th
Amendment for some phthalates used in food contact materials established strict
limitations on use. The use as plasticizers was largely restricted to those applications
which do not have a significant contribution to the total exposure and as regards
phthalic acid, bis(2-ethylhexyl) ester (DEHP), and phthalic acid, dibutyl ester (DBP),
the use of fatty food applicationwas prohibited and only 50% of the TDIwas allocated
to the remaining applications as the exposure to them from food consumption is in
the range of the TDI (see Table 13.7). No concern exists for the use of the phthalates as
technical support agent. Therefore the restriction onusewas limited to themaximum
quantity in the finished articles (Table 13.8). Finally the 4th Amendment shortened
the deadline for the exhaustion of the stock for the articles which are not compliant
with these restrictions. The deadline is fixed to 30 June 2008.

Table 13.7 Restrictions on use for phthalates as plasticizers in FCM.

Phthalatesa Restrictions on use

DEHP Only for repeated use articles for nonfatty food contact
DBP Only for repeated use articles for nonfatty food contact
BBP Only for single use for nonfatty and food repeated use articles
DIDP Only for single use for nonfatty and food repeated use articles
DINP Only for single use for nonfatty and food repeated use articles

aDEHP¼ phthalic acid, bis(2-ethylhexyl) ester; BBP¼ phthalic acid, benzyl butyl ester;
DBP¼ phthalic acid, dibutyl ester; DIDP¼ phthalic acid, diisodecyl ester; DINP¼ phthalic acid,
diisononyl ester.
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13.2.2.14 Simulant for Milk and Milk Products
In September 2005 isopropylisothioxanthone (ITX), a substance originating from
the printing ink, applied to the outer surface of the packaging was found in certain
foods containing a certain percentage of fat but considered nonfatty food in
Directive 85/572/EEC. The substance was transferred from the outer to the inner
food contact surface during the storage of the unfilled packaging material through
direct contact between the two surfaces. The analysis was carried out by using
simulant provided for in the mentioned Directive, i.e., water not detected ITX in
those foods. Therefore the 4th Amendment contains an amendment of Directive
85/572/EEC. This amendment provides for milk products the replacement of the
water by 50% ethanol considered more appropriate than olive oil or the other fat
simulants.

13.2.2.15 Other Complementary Community Initiatives
To help the supervisory authorities and industry to verify the conformity of pro-
ducts with the Directives/Regulations, JRC, acting now as CRL, established the
following:

. Plastics referencematerials with a certified overall value formigration into the four
simulants.

. A bank of standard samples of substances contained in the Community lists,
accompanied by corresponding spectral and physical data, to facilitate the identifi-
cation and quantitative determination of these substances.

. Standard methods for evaluating overall migration into the four simulants and
certain specific migrations or contents in the finished products. For this the
Commission gave CEN a special mandate. Other specific evaluation methods
have been developed as part of the activities of the CRL (JRC).

These activities and information can be found in JRC website related to food
contact materials (http://crl-fcm.jrc.it/).

Table 13.8 Restrictions for phthalates as technical support agent in FCM.

Phthalatea % in final product TDI % of TDI SML (mg/kg)

DEHP 0.1 0.05 50 1.5
DBP 0.05 only for POb 0.01 50 0.3
BBP 0.1 0.5 100 30
DIDP 0.1 0.15 100 9
DINP 0.1 0.15 100

aDEHP¼ phthalic acid, bis(2-ethylhexyl) ester; BBP¼ phthalic acid, benzyl butyl ester;
DBP¼ phthalic acid, dibutyl ester; DIDP¼ phthalic acid, diisodecyl ester; DINP¼ phthalic acid,
diisononyl ester.
bPO¼ polyolefines.
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13.2.3
Directives Concerning Individual or Groups of Substances

While legislating on a broad scale, i.e., in relation to various sectors of production,
the Commission has also been obliged to lay down rules for individual substances
which have been the cause of considerable public concern. This applies to the
individual measures related to vinyl chloride monomer used in PVC, monoethylene
glycol (MEG), and diethylene glycol (DEG) used in regenerated cellulose film,
N-nitrosamines, and N-nitrosatable substances from rubber teats and soothers,
certain epoxy derivatives in plastics, the use of azodicarbonamide in plastics, and
some plasticizers in gaskets in lids.

13.2.3.1 Directives on Vinyl Chloride
A directive was adopted in 1978 regarding exclusively materials and articles contain-
ing free vinyl chloride monomer (VCM) (Directive 78/142/EEC). It lays down the
maximumquantity of freemonomer permitted in the finished article as 1mg/kg and
states that such materials and articles must not release to the foodstuffs with which
they are in contact any amount of vinyl chloride detectable by a method of analysis
with a detection limit of 0.01mg/kg. In 1980 and 1981 two further directives were
adopted which lay down the method of analysis for vinyl chloride in the finished
article and in foodstuffs, respectively (Directives 80/766/EEC and 81/432/EEC).

13.2.3.2 Directive on MEG and DEG in Regenerated Cellulose Film
In 1985, following application of the safeguard clause by the Federal Republic
of Germany, which had observed excessive migration of MEG and DEG from
regenerated cellulose film under certain circumstances, the Commission proposed
a directive, promptly adopted by the Council (Directive 86/388/EEC), amending
the conditions of the use of these substances and establishing a migration limit
in foodstuffs of 50mg/kg for both of them, which was reduced to 30 in Directive
93/10/EEC.

13.2.3.3 Directive on Nitrosamines in Rubber Teats and Soothers
On15March 1993, the Commission adopted aDirective concerning themigration of
N-nitrosamines and N-nitrosatable substances from elastomer or rubber teats and
soothers (Directive 93/11/EEC). This Directive stipulates that these articles must not
release any N-nitrosamine and N-nitrosatable substance detectable by a validated
method able to detect 0.01mg/kg of total N-nitrosamines and 0.1mg/kg of total
N-nitrosatable substances. It also specifies themethod to be used although a detailed
description of the analytical procedure is left to the CEN�s TC252/WG5.

13.2.3.4 Regulation on the Restriction of Use of Certain Epoxy Derivatives
Regulation 1895/2005, which replaced Directive 2002/16/EC, prohibits the use of
bisphenol-F diglycidyl ether (BFDGE) and novolac glycidyl ethers (NOGE) and some
of their derivatives as from 1 January 2005 and permits the use of bisphenol-A
diglycidyl ether (BADGE) and some of its derivatives provided themigration does not
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exceed 9mg/kg of food or food simulants. The availability of the new data on BADGE
suppressed the concern about its carcinogenicity and genotoxicity.

13.2.3.5 Directive on the Suspension of the Use of Azodicarbonamide
as Blowing Agent in Plastics
Directive 2004/1/EC (6 January 2004) set out the suspension of the use of azodi-
carbonamide as blowing agent due to its decomposition into semicarbazide (SEM)
during high temperature processing. The SEMat that time was evaluated by EFSA as
having a weak genotoxicity in vitro. The 4th Amendment establishes definitively the
prohibition to the general use of azodicarbonamide. As indicated in the whereas of
this last Directive, the Commission considered appropriate this ban as the Authority
in its opinion of 21 June 2005 concluded that the carcinogenicity of semicarbazide is
not of concern for human health at the concentrations encountered in food, if the
source of semicarbazide related to azodicarbonamide is eliminated.

13.2.3.6 Regulation on Some Plasticizers in Gaskets in Lids
Recent data fromMember States and Switzerland showed concentrations of ESBO in
fatty food greater than OML reaching up to 1150mg/kg. Plastic or coated gaskets in
lidswere the source of ESBOmigration.With such high values, the TDI of ESBOmay
be exceeded for consumers. Other plasticizers, which may be used as substitutes of
ESBO as they have a higher TDI or migrate to a lesser extent, may also be released at
unacceptable levels.
The 4th Amendment clarified that these articles are covered by plastic rules and

established for them shorter deadlines for articles not compliant with the fixed
restrictions when they are in contact with baby food (4 June 2008 instead of 4 June
2009). However, it is unclear which rules should be applied to these articles and the
cited plasticizers as only on 4 April 2008 harmonized levels shall be applied and only
on 4 June 2008 the noncompliant articles shall be forbidden. In fact, the national
authorities may consider these articles either covered or excluded from the national
rules on plastics and coatings.
The Regulation 372/2007 clarifies the legal situation until 30 June 2008 by

establishing a total SML for ESBO and its mentioned substitutes up to 300mg/kg
or 50mg/dm2 in accordancewith the usual rule of article capacity. This value ensures
that the TDI is not exceeded and forbids as from 1 July 2008 the articles exceeding the
cited provisional values.

13.3
National Law and European Mutual Recognition

The national laws or the German recommendations related to any type of materials
are not yet completely harmonized at EU level. For instance as regards the plastics the
multilayers composed of materials other than the sole plastics or some categories of
substances used in the manufacture of such as adhesives, colorants, solvents, aids
to polymerization, and inks are not yet covered by the current incomplete plastic
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Regulation. Also many other materials listed in the Framework Regulation such as
paper, rubber, wood, etc. are not yet subject to specific EU measures and, therefore,
existing national laws apply provided they are in compliance with the requirement of
Framework Regulation.
In these cases a possible option to avoid technical obstacles to the trade in EU is

given by the application of the so-called principle of mutual recognition set out in
Articles 28 and 30 of the Treaty. It states that any product lawfully produced and
marketed in oneMember Statemust be admitted to themarket of any otherMember
State. However, the authorities of the importing country can block sale of the product
if they can demonstrate legitimate concerns related the protection of public health or
environment and the protection of the consumer.Moreover, themeasure taken by the
importing authoritiesmust proportionate to the objective pursued and it must be the
most suitable means of achieving that objective.
Little recourse has so far been had to this principle as the national laws are all

motivated by the protection of health. Moreover, the procedure under Article 30
provides for appeal to the Court of Justice in cases of dispute, which is very time-
consuming, and the validity of the judgment is limited to the case in dispute.
Finally, the implementation of the �principle of mutual recognition� is hampered
by several other problems:

. The lack of awareness of enterprises and national authorities about the existence of
the mutual recognition principle.

. The legal uncertainty about the scope of the principle and the burden of proof.

. The risk for enterprises that their products will not get access to the market of the
Member State of destination.

. The absence of regular dialogues between competent authorities in different
Member States.

On 14 February 2007 the Commission has transmitted for adoption to European
Parliament and Council of Ministry a draft of Regulation laying down procedures
relating to the application of certain national technical rules to products lawfully
marketed in another Member State (COM(2007) 36 final).
Its objective is to define the rights and obligations of, on the one hand, national

authorities and, on the other, enterprises wishing to sell in a Member State products
lawfullymarketed in anotherMember State, when the competent authorities intend to
take restrictivemeasures about the product in accordancewithnational technical rules.
In particular, the proposal concentrates on the burden of proof by setting out the
procedural requirements for denyingmutual recognition.Moreover, theproposal aims
at reducing the risk for enterprises that their products will not get access to themarket
of the Member State of destination and at enhancing regular dialogues between
competent authorities byestablishing one or several �product contact points� in each
Member State. Theirmain taskwill consist of providing information on technical rules
onproducts toenterprises and to competent authorities inotherMemberStates, aswell
as providing the contact details of the latter. Thatwill allowpublic authorities to identify
their colleagues in other Member States so that they can easily obtain information
from, and start a dialogue with, the competent authorities in other Member States.
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In conclusion, a Member State that would restrict a material will have not only
to point out incompliance with its applicable legislation (e.g., positive list) but also
to provide a scientific justification for the decision. In other words the national
authorities cannot rely only on positive lists but have the burden of proving a real risk
of the product to human health.

13.3.1
Future Commission Plans

For the time being the Commission will probably seek to add to the present
Community legislation other provisions or measures such as follows:

. codification or recast of all plastic Directives in one Regulation to improve the
consistency of the texts and to permit the amendments through Regulations;

. establishment of the provisional list of additives for which an accepted technical
dossier was sent on 31 December 2006 at latest;

. completion of the list of substances with the insertion of the new evaluated
substances and establishment of the date when the list of additives becomes a
positive list with the exclusion of all the other substances;

. laying down specific rules for recycledmaterials and active and intelligent packaging;

. extension of the scope of the future codified/recast Regulation to multilayers
composed of two or more materials.

13.4
National Legislations and Council of Europe Resolutions

A full analysis of current legislation in the European Community should also take
into account the national rules and recommendations in force in certain countries on
articles or materials not yet harmonized by Community specific measures as well as
the Council of Europe Resolutions and Guidelines. However this chapter does not
examine them.
To consult national legislations useful references can be found in SANCOwebsite

(http://ec.europa.eu/food/food/chemicalsafety/foodcontact/index_en.htm) and in
internet at www.foodcontactmaterials.com.
To consult Council of Europe (CoE) Resolutions andGuidelines see the CoEwebsite

(http://www.coe.int/T/E/Social_Cohesion/soc-sp/Public_Health/Food_contact).

13.5
Conclusions

Harmonization of legislation at the Community level is moving forward slowly but
surely. Progress is often slow because the technical and scientific data necessary for
selecting the most appropriate measures are not available. Also, the Member States
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and the professional organizations require problems to be solved at the Community
level which have never been solved at the national level, so the Commission has to
provide for expensive and complex prenormative research or standardization pro-
grams which will make it easier to secure agreement on legislative proposals or
reduce negative preconceptions. However, over the last few years theMember States
have shown a firmer resolve to speed up progress and the Commission is currently
preparing a series of texts (see before)which shouldmake it possible for legislation on
plastics to be fully harmonized at the Community level.
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14
Packaging Related Off-Flavors in Foods
Albert Baner, Francois Chastellain and André Mandanis

14.1
Introduction

The manufacturing complexity of plastics combined with multiple converting
operations is often required to transform them into useful packaging materials,
which almost guarantees the presence of potential off-flavors in such materials.
Whether or not these potential off-flavors can be detected in the packed product
depends on a variety of factors such as the chemical nature of the off-flavor substance,
its concentration, converting processes, age of the material, how easily the off-flavor
can transfer to the product, the nature of the packed product, the sensitivity of the
consumer, etc.
Off-flavors represent one of the major quality issues in the food industry and can

result in significant economic damage to a company. Even if they may not represent
any health risk, they can seriously damage the quality image of a brand, and the
confidence that the consumer has in it. By law, for example, in the EU (89/109/EEC)
as well in the US (Federal Food, Drug and Cosmetics Act Section 402(a) (3)),
packaging materials or substances transferring from the package to the foodstuff
are not allowed to impart unacceptable changes to the organoleptic characteristics of
the packed foodstuffs.
In this text, the term off-flavors follows the commonly used definition to include

those off-flavors due to internal food reactions (oxidation, Maillard reactions,
metabolism ofmicro-organisms, etc.), or to external sources of contamination (taints
due to packaging materials, promotional items, storage, transport, etc.). Strictly
defined an off-flavor is an atypical flavor usually associated with deterioration of the
food itself and taint is a taste or odor, foreign to the product (ISO, 1992).
The present document focuses on the off-flavors which are associated with

packaging materials. Because of the number of raw materials, additives, adhesives,
inks, solvents and other chemicals used in the food packaging industry, and the
number of suppliers/converters implicated in the manufacture of finished printed
materials, many different sources of contamination are possible.

Plastic Packaging. Second Edition. Edited by O.G. Piringer and A.L. Baner
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31455-3
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The origin of the problems can be divided into three main categories:

. migration of odorous substances from package to food and to package headspace;

. inadequate protection of food from environmental influences;

. reaction of substances in packaging material with each other or with food
components.

Sensory evaluation remains the most widely used method to assess the sensory
quality of packaging materials. It represents the starting point in off-flavor investiga-
tions to confirm the existence of a complaint or problem. Sensory analysis is also a
starting point for subsequent analytical work to identify the cause of the off-flavor
contamination and for taking corrective action. Since many different types of off-
flavor contamination exist; specific and accurate descriptors are needed to character-
ize the problem with precision at an early stage of the off-flavor investigation.
Many studies have been published in the scientific literature on specific odor and

taint issues. There are also a number of excellent general packaging related off-flavor
reviews, which describe the main off-flavors related to packaging materials
(Whitfield, 1983; Raamshaw 1985; Harvey, 1963; Risch, 1988; Nijssen, 1991;
Henshall 1991; Thompson et al., 1994; Tice, 1996; Lord, 2003). However, none of
them provides a comprehensive list of descriptors, which could be used as a basic
vocabulary for descriptive sensory analyses of packaging off-flavors.
A glossary of off-flavor descriptors and definitions is presented in Appendix. This

glossary aims at collecting the most relevant descriptors, which have been published
in the literature over the years (more than 300 referenced documents so far). The
descriptors are presented with their definitions in alphabetical order, and classified
into different packaging material categories. For each type of taint, explanations are
given on the origin of the off-flavor, as well as some recommendations for avoiding
these problems in practice. When descriptors are associated with chemical sub-
stances, the references to the odor-active compounds and respective precursors are
given, together with some typical sensory threshold values. Where available, the
descriptor has been translated to various languages: F for French, D for German, and
E for Spanish. The symbol! refers to another related descriptor in the glossary with
more information. This glossary has been found to bemost effective when combined
with an odor test training kit consisting of different odor solutions representing 12
typical off-flavors in the form of alcoholic solutions (Huber et al., 2002).
Table 14.1 lists the most common sources of off-flavors and their associated

descriptors.

14.2
Sensory Evaluation

Sensory evaluation of packaging materials is generally carried out using olfactory
(i.e., Sniff test) or taint transfer (i.e., taste) type tests. Both methods involve
comparing a reference material versus a test material using a trained sensory panel.
Tice (1996) and Huber et al. (2002) discuss ways of training sensory panels for
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packaging off-flavors. The underlying physical chemistry of the methods relies on
establishing equilibrium between volatiles in the packaging material and the
headspace (i.e., olfactory) above it or in a food product/stimulant (i.e., taste).
Standard olfactory methods are all relatively similar and include the German DIN

Standard 10955, 1993, BSI (British Standards Institution) Standard BS 3755,
European Norm EN 1230-1:2001, and ASTM standards E462-84 and E619-84. The
basic principle of themethod involves preparing test and referencematerial samples
by taking a standard surface area of each package material, placing them in separate
inert sealed containers, warming the containers containing the samples over a period
of time to decrease the time to reach equilibrium of the off-flavors between the
materials and the headspace of the container. Afterward the containers are returned
to room temperature and the intensity and nature of the odors in both container
headspaces are sniffed by a trained sensory panel and compared. The difference in
odor nature and intensity of the test material versus the control material is scored
using a category scale that for example starts with a score of 0¼no perceptible
difference between samples, 1¼ odor just perceptible but still difficult to define,
2¼moderate odor, 3¼moderately strong odor and 4¼ strong off-odor. The mean,
mode, and median of the test scores as well as descriptors of the odors are reported.
Interpretation of the significance of the scores depends on the goals of the test and
end use application.
The taint transfer test is much like that of the olfactory test except that a small dish

containing a food sample is added to the sealed container and ameans of controlling
relative humidity is incorporated into the container. In this case the taste of the food

Table 14.1 Index of common off-flavors and their descriptors.

Source of taint Associated descriptors (main descriptor in bold character)

Polyethylene (LDPE, HDPE),
polypropylene (PP, OPP)

Candle, musty, paraffin, PE-odor, pencil, rancid, soapy, wax

Polyethylene terephthalate (PET) Acetaldehyde-like, coconut, floral, fruity
Polystyrene (PS) Acrid, burnt plastic, pungent, styrene-like
Polyvinyl chloride (PVC) Linoleum flooring, shower curtain, vinyl-like
Polyamide (PA) Bitter taste
Paper and board materials Almond, cardboard, green, grassy, metallic, mushroom,

musty, pine, rancid, sewer-like
Aluminum and tinplate materials Bitter taste, salty taste, metallic, mineral oil
Jute sacks Bitumen, jute sack, mineral oil, naphthalene, tar
Gravure/flexography inks, overlac-
quers, adhesives

Fruity, glue, solvent, sweetish, sharp, toluene-like

Offset/lithography inks Linseed oil, green, grassy, mineral oil, offset, painting,
petroleum, rancid, varnish

Serigraphy inks Camphorated
Cold seal coating Amine, cold seal, fishy, latex, rubber
Chlorophenols Antiseptic, disinfectant, hospital, medicinal, pesticide,

phenolic
Chloroanisoles Corked wine, mouldy, musty
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sample held in the container with the control material is compared to the taste of the
food sample stored in the container containing the test material. Once again a
category scale similar to the olfactory test is used to score the test. A version of this test
has been widely used for confectionery and chocolate but other foods and food
simulants can also be used (e.g., butter, mineral oil, confectioners sugar, water).
Examples of standard taint transfer tests are ASTM 462-84, EN 1230-2:2001, and BSI
BS 3755.
From previous experience it has been found that olfactory testing can be very

useful for quality assurance release of incoming lots of production packaging
materials or for new packaging material development and qualification. Addition-
ally, the taint test has been used extensively for off-flavor sensitive foods in the
chocolate and confectionery industries. However, it is very rare that a material
passes the olfactory test and fails a subsequent taint transfer test (Huber et al.,
2002). It is important to differentiate between odors that can be detected in the
headspace above a package and the ability to taste them in the packed food product.
The ability to taste an off-odor in a product depends on its threshold taste in the
food. For chocolate products residual solvents coming from a packaging wrapper
can be easily detected in the package headspace via sniffing but those same solvent
levels will not be detected via a taint taste test in the chocolate even though they have
been absorbed by the food.

14.3
Identification of Off-Flavor Compounds

Once an off-flavor problem has been confirmed using sensory analysis it is necessary
to either confirm the presence of the suspected substance or to identify the cause of
the off-flavor using instrumental analysis. Only by identification of the offending
substance(s) can the off-flavor issue be considered, solved, and steps taken to avoid its
reoccurrence. The identification of off-flavor compounds in packaging and food has
been covered extensively by Saxby (1996) and Baigre (2003) among others.
The technique of choice for identification of off-flavors is GC-MS (gas

chromatography-mass spectrometry) coupledwith various sample preparation tech-
niques. The identification of odor problems ismademuch easier than taste problems
by using a sniffing or odor port fitted at the end of the analytic column before theMS.
The sniffing port allows simultaneous sensory detection via sniffing along with
instrumental detection via MS. Positive identification of off-tastes requires spiking
or fortifying the food product with the suspected off-flavor substance followed by
sensory analysis to confirm their effect. Lord (2003) outlines a decision tree schematic
for identificationofoff-flavors,which incorporatesdifferent sensoryand instrumental
techniques depending on whether there is an off-taste or off-odor.
The most widely used sample preparation techniques are dynamic headspace,

static headspace, solid phase microextraction (SPME), and steam distillation.
Dynamic headspace also known as purge and trap is probably the most commonly
used technique for off-odors. Successful application of the technique requires that
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the off-flavor is volatile and the technique offers the greatest sensitivity because the
off-flavors are thermally desorbed from the sample matrix and then trapped and
concentrated on some kind of absorbent matrix (e.g., Tenax TA) for off-odors. Static
headspace involves heating the sample matrix in a sealed glass vial thus establishing
partitioning between the headspace and sample. The headspace is then sampled.
This method is not as sensitive as dynamic headspace but is faster and can be used
quantitatively or as a screening method. SPME uses a coated stationary adsorbent
phase on a glass fiber to partition substances present in the static headspace above a
sample. The sensitivity is not as high as dynamic headspace but it does offer the
ability to selectively adsorb different classes of compounds from the headspace.
Steam distillation is most suitable for food samples where very difficult and complex
matrices are involved. Steam distillation is a solvent codistillation technique
where the sample is boiled with water. The steam drives the volatiles from the
sample and the volatiles are then condensed into awater immiscible solvent gradually
concentrating them. Examples of this technique are the Likens–Nickerson steam
distillation extraction apparatus coupled with the Kurderna–Danish evaporation
apparatus.

14.4
Physical Chemical Parameters Determining Off-Flavors

Whether or not a certain substance leads to a perceptible quality change for a given
application depends on numerous parameters. Compared to toxicologically relevant
substances, generally there is no valid limit value, which can be assigned to a
substance for all cases.
The influence of a sensory active component from packaging to product is largely

determined by the following parameters (Granzer et al., 1986):

. concentration of component in packaging material;

. solubility of component in packaging material (partition gas phase/packaging
material);

. solubility of component in food (partition gas phase/food);

. sensory threshold level of component;

. type and intensity of food aroma;

. diffusion rate of component in packaging material;

. diffusion rate of component in food;

. time and temperature of storage;

. ratio of amount of packaging material to amount of food.

Knowledge of all these parameters makes it possible for a case-by-case determina-
tion of the limits for avoiding a reduction in quality. The lowest concentration of a
substance in air is sufficient to give a perceptible odor is defined as the absolute
threshold level and is designated as OTa in Table 14.2.
The values listed inTable 14.2 are averages of severalmeasurements andpublished

values. The published threshold levels can vary over three orders of magnitude for a
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given compound. This widely scattered range is partly due to the imprecise definition
of the perceptible sensory concentration as either a stimulation- or recognition-
threshold and partly due to different methods for determiningOTa values and to the
sensitivity of the test participants. Some of the variation is also due to the previous use
of the olfactometer to determine absolute threshold levels.With the olfactometer it is
not possible to separate the substance being studied from traces of other odor active
contaminants which can lead to completely wrong OTa values. The use of GC to
separate odor substances from contaminants eliminates the largest source of error in
these measurements.
A criterion selection for solvents used in packagingmanufacture, e.g., for printing

inks, is to select solvents with OTa values as high as possible with a minimum
between 10 and 100 (mg/m3).
The partition coefficient K is an important physical parameter in the sensory

influence of an aroma compound on food (Chapters 4 and 9). Partition coefficients
include those of a substance between the gas headspace (atmosphere) and packaging
material (P), KG/P¼ cG/cP, and between the gas (G) and food (L), KG/L¼ cG/cL, as well
as the partition coefficient between the packaging material and food, KP/L¼KG/L/
KG/P¼ cP/cL¼Sr, where the corresponding concentrations in the packagingmaterial,
food, and gas are cP, cL, and cG. In Table 14.3 theKG/L values and diffusion coefficients
in food,DL, are given for several solvents in a selection of liquid, fatty, and solid foods
at 23 �C. The partition and diffusion coefficients differ by four orders ofmagnitude in
comparison to the differences between the relative molecular massesMr and boiling
points TB of the pure solvents. The K values of a strongly polar solvent, e.g., ethylene
glycol, can vary over three orders of magnitude depending on the polarity of the
food (which is related to the food�s water content), while a medium polarity solvent,
e.g., ethyl acetate, has a much smaller range.
TheKG/L values in aqueous systems for the solvents listed in Table 14.3 can be used

as approximate values for other solvents with similar structures. The aromatic

Table 14.2 Absolute odor threshold (OTa) concentrations of different chemical compounds.

Ota
(mg/m3) Compound

103 Heptane, Octane, Nonane
102 Ethanol, Acetone
101 Isopropanol (50), Ethylacetate (50), n-Butanol (30), Methyl-ethyl-ketone (30),

Ethylglykol (20), Toluene (20), Ethyl-glykolacetate (10), Isopropylacetate (10),
Methacrylic Acid

100 Butylacetate, Vinylacetate, Acetic Acid, Acrylic Acid, 2-Ethylhexylmethacrylate,
2-Ethyl-hexylacrylate, Methylmethacrylate

10�1 Styrene, Mesithyloxide, n-Butylmethacrylate, Ethylmethacrylate, Methylacrylate
10�2 n-Butylacrylate, Eugenol, Butyric Acid, Chlorophenol
10�3 Ethylacrylate, 2-Nonenal, Ethylmercaptane
10�4 1-Octene-3-one (Mushroom-ketone), Pentylmercaptane
10�6 Vanillin
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hydrocarbon, toluene, is an exception where its partition coefficient in the air/water
system has a value of KG/L¼ 0.5.
Compared to the range of KG/L values observed, the DL values can hardly be

differentiated from one another. The measured diffusion values in food having an
order ofmagnitude of 1· 10�6 (cm2/s) lay between those for liquids (10�5) and those
for plastics (<10�7). These values are in agreementwith thefirmness of the fatty food
studied. The small variation of the diffusion coefficient allows the values in Table 14.3
to be used for other solvents as estimates. The DL values investigated allow a simple
estimation of the rate of penetration of the solvent into the fatty food with the help of
the formula (Chapter 7):

dL;t ¼ ð2DL tÞ1=2 ð14:1Þ
where dL,t is the average penetration distance of the solvent into the food up to time t.
A diffusion coefficientDL¼ 1.2· 10�6 (cm2/s) for ethanol in soft cheese corresponds
to a penetration of approximately 0.5 (cm/day) or 8.7 (cm/year) at 23 �C.
When determining odor or taste threshold levels for a substance in a food or other

testing medium, attention should be made to ensure that during the �taste test,� the
compound studied can be detected in the gas headspace above the food. One defines
the relative threshold level of a substance over a food to be the lowest concentration of
the substance in food leading to a perceptible odor in the gas headspace over the food

Table 14.3 Partition (KG/L) and diffusion (DL) coefficients of several solvents in a selection of liquid,
fatty and solid foods at 23 �C (Mr¼ relative molecular mass, TB¼ boiling point).

Solvent Food Mr TB ( �C) KG/L· 103 DL · 106 (cm2/s)

Ethyl acetate Cocoa butter 88 77 1.5 1.3[a]
Soft cheese 4.0 0.3
Butter cookies 15 3.0
Water 5.3 –

Methyl ethyl ketone Cocoa butter 72 80 1.3 1.5[a]
Soft cheese 1.9 0.5
Butter cookies 12 3.0
Jam 7.7 –

Water 1.7 –

Ethanol Cocoa butter 46 78 7.7 0.9[a]
Soft cheese 0.59 1.2
Butter cookies 9.1 3.1
Jam 0.91 –

Water 0.29 –

Ethylene glycol Cocoa butter 90 135 0.23 –

Soft cheese 0.02 0.5
Butter cookies 2.2 –

Jam 0.53 –

Water 0.006 –

aAt 0�C.
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at equilibrium. The relative threshold level is designated by OTr and has the
relationship:

OTr ¼ OTa

1000 � rL �KG=L
ðmg=kgÞ ð14:2Þ

where the density of the food is designated by rL.
The relative threshold values of solvents in several foods are given in Table 14.4.

The values were determined by placing a dilution series of solvent in weighed
amounts of food in sealable glass containers and equilibrating overnight at 23 �C.
Each test series was composed of a minimum of eight dilution levels (R€uter 1992). A
scattering of the threshold levels over an order of magnitude is due to the different
sensory sensitivity of individual testers. This relatively narrow range allows the
definition of values for the establishment of characteristic odor threshold numbers.
However, for sensory evaluation, the lowest value of themost sensitive testermust be
given consideration since complaints often originate fromsuch sensitive consumers.
Sensory evaluation differentiates between the stimulation threshold (a just detect-

able level where a perceptible but not yet definable deviation of the sample from the
standard is observed) and the recognition threshold, a level where the odor is
identifiable or creates odor problems (a no longer tolerable quality deterioration
caused by a definite off-odor and/or taste). The difference between a perceptible and
identifiable level is usually only one to two dilution series of a geometric dilution
series apart. Therefore, only undifferentiated odor and taste thresholds are given
in Table 14.4, because of the very different sensitivities of individual testers. The
perceptible (stimulation) levels of a less sensitive tester can overlap with the
identifiable (recognition) level of another more sensitive tester.
Ethyl acetate, one of the most commonly used solvents for printing food contact

materials, has a potential to causemany sensory problemswith its low odor threshold
of 10 (mg/kg). Assuming a complete transfer of ethyl acetate from packaging step to
the product formation, the threshold levels found in Table 14.4 are reached with a
package surface area to product mass of >1 (m2/kg) based on the basis of 10 (mg)
ethyl acetate per m2 content in the packaging material. This could be the case for
small packages or for foodswith a low-fill weight (e.g., potato chips).With the present
state-of-the-art technology, the residual amounts of ethyl acetate are usually under 10
(mg/dm2) and can be monitored analytically without difficulty.
The relative threshold levels of acrylates and methyl acrylates in test foods are

contained in Table 14.5. The threshold levels pass through a minimum for the ethyl
esters. The values of the acrylates lay approximately an order ofmagnitude lower than
themethyl acrylates. The influence of the partition coefficientKG/L can be easily seen
when comparing the threshold levels of 2-ethyl-hexylacrylate and acrylic acid. Even
though the relative threshold level of acrylic acid is only three times higher than that
of the ester, it is found that the relative threshold level of acrylic acid in water is 100
times higher than the ester. This is the consequence of the good aqueous solubility of
the polar acrylic acid and the small KG/L values. In sunflower oil, theKG/L value of the
nonpolar ester is much smaller than that of the large acrylic acid value, although the
relative threshold levels of the two compounds are practically identical.
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The relatively small values for acrylic acid in the presence of ethanol as well as
acetic acid can be caused by a partial ester formation and a small amount of
dissociation along with a high partial pressure over the solution.

14.5
Derivation of Threshold Concentrations of Sensory-Active Compounds

Fully converted and printed packaging materials (e.g., laminate plastics) often
possess characteristic odors related to the converting processes and materials used.
Even though the transfer of odor substances to the food is the most important aspect
from a food regulatory view; the package end user will often evaluate the incoming
packagematerial itself for odors.When the packagematerial is found to have an odor,
the question for the packager becomes howmany of these sensory-active substances
will be transferred to the packed food?
It is simple to analytically determine themass of the odor compound per unitmass

of packaging material, c, in (mg/kg) (ppm) or the mass of odor compound per unit
surface area of packaging c0P in (mg/m2). It should be mentioned that in the case of
packaging materials (e.g., laminate films) containing a functional aroma barrier
between the food and print layer that odor transfer to the food can still take place from
the outer packagingmaterial layers via the phenomenon of set-off. Set-off is when the
inner and outer layers of material are in direct contact with one another while still in
roll stock form. Even though in the case of semipermeable packaging materials, a
fraction of the odor compound content is lost into the atmosphere during storage, it is
assumed in the derivation of a first upper allowable limit approximation that a
complete transfer of the odor compound into the food occurs.
Themaximumupper limit value of the odor concentration in the food by complete

transfer from the package is

cL < c0P
A
mL

¼ cP
mP

mL
ð14:3Þ

Table 14.5 Relative odor thresholds of acrylates and methacrylates in test foods, OTr (mg/kg).

Compound Water Sunflower-Oil 10 v-% Ethanol 3 v-% Acetic Acid

Methylacrylate 0.005–0.01 0.005–0.2 0.005–0.2 0.01–0.1
Ethylacrylate 0.0001–0.002 0.001–0.05 0.001–0.01 0.0005–0.0005
n-Butylacrylate 0.002–0.02 0.1–1 0.005–0.1 0.005–0.2
2-Ethyl-hexyacrylate 0.005–0.2 0.2–4 0.01–0.2 0.01–0.1
Acrylic Acid 0.5–10 0.5–10 0.05–2 0.05–1
Methylmethacrylate 0.05–0.5 0.2–10 0.05–1 0.05–0.5
Ethylmethacrylate 0.002–0.05 0.05–1 0.02–0.2 0.01–0.1
n-Butylmethacrylate 0.01–0.1 0.1–4 0.05–0.5 0.05–0.5
2-Ethyl-hexylmethacrylate 0.02–0.5 0.5–10 0.05–0.5 0.05–0.5
Methacrylic Acid 2–100 2–100 – –
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wheremL andmP are the mass of the food and packaging material and A is the inner
surfaceareaof thepackagingmaterial.Settingc0PA=mL equal to therelative threshold
level OTr from Eq. (14.2) one obtains the maximum allowable amount of an odor
substance in a packagingmaterial c0P;max before that odor can be detected sensorially:

c0P;max ¼ OTr
mL

A
¼ OTa

1000 rKG=L

mL

A
ðmg=m2Þ ð14:4Þ

The threshold level of a substance can be decreased by the presence of less
sensorially active substances. For example, in a mixture of ethanol, ethyl acetate,
ethylene glycol,monoethyl ether, and toluene, the odor threshold level of ethyl acetate
was reduced by half and in the case of cookies a decrease by a factor of five was
observed. A reason for this may be the adsorption process taking place in the solid
food. Compared to the solution processes in the food matrix, the influence of other
components on the ethyl acetate partition coefficient during adsorption on the
surface is likely to be larger. The repulsion of ethyl acetate from the food�s surface
increases its partial pressure over the food.
In the previous discussion of the odor limit value concentration, the influence of

the solubility of the odor compound in the packaging material has been ignored.
When one takes into consideration the KP/L value at equilibrium then instead of
Eq. (14.5), one gets the following equation:

c0P;max ¼ OTr
mL

A
1þmP

mL
KP=L

0
@

1
A

¼ OTa

1000 rKG=L

mL

A
1þmP

mL
KP=L

0
@

1
A

ðmg=dm2Þ ð14:5Þ

Even though theaboveequationassumes thatnodiffusionof thearomasubstances into
the atmosphere takes place, it is a realistic approximation. The relative solubilityKP/L of
the odor substance in the packagingmaterial can play an important role in critical cases
(high A/mL values) where the ratio mP/mF assumes a maximum value for a certain
packagingmaterial. If for example,polyolefinpackagingmaterials areused for aqueous
foods then KP/L> 1, particularly in the case of weakly polar odor compounds, e.g.,
toluene. The threshold level concentration of the odor compound can also be greatly
increased by its high solubility in the packaging. The threshold levels calculated
according to Eq. (14.5) do not represent established regulatory levels. However, when
these levels are exceeded, their negative influence on the food and subsequent conflicts
with food law (e.g.,Article 2of theDirective 89/109/EEC in theEU)cannot be ruledout.
In theabovediscussion it is assumedthatduringstorage,partitionequilibriumof the

odor substance between the packaging and food is established. However, this is not
always the case. Given the time t1/2, which is the time required for half of the solvent
contained in the packaging material to be transferred to the food, then one gets

t1=2 ¼ p
16

d2P
DP

ð14:6Þ
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wheredP is the thicknessof thepackaging layer andDP is thediffusion coefficient of the
odor compound in the packaging material. Equation (14.6) assumes single-sided
migration from a material-layer-material. The t1/2 values for different DP values are
found in Table 14.6. It can be seen from this table that in packaging materials with
DP< 10�11 (cm2/s) (e.g., the polyolefins), the residual solvent can be transferred to the
product in a relatively short time.
As shownpreviously, diffusion in a solid food (e.g., a soft cheese) occurs very slowly

and as a consequence the equilibrium state is not reached during the food�s shelf-life.
For time t< t1/2 one calculates the penetration depth dL,t of the odor compound in the
food with Eq. (14.1).
The diffusion coefficient of the odor compound in food is given byDL. The average

concentration cL,t of the odor compound in the outer layer of the food having a
thickness of dL,t can be estimated by the equation (Chapter 7):

cL;t ffi cP
2
p
DP

DL

� �1=2

ð14:7Þ

The longer the storage, eventually, the concentration in the outer layer decreases
until it reaches the equilibrium concentration. The duration of this decrease depends
ontheDLvalueandthiscandecreaserapidlywithdecreasingtemperature.Asaresult it
is possible to get a concentration of odor compounds in a thin external layer on frozen
foods.Uponrapid thawing theremayexist ahighconcentrationofodor compounds in
the outer food surface layer so that it is possible to experience a perceptible sensory
effect (i.e., the odor concentration exceeds the threshold concentration c0L,max).
For example, take a 50-mm thick film with a density of rP¼ 1 (g/cm3), a residual

solventconcentration cp¼ 100(mg/dm2),DP¼ 1· 10�8 (cm2/s), apackagearea to food
mass ratioof6 (dm2/kg)andDL¼ 1· 10�6 (cm2/s), the initial concentration in the food
at t1/2 is calculated to be cL,t¼ 160 (mg/kg) in the food layer thickness of 313 (mm) in
contactwith the packagingmaterial usingEq. (14.7). This assumes that transfer occurs
only into the food from the packaging. This concentration falls to 10 (mg/kg) after
1.3 days or after 13 days when stored at a 25 �C lower temperature assuming that the
diffusion will decrease by a factor of 10 at the lower storage temperature.

Table 14.6 t1/2 values for different DP values.

DP (cm
2/s)

10�8 10�9 10�10 10�11 10�12 10�13

t1/2

dP (mm) (h) (h) (h) (days) (days) (days)

10 0.005 0.05 0.54 0.23 2.2 23
50 0.14 1.4 14 5.7 57 570
100 0.54 5.4 54 23 223 2250
200 2.2 22 222 91 910 9100
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Appendix: Off-Flavor Descriptors and Definitions

Descriptor Descriptor definition

Acetaldehyde Fruity and floral sensation as demonstrated by
acetaldehyde. Tainted mineral water is often
described like �coconut� by consumers.

F: acétaldehyde
D: Acetaldehyde
E: acetaldehido The problem of acetaldehyde causing off-flavors

tomineral water and other soft drinks packed in
polyethylene terephthalate (PET) bottles is well
documented (Dong et al., 1980; Steiner et al.,
1991; Nijseen et al., 1996). Acetaldehyde is a
degradation product of PET, which is mainly
formed during the processing of the polymer at
high temperature. It is possible to monitor the
concentration of acetaldehyde in the PET bot-
tles, but it is not possible to completely remove
this odor-active compound from the finished
material. The migration of acetaldehyde from
PET bottles into water at room temperature is
relatively slow, and it can take several weeks
until a deviation in flavor can be observed. A
recently published study revealed that acetal-
dehyde can be detected in water already at a
concentration of 4 (mg/l) (Haack 2000).

! coconut, floral, fruity

Acrid ! styrene

F: âcre
D: stechend
E: agrio

Almond Odor reminiscent of bitter almonds as illustrated by
almond liqueur �Amaretto�.

F: amande In paper and board materials:

D: Mandel Associated with heptanal and benzaldehyde in
wood pulp (Tice 1996; S€oderhjelm and
Eskelinen 1991).

E: almendra

! cardboard

In foods:

A case was reported in the literature for cheese.
The �almond-like� off-flavor was associated
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with 2-methyl-2-pentenal. The taint was traced to
the disinfectant used to clean up the plant
equipment (Nijssen and Jetten 1987).
in plastic materials degradation

Amine ! cold seal

F: amine
D: Amin
E: amina

Antiseptic ! disinfectant

F: antiseptique
D: antiseptisch
E: antiséptico

Bitter One of the four basic tastes, primarily perceived at
the back of the tongue, as illustrated by an aqueous
solution of quinine sulfate.

F: amer
D: bitter
E: amargo In polyamide materials:

It was reported that 6-caprolactam, a
monomer for polyamide (nylon 6), could
develop a disagreeable bitter taste
(Stepek et al., 1984).

In aluminum and tinplate materials:
! metallic

Bitumen ! jute sack

F: bitume
D: Bitumen
E: bet��n

Burnt plastic ! styrene-like

F: plastique brûlé
D: verbranntes Plastik
E: pl�astico quemado

Camphorated Typical odor of camphor-based ointments used in
medicine as pain relief.

F: camphré
D: Kampfer
E: alcanforado

Acetylacetone (¼2,4-pentanedione) is known to
develop a �camphorated� off-flavor. This
substance can be released from titanium
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acetylacetone, an adhesion promoter of gravure
inks (Kay 1987).

�Camphorated� off-flavors can also be associated
with isophorone (¼3,5,5-trimethyl-2-cyclo
hexen-1-one). This substance is used as solvent in
the formulation of serigraphy (¼screen printing)
inks. Even though this printing process is not
commonlyusedforfoodpackagingmaterials, it is
sometimes applied to PVC stickers which are
addedtothefinishedfoodproductaspromotional
items (Leach and Pierce 1993).

Candle ! PE-odor

F: bougie
D: Kerze
E: vela

Cardboard General term common to most paper/board
materials. To be avoided and to be replaced by more
specific descriptors:

F: carton
D: Karton
E: cartón

! almond, green, grassy, metallic, mushroom,
musty, pine, rancid, sewer-like

Many articles have been published in the liter-
ature on odor and taint problems related to
paper/board materials (Sjostrom 1950; Bidie
1982; Letourneur 1991; Tice and Offen 1994;
Lindell 1997).

Most of the problems are traced to the fatty
acids and other components from the resin,
which remain in the wood pulp after
processing, and become oxidized into
odor-active compounds such as aldehydes,
ketones, and alcohols. Each of them has
particular sensorial attributes like �almond�,
�metallic� or �mushroom.� For the
characterization of pulp, paper and board
materials, a list of 146 descriptors is
available (S€oderhjelm and P€arssinen 1985).

Microbiological activity in the water cycle of the
production sitemay form short chain fatty acids
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that may also contribute to off-flavor (Ziegleder
et al., 1995)

Apart from the volatile compounds released
from the raw material (i.e., wood pulp), addi-
tives, adhesives, inks, and varnishes also
contribute to the overall �cardboard� off-flavor.

Catty Nasty smell reminiscent of cat�s urine as demon-
strated by some mercaptan-derived compounds.

F: urine de chat
Mercaptan-derived compounds can be formed
by reaction of some food constituents with
residual components from the packaging
material. For example, 4-methyl-4-mercaptopen-
tan-2-one was formed by reaction of hydrogen
sulfide with mesityl oxide in �cook-in-the-bag�
ham packed in polyamide-ethylene ionomer
laminate. Hydrogen sulfide was released from
ham, whereas the printing solvent diacetone
alcohol was transformed into mesityl oxide.
Comparable reactions are assumed to have
occurred in other food and packaging systems
(Franz et al., 1990).

D: Katzenurin

E: orina de gato

Chemical General term common to most chemical products.
To be avoided and to be replaced by more specific
descriptors:

F: chimique ! acetaldehyde, naphthalene, styrene, toluene,
etc.D: chemisch

E: qu�mico

Coconut ! acetaldehyde

F: noix de coco
D: Kokosnuss
E: coco

Cold seal

F: scellage �a froid
D: Kaltsiegellack
E: sellado frio

Cold seal, iswidely used for high speed sealing of
flexible materials, especially for confectionery
products and ice cream bars (e.g., flow wrap-
ping). Standard cold seal formulation consists of
aqueous natural rubber emulsion. The wet
emulsion usually contains some ammonia to
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keep the rubber in liquid form, and there usually
is a typical �rubber� or �latex� smell that remains
after drying. It is well known that cold seal has a
limited shelf-life.When the emulsion or the cold
seal coating on the film becomes too old (>6
months), it can develop unpleasant �amine� or
�fishy� off-odors (Maarse et al., 1987).

! amine, fishy, latex, rubber

Corked wine

F: goût de bouchon
D: Korkgeschmack
E: vino con corcho

Cork taints in alcoholic drinks (wine, cognac,
etc.) are due to treatment of cork with fungi-
cides, or to contamination of damp warehouses
by fungi (Henshall, 1991).

! musty

Disinfectant Typical odor of some industrial agrochemical
products containing phenolic compounds such as
herbicides and pesticides.F: désinfectant

! antiseptic, hospital, medicinal, pesticide,
phenolic

D: Desinfektionsmittel

Numerous cases of contamination have been
reported in the literature with �disinfectant� or
�medicinal� descriptors (Whitfield, 1983;
Raamshaw 1985; Maarse et al., 1987; Saxby
1985). The problem is generally traced to the
presence of chlorophenols and other halogenated
phenols in very small amount. Chlorophenols
have very low sensory thresholds and can
impart off-flavors to foods at concentrations as
low as 1 (ppb) (Dietz and Traud 1978).

E: desinfectante

Chlorophenols have been used for many years
as intermediates in the manufacture of agro-
chemical products and wood preservatives such
as fungicides, biocides, and herbicides.

In 1991, legal recommendations have been
given to reduce the production of pentachloro-
phenol and other derivative products for
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toxicological reasons (EU, 1991). Even if chlor-
ophenols are now less frequently used, they
remain a potential source of contamination for
packaging items and food products which are
likely to come into contact with treated wooden
pallets or shipping floors and containers.
Among numerous reported cases, several taint
incidents have been specifically traced to
6-chloro-o-cresol. This powerful odorous
compound is used in the formulation of some
disinfectants, which occasionally find their way
into areas of food production and distribution
(Saxby, 1985).

Airborne contamination may occur when
nonhermetically packed foods are stored near to
agrochemical factories. An example is reported
in the literature for biscuits. It was established
that 6-chloro-o-cresol was released in the air by a
factory, carried away by thewind on a distance of
several miles, and then finally absorbed by the
product at a concentration of 0.0001 (ppm). This
concentration was high enough to impart the
distinct �medicinal� off-flavor to the food
(Raamshaw 1985; Goldenberg and Matheson
1975).

Chlorophenols can also be produced by chem-
ical reaction of phenol derivatives with chlorine.
This reaction occasionally occurs with wood,
paper and board materials, since phenolic
compounds can naturally be present in these
materials. Sources of chlorine include chlori-
nated water, bleaching, and cleaning processes.
As an example, the formation of chlorophenols
was demonstrated in samples of fiberboard
cartons, pinewood, and hardwood pallets,
which were treated with a number of
commercial cleaning agents (Tindale and
Whitfield 1989).

Fat ! mineral oil

F: gras
D: fettig
E: grasiento
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Fishy ! cold seal

F: Poisson
D: Fisch
E: pescado

Floral ! acetaldehyde

F: fleuri
D: blumig
E: floral

Fruity

F: fruité

In PETmaterials:

D: fruchtig
E: fruta

! acetaldehyde

In printed materials:

Ethyl acetate is known to produce a �fruity�
off-flavor. It is one of themost common solvents
used in themanufacture of inks and laminating
adhesives.

! solvent
Glue ! toluene

F: colle ! fruity (ethyl acetate)
D: Klebstoff
E: cola

Green, grassy Odor suggesting the bitterness and astringency of
freshly cut grass.

F: vert, herbe
D: gr€un, Gras
E: verde, hierba

Associated with aldehydes, such as hexanal,
2-hexenal, and 2,4-hexadienal, released from
paper and board materials (S€oderhjelm and
Eskelinen 1991; Letourneur 1991).

! cardboard

Hospital ! disinfectant

F: hôpital
D: Krankenhaus
E: hospital

14.5 Derivation of Threshold Concentrations of Sensory-Active Compounds j483



Jute sack Odor reminiscent of bitumen and tar as demon-
strated by 1,4-dimethylnaphthalene.

F: sac de jute
D: Jutesack
E: saco de yute

The odor of jute sacks is traced to batching oils
used to treat the raw fiber. Batching oil for-
mulations for nonfood grade sacks contain
20�25% mineral oil of very poorly refined
quality. The oil fraction is often characterized by
a large amount of aromatic hydrocarbons
(15�30%) (Seifert et al., 1975; Grob et al., 1991).
Hydrocarbon residues and other oil compo-
nents canmigrate into the raw food ingredients
during transport and storage, and eventually
contaminate the finished food products. Since
1998 sacks for transport of raw food materials
vegetable oil based batching oils have to be used
(IOCCC, 1999).

! bitumen, tar, mineral oil

Latex ! cold seal

F: latex
D: Latex
E: latex

Linseed oil

F: huile de lin
D: Lein€ol
E: aceite de lino

Odor suggesting the rancidity of oil paintings as
illustrated by oxidized linseed oil.

Linseed oil is used in offset inks as �solvent�.
During the oxidation-drying process, the vege-
table oils may form malodorous components
such as ketones, aldehydes, and carboxylic acids.
Fresh linseed oil is relatively neutral.

! offset, green, grassy, rancid, varnish

Medicinal ! disinfectant

F: médicinal
D: Medizin
E: medicinal

Metallic Harsh and sharp sensation as illustrated by an
aqueous solution of 4-(methylthio)butanol.
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F: métallique In aluminum and tinplate materials:
D: metallisch
E: met�alico

The taint is related to the corrosive effect that
some foods have on aluminum and tinplate
materials. Corrosive reactions may occur in
uncoated cans as well as in defect lacquered
cans resulting in the formation of metallic salts.
For example, particular care should be taken
with 3-piece cans, since the surface area around
the seam may go rusty more easily. In the
majority of cases, the taste turns to �bitter�,
but sometimes a mixture of �bitter� and
�salty: is observed. Among numerous tested
products, milk and beer show the most
sensitive behavior (Czukor 1984; Hollaender
and Sedlmayr 1989).

! bitter taste, salty taste

In paper and board materials:

Some substances released from paper and
board materials, such as 1-pentene-3-ol and
1-penten-3-one, may give rise to �metallic�
off-flavors (Letourneur 1991).

! cardboard

In foods:

�Metallic� off-flavors are not always due to
packaging materials. In milk products, internal
reactions can produce oct-1-en-3-one and octa-1,
cis-5-dien-3-one. These two substances are
known to impart �metallic� off-flavors to foods
at very low concentrations (Swoboda and Peers,
1977).

Mineral oil Odor common to poorly refined mineral oils as
illustrated by motor oils.

F: huile minérale
D: Mineral€ol
E: aceite mineral

In printed materials:

In offset (or lithography) inks, mineral oils are
used to control ink evaporation and to obtain the
press-stability needed in the printing machine.
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Most of converters use mineral oils of very
highly refined quality which does not smell.
However, mineral oil of less good quality is
sometimes used and can release a typical
�motor oil� off-flavor. The characteristic and the
intensity of the smell depend on the level of
aromatic hydrocarbons in the distillate (Doruk
and Eichner 1975).

In cans:

Lubricant residues from the can-making
presses are considered as one of the major
source of taint in canned foods (Hardwick
1978).

! offset, petroleum, motor oil
Moldy ! musty

F: moisi
D: Schimmel
E: moho

Mushroom Associated with mushrooms, yeasts and molds as
demonstrated by octenol.

F: champignon Some substances resulting from the auto-
oxidation of residual resinous substances in
paper and board materials, especially heptenone
and octenol, may give rise to �mushroom-like�
off-flavors (S€oderhjelm and Eskelinen 1991).

D: Pilz

! cardboard

E: champiñón

Musty Smelling or tasting like old, stale or moldy as
illustrated by corked wine.

F: moisi
D: Schimmel
E: moho

Most reported cases are traced to chloroanisoles.
These substances are produced by microbial
methylation of chlorophenols under humid and
warm conditions. They are well-known to im-
part �musty� and �moldy� off-flavors to foods at
extremely low concentrations. Typical reported
odor threshold values in aqueous solutions are:
4· 10�4 ppm for 2,4-dichloroanisole, 3· 10�8

ppm for 2,4,6-trichloroanisole and 4· 10�6 ppm
for 2,3,4,6-tetrachloroanisole (Griffiths 1974).
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A case is reported in the literature for cocoa
powder filled in multiwalled paper sacks. The
product was shipped from Asia to Australia in
metal containers. Upon arrival, a strong �musty�
off-flavor was detected in the product. It was
established that the cocoa powder was first
contaminated by chlorophenols released from the
sacks. Chloroanisoles were then formed from
chlorophenols during transport by boat under
humid conditions (Whitfield et al., 1984).

A similar �musty� off-flavor was found in several
brands of beer packed in aluminum cans. It was
found that the internal can lacquer was spoiled
with 2,4,6-trichloroanisole, while the empty cans
were being transported in shipping containers to
the brewery (Lambert et al., 1993).

! corked wine, mouldy

In paper and board materials:

Some substances released from paper and
board materials such as heptanal, 2-heptanone,
octanol, and 2-octenal may give rise to �musty�
off-flavors (Letourneur, 1991).

! cardboard

In polyethylene materials:

! PE-odor

In printed materials:

4,4,6-trimethyl-1,3-dioxane was identified as
being responsible for a �musty� off-odor in a
printed plastic film. It was tentatively attributed
to the reaction between 2-methyl-2,4-pentanediol
� coming from an additive used to aid ink
adhesion� and formaldehyde from an unknown
source (McGorrin et al., 1987).

Naphthalene Strong aromatic odor associated with mothballs.

F: naphtal�ene
D: Naphthalin
E: naftalina

In jute sacks:

Poorly refined mineral oils used as �batching
oil� can transmit naphthalene, as well as
naphthalene derivatives with a distinct
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off-flavor (e.g., dimethyl naphthalene), to raw
food ingredients (Seifert et al., 1975).

! jute sack

In foods:

Indirect contamination may occur when
nonhermetically packed foods are transported
or stored near to naphthalene-derived products,
such as mothballs and fire lighters (British
Standard, 1971).

Offset

F: off-test
D: Offset
E: offset

Offset (or lithography) inks consist of pigments
dispersed in resin solutions, themselves dis-
solved in a vehicle composed of vegetable oils
and mineral oils.

Other sources of contamination involve impu-
rities of distillates, waxes, and dryers. External
parameters such as board pH, temperature, and
humidity may also influence the smell of the
finished printed material (Doruk and Eichner
1975).

! linseed oil, mineral oil

Painting ! linseed oil

F: peinture
D: Lackfarbe
E: pintura

Paraffin ! PE-odor

F: parafine
D: Paraffin
E: parafina

Pencil

F: crayon
D: Bleistift
E: l�apiz

A distinct �pencil-like� off-flavor was observed
in milk packed in polyethylene containing the
antioxidant 4-4�-thio-bis-(3-methyl-6-(2-methyl-
propyl)-m-phenol (Santonox R). The off-flavor
was associatedwith themigration of antioxidant
(vom Bruck and Hammerschmidt 1977).

! PE-odor
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PE-odor Odor suggesting the rancidity of burnt wax and
oxidized paraffin as illustrated by old candles.

F: odeur de PE
D: PE-Geruch
E: olor de PE

The typical odor associated with polyethylene
and polypropylene materials is mainly due to
the thermal degradation and oxidation of the
polymer. Consequently, problems generally
occur with overheated materials (high temper-
ature of extrusion or high temperature of
sealing), and old materials (oxidized materials).
The quality and the quantity of additives used in
the process (e.g., slip agents)may also influence
the characteristics and the intensity of the smell
released from the material.

Numerous volatile organic compounds are
formed during thermal oxidation of polyethyl-
ene and polypropylene. Substances with a high
sensory impact are sometimes present in
minute quantities, and are consequently not
always detectable by common analytical tech-
niques. Among others, 2,2,4,6,6,-pentamethyl
heptane seems to be related to the degradation of
polyethylene (vom Bruck and Hammerschmidt
1977). This compound itself does not smell (60).
Saturated and unsaturated carbonyl ketones and
aldehydes were identified as odor-active com-
pounds (Bravo and Hotchkiss 1992).

The odor of polyethylene was also reported as
�musty�, �soapy,� and �rancid�. The off-flavor
was traced to oxidation products of alkanes and
alkenes, such as 1-hepten-3-one and2-nonenal.
However, 1-hepten-3-one has also been identi-
fied as a reaction product of 2-ethyl-1-hexanol,
which is often used in packagingmaterials, and
2-nonenal may also be formed from different
compounds (Piringer 1981, Koszinowski and
Piringer 1983).

! candle,musty, paraffin, pencil, rancid, soapy,
wax

Pesticide ! disinfectant

F: pesticide
D: Pflanzenschutzmittel
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E: pesticida

Petroleum ! mineral oil

F: pétrole
D: Petroleum
E: petróleo

Phenolic ! disinfectant

F: phénolique
D: Phenolgeruch
E: fenólico

Pine Odor reminiscent of pine tree needles as demon-
strated by turpentine.

F: pin
D: Kiefer
E: pino

Associated with terpenes in wood and resin
materials (e.g., terpineol, borneol, verbenone,
bisabolol, caryophyllene, thujopsene, and nerolidol)
(Ziegleder 1998).

! cardboard

Plastic General term common to most plastic materials. To
be avoided and to be replaced by more specific
descriptors:

F: plastique
D: Plastikgeruch
E: pl�astico

For PE/PP materials:

! PE-odor, candle, musty, paraffin, pencil,
rancid, soapy, wax

For PET materials:

! acetaldehyde-like, fruity, floral, coconut

For PS materials:

! styrene-like, acrid, pungent, burnt plastic

For PVC materials:

! vinyl-like

Rancid Old and stale sensation as illustrated by oxidized
fat.
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F: rance
D: ranzig
E: rancio

In paper and board materials:

Attributed to aldehydes such as octanal,
nonenal, nonadienal, decanal, and decenal, re-
sulting from the oxidation of residual
resinous substances (S€oderhjelm and Eskeli-
nen 1991). Also traced to butyric acid, a
microbiological metabolic product from
the circuit water of paper mill
(Ziegleder et al., 1995).

! cardboard

In polyethylene materials:

! PE-odor
Rubber ! cold seal

F: gomme
D: Gummi
E: caucho

Salty taste One of the four basic tastes as illustrated by sodium
chloride.

F: salé
D: salzig
E: salado

Salty tastes can be produced by aluminum and
tinplate materials.

! metallic

Sewer Nasty smell reminiscent of waste matters released
from domestic establishments.

F: égout
D: Abwasser
E: alcantarilla

In paper and board materials, �sewer-like� off-
flavors are traced to short chain fatty acids,
especially valeric acid, 2-methyl propionic,
and3-methyl butyric acid. These odorous
substances are formed through
microbiological reactions in the circuit
water of paper mills and are then absorbed
on the finished paperboard material
(Ziegleder et al., 1995).

! cardboard

Soapy ! PE-odor
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F: savon
D: seifig
E: jabonoso

Solvent General term common to most organic solvents. To
be avoided and to be replaced by more specific
descriptors:

F: solvant
D: L€osungsmittel
E: disolvente

! fruity, glue, sweetish, toluene

There are several sources of organic solvents in
the food packaging industry. Apart fromgravure
and flexographic inks, overlacquers, and lami-
nating adhesives represent another important
risk of contamination. Problems arise when
these inks, adhesives or any other solvent-based
coating are not properly dried. Residual solvents
remain on the surface of the printedmaterial or
trapped between two plastic layers. They can
concentrate in the package headspace and mi-
grate into the food product. Solvents are gen-
erally detected by nose, when opening a package
for the first time, but they can also modify the
sensory properties of foods more drastically.

Inorder to avoidseriousodorand taintproblems,
the level of residual solvents must be carefully
monitored in the finished printed material.

Stale ! rancid

F: renfermé
D: alt
E: añejo

Styrene

F: sty�ene
D: Styrol
E: estireno

Acrid and pungent sensation as illustrated by burnt
polystyrene items (trays, foam cups, yogurt cups,
etc.).

Many cases of foods contaminated by polysty-
rene materials are reported in the literature
(Heydanek 1978; Passy 1983; vom Bruck and
Hammerschmidt, 1976; Linssen et al., 1991;
Haack et al., 1996). The off-flavor is
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generally traced to the presence of residual
styrene monomer and residual ethyl benzene
in the finished material (Durst and
Laperle 1990).

Polyestermaterialsmay also be a source of taint.
For example, shipping containers are some-
times made of polyester reinforced with fiber-
glass containing several percents of styrene
monomer. This can occasionally lead to con-
tamination in nonhermetically packed foods
during transport (Brun, 1978; Ilsley, 1980)

! acrid, pungent, burnt plastic

Sweetish Soft and mild flavor common to ether-alcohols.

F: douceâtre In printed materials:
D: s€usslich
E: dulzón

Ether alcohols, such as 1-methoxy-2-propanol and
1-ethoxy-2-propanol, are used as solvents in the
manufacture of gravure and flexographic inks.

! solvent

Tar ! jute sack

F: goudron
D: Teer
E: bituminado

Toluene

F: tolu�ene
D: Toluol
E:Toluol

Strong aromatic sensation reminiscent of some
commercial glues.

In spite of its intrinsic toxicity, toluene is still
widely used in some emerging countries. In
order to discourage its use in ink composition
or/and as cleaning agent for printing
equipment some food companies have
banned it from their lists of permitted
solvents.

! solvent

Varnish ! linseed oil

F: vernis
D: Firnis
E: barniz
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Vinyl Odor common to vinyl-based materials as illus-
trated by vinyl shower curtains or linoleum flooring.

F: vinyl
D: PVC
E: vinil

The odor of PVC (polyvinyl chloride) is attrib-
uted to volatile organic compounds (alcohols,
aldehydes, ketones, esters, acids, etc.), which are
formed during the heat processing of the ma-
terial. Some of these substances have been
traced to the degradation of the plasticizers bis-
(diethylhexyl) phthalate and bis-(diethylhexyl)
adipate, from the antioxidant tris-nonylphenyl
phosphite, and from the polymer itself. To be
noted that PVC of food grade quality should not
smell. (Kim et al., 1987).

Wax ! PE-odor

F: cire
D: Wachs
E: cera
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15
Possibilities and Limitations of Migration Modeling
Peter Mercea and Otto Piringer

As shown in Chapter 1, special emphasis is given in this book for interactions
between plastic materials and packed goods and their consequences for quality
assurance and legislation. The term interaction encompasses the sum of all mass
transports from the package into the product aswell asmass transport in the opposite
direction. The mass transfers, often coupled with chemical reactions, lead to quality
changes in the product and packaging material. Mass transport is understood as the
molecular diffusion in, out, and through plastic materials like that shown schemati-
cally in Figure 1.3. Themass transport of package components into the product is also
known as migration.
For the mathematical description and understanding of migration many analyt-

ical and numerical solutions of the diffusion equation, (7.12) are discussed in
Chapters 7 and 8. The selected solutions of the diffusion equation included:
diffusion from films or sheets (hollow bodies) into liquids and solids as well as
diffusion in the reverse direction, diffusion controlled evaporation from a surface,
influence of barrier layers and diffusion through laminates, influence of swelling
and heterogeneity of packaging materials, and coupling of diffusion with chemical
reactions. Due to the complex structure ofmany systems, only computer-supported
treatments, as described and exemplified in Chapter 9, offer practical solutions for
many problems.
Whereas 50 years ago most analytical solutions of the diffusion equation were

known, the use of plastics was at a very beginning stage (Robinson-G€ornhardt,
1957). Consequently, neither the problems of interactions with their consequences
for the human health were known, nor the values of diffusion coefficients and
partition coefficients needed for the solutions of the equations were available. But
worldwide investigations over the last 50 years have demonstrated that interactions
between plastics and foodstuffs or other products occur as foreseeable physical
processes, as shown in a few selected publications during the last 30 years (Figge
and Rudolph, 1979; Figge, 1980; Reid et al., 1980; Bieber et al., 1985; Till et al., 1987;
Goydan et al., 1990; Castle et al., 1991; Baner et al., 1996; Hamdani et al., 1997;
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Lickly et al., 1997; O�Brien et al., 1997, 1999; Reynier et al., 1999; O�Brien and
Cooper 2000, 2002). Standardization of migration measurements is based on this
knowledge. However, the variety of substances occurring in interaction processes
and the necessary time and cost requirements to carry out all the analysis for a
complete quality assurance for consumer safety (Chapter 11), necessitate additional
tools in order to fulfill this task. Modeling of potential migration is already used by
the US Food and Drug Administration (FDA) as an additional tool to assist in
making regulatory decisions (Chapter 12). The EU has recently introduced this
option to use generally recognized migration models in the Directive 2002/72/EC
(Chapter 13) as a novel conformity and quality assurance tool with the following
statement in Article 8 (4):

�The verification of compliance with the specific migration limits provided
for in paragraph 1 may be ensured by the determination of the quantity of a
substance in the finished material or article, provided that a relationship
between that quantity and the value of the specificmigration of the substance has
been established either by an adequate experimentation or by the
application of generally recognized diffusion models based on scientific
evidence. To demonstrate the noncompliance of a material or article,
confirmation of the estimated migration value by experimental testing is
obligatory.�

The realization of the above requirement has been recently achievedwithin the EU
Project SMT4-CT98-7513 under the 5th Framework Program �Growth Evaluation of
MigrationModels in Support of Directive 2002/72/EC.� The major objectives of this
project were as follows:

. To demonstrate that a correspondence between the specific migration limit (SML)
and a permitted maximum initial concentration (MIC) of a substance in the
finished product can be established.

. To establish documentation that demonstrates the validity of underlyingmigration
models for compliance purposes. Consequently, parameters used in themigration
model have been selected in a way that a �worst case� estimate of migration is
generated.

The final report (Hinrichs and Piringer, 2002) has been compiled and a summary
of the results has been published recently (Begley et al., 2005).
The research project has established the mathematical equations to be applied

and the conditions for their appropriate application with regards to plastics in
contact with food. All these conditions and equations have been published in detail
in the Practical Guide of the EU Commission in Annex 1, Mathematical Models, as
well as in Chapter 7 and in previous publications cited in the reference list at the
end of this chapter.
Beyond the characterization of the polymer and food (simulant), the key input

parameters for the use of a migration model are the diffusion coefficient, DP, of the
migrant in the plastic material P, as well as the partition coefficient, KP/L, of the
migrant between P and the product (e.g., food, liquid) L.
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15.1
Correlation of Diffusion Coefficients with Plastic Properties

The literature reports a series of sophisticatedmodels for the theoretical estimation of
diffusion coefficients in polymers (Chapter 5) but thesemodels are, at least today, too
complicated for practical applications. Therefore, a simpler approach was developed.
A first approximation to estimateDP was to correlate this coefficient with the relative
molecular mass,Mr, of the migrant, with a matrix-specific (polymer) parameter, AP,
and the absolute temperature T, based on empirical data (Piringer 1993, 1994):

DP ¼ expðAP�0:008 �Mr�10450Þ=T ðm2=sÞ ð15:1Þ

A similar approach has been proposed (Limm andHollifield, 1996) to calculateDP

for migration estimation purposes from polyolefins

DP ¼ D0 � expða �M1=2
r �K �M1=3

r Þ=T ðcm2=sÞ ð15:2Þ
with the following values for D0, K, and a

Polymer K a ln(D0)

PP 1335.7 0.597 �2.10
HDPE 1760.7 0.819 0.90
LDPE 1140.5 0.555 �4.16

To pursue the goal of obtaining a simple formula for the estimation ofDP, a refined
equation for polyolefins and some other plastic materials has been developed
(Brandsch et al., 2001) from Eq. (15.1):

DP ¼ 104�expðAP�0:1351 �M2=3
r þ 0:003 �Mr�10454Þ=T ðcm2=sÞ ð15:3Þ

with AP ¼ A0
P�t=T :

With this equation, a polymer-specific upper-bound diffusion coefficient,D�
P, can

be estimated and used instead of the actual diffusion coefficient, DP�D�
P, of a

migrant in the polymer matrix. The parameter, AP, is linked to the polymer and
describes the basic diffusion behavior or a �conductance� of the polymer matrix
towards the diffusion of migrants. In Eq. (15.3),AP � A�

P ¼ A0�
P�t=T , the parame-

ter A�
P depending on the temperature and the athermal constant A0�

P should now
be regarded as an �upper-bound� conductance of the polymer. The parameter t,
together with the constant 10454 in Eq. (15.3), both with the formal dimension of
temperature, contribute to the diffusion activation energy, EA¼ (10454þ t)R, where
R¼ 8.31451 J/(mol K) is the gas constant. By analyzing from literature EA data for a
large series ofmigrants inmany polymermatrices, it was concluded that one can take
t¼ 0 formany polymers. Thus, taking t¼ 0 for LDPE one obtains EA¼ 86.92 kJ/mol,
which is in good agreement with the mean of EA¼ 87 kJ/mol found from many
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literature data. For other important groups of plastics relevant to food packaging, e.g.,
HDPE and PET, a higher activation energy is generally observed. A good mean for
these matrices is obtained with EA¼ 100 kJ/mol, which requires t¼ 1577.
To keep Eq. (15.3) functional and to work only with aminimumnumber of specific

variables, to a first approximation t was fixed at 0 and 1577, which lead to
corresponding activation energies of EA¼ 87 and 100 kJ/mol, respectively. It is
known that in a given polymer and temperature range each migrant has different
diffusion activation energy. Therefore, eachmigrant has a small specific contribution
to EA and thus influences also AP. However, analyzing the available experimental
data, one finds out that the main contribution to these values come from the specific
structure of the polymer matrix and thus the influence of the migrant on EA and,
respectively, AP may be neglected in a first approximation.
To validate themigrationmodel in the context with the EU project, migration rates

were collected from different sources (Begley et al. 2005) for LDPE, HDPE, PP, PET,
PEN, PS, HIPS, and PA. All data were obtained from recent measurements using
additives from the positive list of substances permitted under Directive 2002/72/EC.
The migration measurements were carried out by following the conditions of
Directive 97/48/EC for fatty food (simulants), in most cases olive oil, with good
solubility for the additives. By using the migration software MIGRATEST Lite
(Chapter 9) for each migration value the corresponding diffusion coefficient and
athermal termA0

P has been calculated. In addition, to themigration data some recent
experimental diffusion coefficients, obtained with up-to-date experimental methods,
were available for PET,PEN, andPAand covered the temperature range of interest for
food packaging materials. With all these data a representation of the characteristic
migration behavior of a polymeric matrix was possible from a collection of experi-
mental data obtained under very different conditions, at different temperatures
including migrants of very different structures and molecular weights. From the
mean valueA�0P and standard deviation s for a specific polymermatrix, e.g., LDPE, an

�upper bound� value,A0�
P ¼A�0P þ s· t, results by using the Student t-factor for a one

(right)-side 95% confidence level with N samples. All these values are listed in

Table 15.1 TheA0�
P values obtained in this way were very close to the previous values

listed in the above-mentioned Practical Guide.

Table 15.1 Statistical evaluation of AP values for migrationmodeling under �worst case� conditions.

Polymer �A0
P S A0

P (max) A0
P (min) N t A0�

P t

LDPE 10.0 1.0 11 7.0 27 1.7 11.7 0
HDPE 10.0 1.9 12.6 5.0 49 1.68 13.2 1577
PP 9.4 1.8 12.9 6.2 53 1.68 12.4 1577
PET 2.2 2.5 7.2 �4.3 58 1.67 6.35 1577
PEN �0.34 2.4 3.8 �5.5 38 1.7 3.7 1577
PS �2.8 1.25 0.0 �6.5 32 1.7 �0.7 0
HIPS �2.7 1.67 0 �6.2 33 1.7 0.1 0
PA (6,6) �1.54 2.0 2.3 �7.7 31 1.7 1.9 0
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In addition to the above results, a few recently findings can bementioned about the
migration behavior of different plastics.
The migration of additives in 17 PP-samples has been measured (Begley et al.,

2007). These samples cover the major types of PP used in food packaging. The
diffusion coefficients with relative small molecular masses,Mr¼ 136 (limonene), as
well as the migration of typical antioxidants used in PP up toMr 1178 (Irganox 1010)
have beenmeasured at different temperatures. In addition, the diffusion data and the
percentages of xylene soluble fractions have been correlated. This allows to predict
themigration behavior of a PP sample by testing its �isotactic index� with xylene. The
results clearly indicate that polypropylene can be subdivided from the migration
point of view into the monophasic homopolymer (h-PP), monophasic random
copolymer (r-PP), and heterophasic copolymer (heco-PP). The diffusion coefficients
of r-PP are at least one order ofmagnitude higher than those of h-PP and comparable
to the values for heco-PP. In Figure 15.1, the polymer-specific AP values for the
investigated h-PP and r-PP samples obtained with three additives at 40 �C is
represented in dependence of the xylene-soluble amount.
This is a useful example of a correlation between specific migration property, AP,

and an easily measurable property of the polymer matrix.
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Figure 15.1 The polymer specific AP-values for the investigated
h-PP and r-PP samples obtained with three additives at 40�C in
dependence of the %-w/w xylene-soluble amount (X). Trace 1:
AP¼�0.5þ 1.2X; trace 2: Irganox 1010; trace 3: Irgafos 168 and
Irgafos P-EPQ.
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An influence on the migration speed is observed in all cases where concen-
trations >1% of additives with relative molecular masses Mr< 1000 are used in
the polymer matrix. Roughly a linear increase of the AP values is observed.
In PVC, as an example, the AP value is very small (AP�� 4 at 25�C) for rigid-
PVC and increases until AP 12–14 with typical plasticizer concentrations
of 30%.
An important fact is the difference observed between the migration amount

measured with HIPS samples by full immersion compared with one-sided
migration cells (Lickly et al., 1997). Due to the two-phase structure of the plastic
matrix, the normally homogeneous polystyrene-phase near the interface in a real
food contact material is destroyed in the material edges after cutting. The
consequence is an enhanced migration through the rubbery phase in these
regions. An aging effect of the polymeric samples can also produce significant
over-estimations in modeling, especially in the case of low molecular migrants, e.
g., styrene. During long storage periods of packaging materials in the open
atmosphere, considerable loss of the migrant occurs near the interface and
consequently, the migrant is no longer homogeneously distributed in the plastic,
as assumed in theory.
A relative strong decrease of the AP values, due to crosslinking effects occur in

many polymers, for example, for some printing inks (AP��2) and in some coatings
(AP� 7).
The diffusion in paper and board samples occurs principally in a differentway than

in plastics. Whereas a plastic material behaves as a solvent for the diffusing
compound, in a paper matrix most of the diffusing substance is adsorbed on the
surface of the fiber. In many foods, the diffusing compounds are partially solved in
the matrix as in plastics and partially adsorbed as in a fiber material. The same
complex process takes place in Tenax, a very powerful simulant formigration into dry
foods. Despite the very complex structure of the considered matrix, the apparent
diffusion values obtained from migration measurements often follow the diffusion
law and the migration behavior of such matrices can also be characterized with
specific AP values. These values are in the range 6<AP< 13, comparable with the
polyolefins.
The above results should be regarded only as a first step in a longer process of

refinement of the methods of migration measurement and the estimation models.
Precise measurements of diffusion coefficients in the specific layers of a multilayer
laminate are possible only in combination with the corresponding theoretical
evaluation of the results (Chapters 8 and 9).
As already shown in Chapter 6, a considerable improved estimation of diffusion

coefficients is now possible. For some well-defined polymermatrices and additives a
full theoretical calculation of diffusion coefficients is possible.
In the following nine Figures 15.2(a)–15.4(c), the diffusion coefficientsDp (cm

2/s)
of all compounds in polyolefins extracted from Appendix I at room temperature
(23–25�C), 40 and 70�C are represented as functions of their relative molecular
weightsMr, together with the corresponding curves obtained from Eq. (6.28) for two
extreme values of themelting temperatures, Tm,p, andmolecular masses,Mr,p, of the
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corresponding polymers. Despite the fact that for a given Mr of the diffusing
molecule the Dp values scattered often over three orders of magnitude, due to very
different polymer samples and test methods used, the main stream of the values
follows the trace prescribed from Eq. (6.28).
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Figure 15.2 The diffusion coefficients Dp (cm
2/s) of all

compounds from Appendix I (LDPE). The upper curves are
calculated with Tm,p¼ 353 K (80�C) andMr,p¼ 3000 and the lower
curves with Tm,p¼ 393K (120�C) andMr,p¼ 100,000 in Eq. (6.28).
a) At room temperature (23–25�C);.b) At 40�C; c) At 70 �C.
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Figure 15.2 (Continued ).
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Figure 15.3 The diffusion coefficients Dp (cm
2/s) of all

compounds from Appendix I (HDPE). The upper curves are
calculated with Tm,p¼ 373 K (100�C) and Mr,p¼ 5000 and the
lower curves with Tm,p¼ 403 K (130�C) andMr,p¼ 500,000 in Eq.
(6.28). a) At room temperature (23–25�C);.b) At 40�C; c) At 70�C.
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In Figure 15.5 the measured diffusion coefficients of components from two
polymeric additives incorporated in two samples of the same LDPE matrix are
represented as a function ofMr. These values obtained at 40�C cover the mass range
200<Mr< 1000 and correlate well with the Dp-curve obtained with Eq. (6.28)
with Tm,p ¼ 363 K ¼ 90 �C and Mr,p¼ 15,000. This agreement further support the
assumption made for the development of the diffusion model in Chapter 6.
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Figure 15.3 (Continued ).
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Figure 15.6 shows the diffusion coefficients of all alkanes listed in Appendix I for
LDPE at 40 �C together with the corresponding curves obtained with Eqs. (15.2),
(15.3), and (6.28). From Eq. (6.28), with Tm,p¼ 90 �C andMr,p¼ 25,000, a stronger
and, therefore, better decrease of the DP values results in the low molecular mass
region in comparison with Eq. (15.3) with AP¼ 10. Consequently, Dp values
calculated with Eq. (15.3) using an appropriate AP value for small masses, are
too big for migrants with higher molecular masses. The curve obtained with
Eq. (15.2) is similar with the curve from Eq. (6.28), but with systematic higher,
�upper-limit� values due to the set of constants used in combination with
Eq. (15.2).
A strong differentiation of the values obtained with the three above equations

results at high molecular masses as shown in Figure 15.7 Here, both semiempirical
equations (15.2) and (15.3) fail because producing an unrealistic increase of the Dp

values at high Mr values.
Among the improvements of the new diffusion model presented in Chapter 6 the

following must emphasized:

. The activation energy of diffusion is determined from both the melting or glass
temperature of the polymer matrix and the molecular mass of the diffusing
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Figure 15.4 The diffusion coefficients Dp (cm
2/s) of all

compounds from Appendix I (PP). The upper curves are
calculated with Tm,p¼ 403 K (130�C) and Mr,p¼ 1500 and the
lower curves with Tm,p¼ 449 K (176�C) and Mr,p¼ 100,000 in
Eq. (6.28). a) At room temperature (23–25�C);.b) At 40�C; c)
At 70 �C.
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molecule. The somewhat arbitrariness used by selection of only two activation
energies for Eq. (15.3) is eliminated in this way.

. A further important parameter is the molecular mass,Mr,p, of the polymer matrix.
Apolymer-like LDPE is polydisperse, in the sense that a sample spans a large range
of molar masses (Chapter 2). From the diffusion point of view, the smaller
molecules play a relatively more important role in comparison with the bigger
molecules due to the easiermovement of the diffusing solute through amatrixwith
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Figure 15.4 (Continued ).
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a large portion of small molecules. As a good approximation, the number-average
molar mass, Mn¼Mr,p is used in Eq. (6.28).

. Last but not least the diffusionmodel developed from the reference series of the n-
alkanes can also be applied to other polymer matrices, e.g., PET as shown in
Chapter 6. From the data used in the above-mentioned EU-project, Figures 15.8
and 15.9 show a correlation of diffusion coefficients measured for PS and PAwith
the calculated values using Eq. 6.28.

In PS as well as in PA the diffusion coefficients calculated with Eq. (6.28) decrease
faster with Mr in comparison with the values calculated with Eq. (15.3) and the
corresponding mean values A�0P from Table 15.1.
In the following Figures. 15.10(a)–15.12(c), the log(Dp) curves resulting from

Eq. (6.28) for polyolefins, with the corresponding mean values for Tm,p and Mr,p at
three temperatures, are compared with the corresponding curves obtained with
Eq. (15.3), with the corresponding A�0P values from Table 15.1 and the upper limt
values, A

0*
p from Table 9.1. In all the cases, a relative faster decrease of the Dp values

results with Eq. (6.28) in comparison with Eq. (15.3), with increasing Mr. This
behavior is supported from the experimental results as shown above. Nevertheless,
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Figure 15.5 Measured diffusion coefficients of components from
two polymeric additives (trace 2 and trace 3) in two samples of the
same LDPE matrix at 40�C. The curve (trace 1) is calculated with
Eq. 6.28 with Tm,p¼ 363 K¼ 90�C and Mr,p¼ 15,000.
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the upper limit valuesD�
p calculated withA0�

P in Eq. (15.3) can still be used. But with
the upper limit values for Tm,p and Mr,p in Eq. (6.28) even higher upper values, as
shown in Figures 15.2–15.4, are obtained in comparison with the corresponding
values from Eq. (15.3).
A general conclusion from the above results obtained with the theoretical im-

proved modeling of diffusion coefficients is the possibility to correlate much better
the diffusion behavior with well-defined properties of the polymer matrix. A still
actual limitation of the modeling is the lack of experimental data obtained with
samples with well-defined properties. To fill this gap is a challenge for the next
future.

15.2
The Partition Coefficient

The second key input parameter needed in migration models is the partition
coefficient, KP/L, of the migrant between P and the product (e.g., food, liquid)
L. The values of this dimensionless number cover many orders of magnitude,
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Figure 15.6 The diffusion coefficients of all alkanes (trace 3) listed
in Appendix I for LDPE at 40�C together with the corresponding
curves obtained with: Eq. (6.28) with Tm,p¼ 353 K (80�C) and
Mr,p¼ 3000 (trace 1), Tm,p¼ 393 K (120�C) and Mr,p¼ 100 000
(trace 2) and Tm,p¼ 363 K (90�C) and Mr,p¼ 25 000 (trace 4).
Eq (15.2) for LDPE (trace 6) and Eq. (15.3) with AP¼ 10 (trace 5).
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depending on the polarities, structures and sizes of themigrant, the polymer and the
product (Chapter 4). In order to simplify as much as possible the theoretical
treatment of migration processes from the regulatory point of view, in the above-
mentioned EUmodeling project, an upper limit ofKP/L¼ 1 has been used for all fatty
products and fatty food simulants, assuming a good solubility of themigrant in these
phases. Due to a generally very low solubility of most organic compounds in water
(KP/L� 1) the value KP/L¼ 1000 has been used for aqueous products as a sufficient
good approximation for anupper limit. But this situation is, of course, not satisfactory
for a more precise evaluation of product quality and safety.
Many results obtained from mass transport studies between a variety of systems

during the last years (Chapters 4 and 11) have emphasized the necessity to consider
partitioning in a much higher differentiation in all further treatments. As shown in
many examples (Chapters 4 and 11) the actual used simulants for aqueous foods fail
inmany comparisons withmigration tests in real foods. Consequently, it is no longer
admissible to use such simulants without a case-by-case judgment of their reliability.
It is also necessary to introduce in the modeling equations more realistic values for
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Figure 15.7 Comparison of the curves calculated with the three
equations in Eq. (6.28)with Tm,p¼ 363 K (90�C) andMr,p¼ 25,000
(trace 1), Eq. (15.3) with AP¼ 10 (trace 2) and Eq. (15.2) for LDPE
(trace 3) at 100�C.
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Figure 15.8 Measured diffusion coefficients (trace 4) in PS in
comparison with calculated values with Eq. (6.28) with Tm,p = 523 K
(250 �C ) andMr,p ¼ 75000 (trace 1) and with Eq. (15.3) with AP =
�2.8 in Table 15.1 (trace 3) andAP = 0 in Table 9.1 (trace 2) at 40 �C.
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Figure 15.9 Measured diffusion coefficients (trace 4) in PA 6.6 in
comparison with calculated values with Eq. (6.28) with Tm,p = 535 K
(262 �C ) and Mr,p =40000 (trace 1) and with Eq. (15.3) with AP =
�1.54 in Table 15.1 (trace 3) andAP=2 inTable 9.1 (trace 2) at 40 �C.



the partition coefficients, obtained either from measurements or with available
prediction methods. In Chapter 4, a few prediction methods are mentioned.
Particularly important is the partition of a substance between a plastic matrix and
an aqueous system. For such cases the simplest way is to equate the partition
coefficient KP/L with the partition coefficient PO/W between octanol and water. Many
PO/W values can be extracted fromdifferent databases. But this procedure can be used
only as a first approximation.
Thevaporpressure indexmethod introduced inChapter4hasbeen foundespecially

useful for migration modeling of additives from plastics into various products. In
Appendix III, the vapor pressure indexW (W¼Wa) for a series of additives a is listed.
This dimensionless number depends on the structure and polarity of the diffusing
substance.Also inAppendixIIIare listedthedimensionlessvaporpressure indexesGW

of the additives in water. Together with the relative molecular mass Mr the Henry
constant hw for water can be calculated with Eq. (4.57), with j¼ (MrþWþGW-2)/14.
The corresponding Henry constant hp for polyolefins can be estimated in a similar
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Figure 15.10 The log(Dp)-curves resulting fromEq. 6.28 for LDPE
withmean values Tm,p = 363 K = 90 �C andMr,p 25000 (trace 1) are
comparedwith the corresponding curves obtainedwith Eq. (15.3)
with A�0P = 10 from Table 15.1 (trace 2) and A'P from Table 9.1
(trace 3). a) At 25 �C, b) at 40 �C, c) at 80 �C.
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Figure 15.10 (Continued ).
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way, by using Eq. (4.57) with j¼ (MrþWþGP-2)/14, where the vapor pressure
index of the additives for polyolefins are estimated with GP¼�14–0.24 Mr. The
partition coefficient KP/L of the additive between a polyolefin and water (L¼W) can
now be calculated with Eq. (4.58) at temperature T.
In the same way the vapor pressure indexes of additives can be estimated for other

liquids, e.g., for ethanol, GL¼GE¼�20–0.2 Mr and any mixture of ethanol with
water:
GL¼(GE�GW).

CE

100
þGW, where cE is the concentration (%, w/w) of ethanol.

One important consideration should always be directed to the solubility of a
migrant in connection with the toxicological important specific migration limit
SML.
Let be n-octadecyl-3-(4-hydroxy-3,5-di-tert-butylphenyl)propionate [Irganox

1076] an example for estimating the partition coefficient (Chapter 11). This
substance is a very widespread antioxidant used for the production of plastics
and which has a SML restriction of 6mg/kg food. The solubility of this additive in
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Figure 15.11 The log(Dp)-curves resulting from Eq. (6-28) for
HDPE with mean values Tm,p¼ 393K¼ 120�C and Mr,p 10 0000
(trace 1) are compared with the corresponding curves obtained
withEq. (15.3)withA�0P ¼ 10 and t¼ 1577 fromTable 15.1 (trace 2)
andA0

P ¼ 14.5 and t¼ 1577 fromTable 9.1 (trace 3). a) At 40�C, b)
at 80�C and c) at 120�C.
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water is in the ppt [ng/L] range and can be expected to be also extremely low [ppb
to ppm] in highly aqueous systems, such as the official EU simulants 3% acetic
acid (B) and 10% ethanol (C), and even at higher ethanol contents up to 50%.
Considering the log(PO/W)¼ 13 as a rough measure for the expected order of
magnitude for the partition coefficient KP/F between a lipophilic polymer, such as
a polyolefin and aqueous simulants of this additive, it results that any attempt to
measure this concentration in an aqueous simulant must fail. By using the vapour
pressure index method one finds for Irganox 1076 in Appendix III, Mr¼ 531,
W¼�110 and GW¼�364 and with the above relation, GP¼�141 and Eq. (4.57)
and Eq. (4.58) KP/L¼ 3.8 · 107 results at 25�C. Although this value is much
smaller in comparison with the PO/W-value, the concentration of Irganox 1076
in water remains <0.05 ppb, assuming an equilibrium with a concentration of
1500 ppm in the plastic sample.
From an additional estimation for 50% ethanol/water one gets GL¼ –245

and the partition coefficient decreases to KP/L¼ 4130. Consequently, the concen-
tration of Irganox 1076 in the liquid increases to 0.4 ppm at equilibrium with
1500 ppm in LDPE. Although even this concentration is of no concern in this
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Figure 15.12 The log(Dp)-curves resulting from Eq. (6-28) for
PP with mean values Tm,p¼ 418 K¼ 145�C and Mr,p 35000
(trace 1) are compared with the corresponding curves obtained
with Eq. (15.3) withA�0P ¼ 9.4 and t¼ 1577 fromTable 15.1 (trace
2) andA0

P ¼ 13.1 and t¼ 1577 fromTable 9.1 (trace 3). a)At 40�C,
b) at 80�C and c) at 120 �C.
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example, it shows how drastically the partition coefficients can change with
increasing the ethanol concentration. In many practical cases this may have
important consequences.
The use of certain solvents as food simulants for controlling migration from

plastics is widely practiced and allowed by food regulations. Using these simulants
instead of real foods makes testing much easier, more sensitive and as a result much
less expensive. Nevertheless, there is a real danger in some cases when the food
simulant has a significantly lower migration value compared to the food. A well-
known recent example was the presence of the photoinitiator ITX (isopropylthiox-
anthone) found in several milk products and beverages even though the migration
test with the allowed food simulant (10% ethanol in water) showed that themigration
limit values were not exceeded. Formany similarmigration testing problems finding
the correct food simulant is of great practical importance. In principal, ethanol/water
mixtures are very appropriate for this application (Chapter 4).
In Table 15.2, partition coefficients between LDPE and ethanol/water are given for

six aroma compounds having similar sized molecules but very different polarities
between LDPE and six different ethanol/water systems. Here one can also see the
strong influence of the substance�s polarity on the partition coefficient. The practical
consequence of this behavior is that it is necessary to select the proper food simulant.
The values found in parenthesis in Table 15.2 are the partition coefficients for the
corresponding component between LDPE and whole milk. As one can see in this
example, a 50% ethanol/water food simulant is not sufficient for nonpolar migrants
like limonene but rather 75% ethanol/water is necessary to simulate the correct
partitioning.
In Appendix II, experimental values of partition coefficients are collected from

different sources, which may help to estimate the partitioning under different
conditions.
The general conclusion drawn above for modeling diffusion coefficients is valid

also for themodeling partition coefficients. A still actual limitation of themodeling is
the lack of experimental data obtained in a systematic way, which allows to establish
precise values for structure increments needed in the corresponding equations. To
fill this gap is also a challenge for the next years.

Table 15.2 Partition coefficients, KP/L, of aroma compounds between
LDPE and ethanol/water mixtures and between LDPE/whole milk
at 25�C.

ethanol/water 100% 75% 50% 25% 10% 0%

limonene 0.33 1.9 (4.8) 14.2 179 1156 5883
diphenylmethane 0.081 0.44 2.8 (2.5) 20 79 210
linalylacetate 0.043 0.32 2.9 (2.4) 36.5 222 894
camphor 0.038 0.14 0.58 2.8 (3.5) 8.3 17.6
phenylethylalcohol 0.051 0.058 0.074 0.097 0.12 (0.11) 0.14
cis 3-hexenol 0.0078 0.020 0.054 0.17 (0.16) 0.35 0.59
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Appendix I
Peter Mercea

This section reviews most of the literature on the kinetics of small organic com-
pounds (migrants) in polyethylenes (PEs) and polypropylenes (PPs) samples. An
attempt was made to avoid a selection of data based on subjective criteria as to the
quality of the experimental methods and/or model used to describe the diffusion
process. However, in cases where a larger number of data were available for one and
the same migrant, only the more recent experiments were cited. Then data was
collected from experimental reports, which can be considered to be relevant to the
topic of migration from polymeric packaging into foods and/or food simulants. In
this respect the tables given below do not report diffusion data in swollen polymers
because such situations are not suitable for food packaging.
There are a series of problems involved in an attempt to compare and interpret

experimentally determined diffusion coefficients, Dp, in polymers.
First, problems result from the complex physical and chemical interactions

between the migrants and the host polymer matrix. It is well documented that these
interactions have a significant influence on the magnitude of Dp.
Then, problems are generated by the dependence of themorphological character of

the polymer matrix upon its physical and chemical as well as manufacturing history.
The Dp of a given migrant also depends on the molecular type and morphology/
structure, density, and crystallinity of the polymer.
Dp depend on the temperature, T, too. The rate of this dependence often changes

when the polymer undergoes a transition from a rubbery to a glassy state.
It is well known that the magnitude ofDp are also influenced by the initial amount

of the migrant, cp,0, formulated into the polymeric sample. High cp,0 may have a
plasticizing effect, which strongly influences the properties of a polymer matrix.
At last but not at least the Dp of a certain migrant may be influenced by the

experimental setup used. There are numerous reports of migration experiments in
which the polymeric sample is immersed into a liquid/solvent. It is logical to assume
that such a liquid/solvent –whichusually has relatively smallmolecules –diffuses into
the polymer during themigration experiment. This processmay influence to a certain
degree not only the free volume available for thediffusionalmotion of themigrant, but
even influence the interactions between the migrants and the host polymer matrix.
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Thus, taking into account those mentioned above, the sometimes large spread of
Dp values reported in this appendix for one and the same migrant should not be
considered as unusual or incorrect.
The rationale for the format of the tables given in the Appendix is the following.
The first column of the tables lists the chemical name of the migrant, as given in

the publication cited. Because of that sometimes for one and the same organic
migrant more than one chemical name appears in the tables. In column two the
molecular weight, Mw, of the migrant is given.
Columns three and four give information about the polymer; namely about its

density, crystallinity and/ormorphology. In the case of polypropylenes, PPs, there are
a series of abbreviations for the type of polymer, namely:

aT – atactic PP,
iT – isotactic PP,
HO – homo polymer,
CO – copolymer,
BO – biaxially oriented PP
UO – uniaxially oriented PP and
SB – stereo block polymer,

Diffusion of a noninteractingmigrant through an isotropic polymermatrix due to its
randommotion canbe described byFick�sfirst law (Eq. 7.5) inwhich the rate constant
D is defined as the diffusion coefficient. In the fifth column of the tables the diffusion
coefficients, as reported in the cited publications, are given. There are several types of
Dp, namely:

D – concentration independent average diffusion coefficient,
Dc!0 – diffusion coefficient at �zero� diffusant concentration,
Dg.c. – diffusion coefficient determined from inverse gas chromatography, and
Ds – diffusion coefficient in a polymeric sample in contact with a solvent or food

simulant.

The sixth column gives information about the single temperature, T (�C), at or
temperature range in which the migration experiments were performed.
Columns 7 to 9 summarize the diffusion parameters for each migrant. In the

seventh column the diffusion coefficients, units cm2/s, are given. In order to make a
comparison of the reportedD values as easy as possible an attempt was made to give
as many as possible D�s for T¼ 23 �C (room temperature). In some cases this was
possible only by extrapolating D�s from measurements made at lower or higher
temperatures. These situations are marked with (*. In those cases where a citation at
23 �C was not possible D�s at other T�s were given and marked with (** – T
corresponding to the temperature given in column 6 or at another temperature
given in the superscript – (70 for example.
In most cases the dependence of the diffusion in polymers on temperature is of

Arrhenius type and described by the equation

D ¼ D0expð�Ed=RTÞ
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whereD0 – cm
2/s – is a pre-exponential factor,Ed – kJ/mol – the energy of activation,R

– 8.31 J/mol grd. – the gas constant, and T – K – the absolute temperature.
In the eigth and ninth columnsD0 and Ed are summarized for the experiments in

which diffusion data were collected at different temperatures. Using these para-
meters with the above equation allows one to calculate the diffusion coefficient at any
T point within the corresponding T range given in column 6. Moreover, one can
calculate by extrapolationD�s even beyond such a Trange. However when doing so it
is recommended not to exceed the extrapolation to far from the T range in which the
experimental data were collected – column 6. Extrapolations up toþ/� 25% of the T
range given in column 6wouldmost likely be on the safe side. Even when doing such
a conservative extrapolation one should take care that for the new T the polymer did
not change from rubbery to glassy or vice versa. It is known that for most of the
polymers D0 and Ed are usually differing in these two phases.
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Table AII.9 Partition coefficient data (KP/L) for organic substances
between PA and various liquids.

Reference [10] [10] [21]
Polymer phase Polyamide Nylon 6 Nylon 6 q¼ 1.14
Temperature (�C) 23 23 25
Liquid phase substance CAS # 100% Methanola 100% Propanol Water

Limonene 5989-27-5 0.030 0.038
Diphenylmethane 101-81-5
Diphenyloxide 101-84-8 0.072 0.096
Isoamylacetate 123-92-2 0.024
gamma-Undelactone
(Aldehyde C14)
Linalylacetate 115-95-7 0.051 0.012
Camphor 76-22-2
Citronellol 106-22-9 0.046 0.033
Eugenol 97-53-0
Dimethylbenzylcarbinol 100-86-7
Menthol 89-78-1 0.062 0.030
Phenylethylalcohol 60-12-8
cis-3-Hexenol 623-37-0 0.025 0.048
Ethyl butyrate 105-54-4 0.5
Butyl acetate 123-86-4 0.6
Isopentyl acetate 123-92-2 0.6
Ethyl-2-methyl butyrate 7452-79-1 0.5
Butyl propanoate 590-01-2 1.1
Hexyl acetate 142-92-7 2.0
Hexanal 66-25-1 1.6
trans-2-Hexenal 6728-26-3 1.0
Isopentanol 123-51-3 0.3
Hexanol 104-76-7 0.8

aSome swelling of polymer by MeOH occuring.
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Appendix III

A Selection of Additives Used in Many Plastic Materials

The Ref Nr-, restrictions and remarks are from the �Synoptic Document� (2005) of
the EuropeanCommission, SANCOD3. In addition to the relativemolecularmasses,
Mr, the corresponding structure increments,WandGW (Chapters 4 and15) are given.

Plastic Packaging. Second Edition. Edited by O.G. Piringer and A.L. Baner
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31455-3
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Index

a
accelerators 20
acceptable daily intake (ADI) 427, 450
acetylacetone 478
achievable barrier effect 320
acid scavengers 71
acrylates 472
– relative threshold levels 472
acrylic acid 34, 38, 41, 44
acrylonitrile-butadiene rubber 49
acrylonitrile-butadiene-styrene (ABS)

polymer 39
additive mole constants 101
additive molecular properties 7
additive structural increments 101
adsorption 350
afore-described barrier 326
alcohol soluble propionates (ASP) 59
aliphatic carboxylic acid 40
aliphatic diamines ethylenediamine 395
aliphatic oligomeric esters 69
aliphatic phosphites 74
n-alkanes 165, 168, 170
– critical temperatures 168
– homologous series 165
– melting temperatures 170
alkylhydroperoxides 24
O-alkylhydroxylamine group 78
aluminum-coated polymer 326
aluminum oxide layers 330
b-aminocrotonic acid 76
amorphous polymer phase 165
amylopectin 54
amylose 54
analogous weight fractions 96
analytical methods 380
– interpretation 380
– validation 380
antiacids, see acid scavengers

antifogging agents 64
antimicrobial effect 72
antistatic agents 65
Antoine equation 110
area-related migration value 369
area-to-volume ratio 273
aromatic amines 399
aromatic polyamide MXD-6 336
Arrhenius relation 316
Arrhenius-type equation 282
atom clusters 173
– melting temperatures 173
atomic force microscopy (AFM) 323
Avogadro constant 179

b
barrier improvement factor 311
barrier systems 298
BASIC computer program 107
batching oil 487
– formulation 484
benzoate-based phenols 77
benzyl alcohol 20
BET adsorption studies 331
biaxially orientated polypropylene (BOPP)

35
– substrate film 312, 340
biaxial orientation 30
biodegradable plastic materials 54
biodegradable polymer 55
bisphenolA-diglycidyl ether (BADGE) 20, 375,

459
bishphenol F-diglycidyl ether (BFDGE) 375,

459
block copolymer (BCP) 19
blow-molded containers 40
Boltzmann distribution 177
British Standards Institution (BSI) 467
built-in biocidal moieties 72
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tert-butylesters 24
tert-butyl-hydroxyanisol 408

c
camphorated off-flavours 479
carbon chain polymers 76
carcinogenic assessments 429
cardboard baking dishes 42
catalysts 25
– heterogeneous 25
– homogeneous 25
cationactive agents 65
ccp system 174
cellulose acetate butyrate (CAB) 59
cellulose acetate propionate (CAP) 59
chain-breaking antioxidants 73
chemical compounds 167
– homologous series 167
chemical interactions 4
– pharmaceuticals 4
– plastics 4
chemical modeling 99
chemical potential 90
– definition 91
chloroanisoles 486
chlorophenols 481, 482
chocolate products 488
chromatographic instrument 381
chromatographic system, see detection system
classification and regression tree (CART)

algorithms 156
– calculations 156
– diagram 156
– structure 156
cobalt naphthenate 47
colorants 66
combinatorial activity coefficient

contribution 107
Community Reference Laboratory (CRL) 445
Council on Environmental Quality (CEQ)

421
Crank–Nicolson method 251
crosslinked polyurethanes 48
crystalline polymers 31
– properties 31
crystallization 30
cumulative estimated daily intake (CEDI) 427
cyclic olefin copolymers (COC) 37

d
defect model 324
defect size distribution 315
degradation-sensitive moieties 70
dehydrating agent 75

detection system 381
diacylperoxide 24
dialkylperoxides 24
dicarboxylic acid 19
dicumylperoxide 24
diethylene glycol (DEG) 351, 459
different parameters 307
– units 307
diffusion coefficient 8–9, 164, 168, 178,

501
– n-alkanes 188
– correlation 501
– critical state 181
– gases 165, 178
– liquid 165, 184
– models 164
– plastic materials 188
– prerequisites 168
– solids 181
diffusion equation 499
diffusion model 7, 510
diffusion process 197
– differential equations 197
dimensionless group-contribution

element 111
dimensionless partition coefficient 96
diphenyl butadiene migration 404
dipropylene glycol diacrylate (DPGDA) 60
direct experimental measurement 99
dispersion systems 25
distance–time scale 124
dynamic headspace technique 468

e
Einstein–Smoluchowski equation 152, 163
elastomer–modified thermoplastics 36
Elbro free volume model (ELBRO-FV) 108,

109
electron beam irradiation 37
empirical approximation method 100
environmental assessment (EA) 432, 434
equilibrium saturated vapor pressure 91
ether alcohols 493
ethoxylated fatty alkylamines 65
ethyl acetate 472
ethylene–propylene–diene rubber 49
ethylene–propylene elastomer 35
ethylene–vinyl acetate (EVA) 34–35
EU food packaging legislation 374
European commission 445, 500
– Joint Research Centre (JRC) 445
– practical guide 500
European Committee for Standardization

374
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European Food Safety Authority (EFSA) 376
European harmonization process 351
European norms (EN) 374
excess free energy 94
excited state intramolecular proton transfer

(ESIPT) mechanism 77

f
FABES formula 265, 282
FABES GmbH 9
– user-friendly programs 9
face-centered unit cell 173
Fat reduction factor (FRF) 455
favored polymeric multilayers 10
Federal Food, Drug, and Cosmetic Act

(FFDCA) 417
finite difference (FD) method 9, 249
– numerical methods 9, 249
finite element method (FEM) 249
Flexographicinks 59
Food and Drug Administration(FDA) 417,

500
– regulation policy 352
food contact material (FCM) 10, 351
food contact notification (FCN) 418
food contact substances (FCS) 10, 417
food industry 465
– off-flavors 465
food-packaging materials 404
– safety 404
fossil-based raw materials 17
Fourier trigonometric series 210
Fraunhofer-Institute of Process Engineering

and Packaging 374
free hydroxyl groups 49
free-radical fragments 80
free volume concept 103
free-volume model(s) 131, 133
free-volume parameters 139
frozen-food temperatures 45

g
gas chromatography-mass spectrometry

(GC-MS) 468
Gaussian error 390
glassy polymer-solvent systems 138
glycerol propoxylate triacrylate (GPTA) 60
good manufacturing practice (GMP) 445
graft copolymers (GCP) 19
group-contribution Flory equation-of-state

(GCFLORY) 108
– models 109
– polymer activity coefficient 109
group-contribution parameters 104

group-contribution thermodynamic polymer
partition coefficient estimation
methods 102

guide of uncertainty ofmeasurements (GUM)
389

h
halogenated hydrocarbons 39
hard core volume, see van der Waals volume
HAS-functionalized PO 78
heat stabilizers (HS) 75, 85
– transformation products 85
Henry�s constant 98
Henry�s law coefficients 92–93
heptane matrix 185
heteroatoms 26
heterophasic copolymer (heco-PP) 503
heuristic analytical formula 310
high aspect ratio 337
high density polyethylene (HDPE) 18, 63, 108,

189
high-sensitive spectral methods 85
high-temperature migration 365
Hildebrand rule 176
hindered amine stabilizers (HAS) 66, 84
Holten–Anderson model 108
homologous series 100
– example 100
homopolymer 22, 35
– melt blending 22,
– plastic processing 22
HPLC methods 383
hydrochloric acid 52
hydrogen bonds 26
hydrogen peroxide 24
– derivatives
hydroperoxide deactivating antioxidants 74, 83
– transformation products 83
hydrophilic-hydrophobic balance 102

i
ideal gas law equation 97
ideal solution 92
– partitioning 92
indirect migration assessment 354
inorganic barrier layers 323
inorganic foils 9
inorganic layers 302, 320, 323
inorganic silicates 51
interaction energy 167, 176
– relative density 176
interaction model 166
– assumptions 166
intermediate polymeric layer 320
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intermolecular binding relationships 101
intermolecular condensation reaction 17
internal food reactions 465
ionic addition polymerization reactions 18
isocyanates 399
– chemical degradation 399
isophthalic acid 395
isopropylisothioxanthone (ITX) 458
isotactic polypropylene (PP) 63

k
kinetic curve 364
kinetic theory 165
– gases 165
Kurderna–Danish evaporation apparatus 469

l
lamellae 170
– thickness 170
laminate theory 320
laminating agents 58
Laplace transforms 210
light screening pigments76
light stabilizers 76
Likens–Nickerson steam distillation extraction

apparatus 469
linear-lowdensitypolyethylene (L-LDPE) 32, 63
linear relationships 111
– advantage 111
linseed oil 484
longer shelf-lives 4
– factors leading 4
long-term heat aging (LTHA) 72
long-term migration, see high-temperature

migration
long-term model experiments 83
low density polyethylene (LDPE) 18, 63, 108,

189
low-discoloring properties 73
lowest unoccupied molecular orbital (LUMO)

102
low molecular components 6
– diffusion coefficients 6
lowmolecular weight component systems 103
low molecular weight compounds 63
low molecular weight polyisobutylene 36
low-temperature extraction

measurements 365
lubricant residues 486
lubricants 67

m
macroscopic alkane crystal samples 171
– melting points 171

macroscopic n-alkane sample 165
macroscopic defects 323
– properties 165
macroscopic particle systems 165, 167
– characteristic 167
– properties 165
maleic acid anhydride 38
mass spectroscopy (MS) 383
mass transport 5, 499
– external influences 5
mass transport equation 8, 263
mass transport phenomena 63
material-specific permeability 311
material-specific properties 99
mathematical models 500
maximum initial concentration (MIC)

500
mean-square displacement (MSD) 143
medium-forming substances 23
melamine-aldehyde resin 56
melamine resins 47
mercaptan-derived compounds 480
metallic off-flavors 485
metallocene random copolymers 35
methacrylic acid 38–39, 41, 44, 57
methylacrylamide–methylol ether 38
methyl acrylates 472
– relative threshold levels 472
4-methyl-4-mercaptopentan-2-one 481
microcrystalline waxes 57
MIGRATEST EXP software 9, 281–282
– migration estimations 281
MIGRATEST Lite 266, 273
– basic features 266
– estimation 276
– output information 278
migration 349, 366, 499
– alternative 366
– extraction 366
– process 350
– measurements 12, 500
modeling diffusion coefficients 520
modern food packaging migration testing

10
molal activity coefficient 97
– relationship 97
molar activation energy 179
molar activity coefficient 97
– relationship 97
molar concentration partition coefficients

96
molar fraction partition coefficient 95
– relationship 95
molar free enthalpy 90
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moldy off-flavors 486
molecular descriptors 102
molecular models 126
mole fraction partition coefficient 95
– relationship 95
monoethylene glycol (MEG) 351, 459,

447
monolayer films 338
– permeation 338
monolayer polymer films 303
– substance transport 303
monomeric quinone methide 81
monophasic homopolymer 503
monophasic random copolymer 503
more than one inorganic barrier layer 332
– combinations 332
motor oil off-flavor 486
multilayer films 338
– permeation 338
multilayer (ML)-food system 259, 260
multilayer (ML) materials 8, 247
multilayer (ML) packaging 248
multilayer polymer films 305
– substance transport 305
mushroom-like off-flavors 486
musty off-flavors 486, 487
mutual recognition 461
– principle 461

n
naphthalene 487
National Environmental Policy Act (NEPA)

417, 421
Nernst�s Law 92
nonadhesive rubber-covered rollers 51
nonbranched hydrocarbon 165
nonideal solutions 93–94
– partition coefficients 94
non-intentionally added substances (NIAS)

351
nonionic agents 65
nonpolar isooctane, see polar ethanol
nonpolar plastics 352
nonpolymeric liquids 98
– molar volume 98
no observed effect level (NOEL) 427
norbornene 37
novolac glycidyl ethers (NOGE) 459
n-pentane–polystyrene system 138
nucleating agents 67
nucleation 31
– heterogeneous 31
– homogeneous 31
number-average molar mass 28, 510

o
odor limit value concentration 475
off-flavor compounds 468
– identification 468
off-flavor contamination 12
off-flavor sensitive foods 468
olfactometer 470
oligomer 6
one-dimensional (1D) diffusion problem 8
one-dimensional P–F system 264
one inorganic barrier layer 313, 322
open-chain hydrocarbon 165
open-chain products 85
OPP films 35
optical brighteners 68
organic peroxides 24
organic polymers 51
organo-metal compounds 23
overall migration limit (OML) 350, 351, 450
oxidation-drying process 484
oxidation reactions 18
oxygen-triggered degradation 72
a-oxyperoxides 25

p
packaging 1, 4
– minimization 4
– plastics 349
packaging materials 465
particle system 168
– characteristic 168
particulate contaminations 324
partition coefficient 9, 89, 98–99, 102, 111,

510
– estimation 102, 111
– liquids 99
– polymers 99
– relationship 98
– thermodynamics 90
pencil-like off-flavor 488
penetrant-intramolecular energy 127
penetrant-polymer system(s) 127, 129, 135,

137, 140, 154–155, 157,
pentaerythritol tri-tetraacrylate (PETA) 60
permeability 6
permeation coefficient(s) 304, 316, 318
permeation processes 9
peroxide-controlled polymerizations 25
peroxide crosslinked ionomer 37
peroxyaliphatic fatty acids 24
peroxy-benzoic acids 24
peroxycarbonic acid 24
PET-inorganic layer 314
PET-packed foodstuff 407
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phase ratio variation (PRV) 89
phenolic antioxidants 79
– transformation products 79
phosphoric acid 58
photoantioxidants 77
photocatalytic effect 74
photoinitiators 59
phthalate-based polycondensate resins 48
physicochemical parameters 89
plaque sorption method 89
plastic additives 6
– characteristic functions 6
– representative structures 6
plastic additives producers 349
plastic applications 1
– today’s multitude
plastic-food system. 264
plasticizer 68–69,
– key role 69
plasticizer diethylhexyl adipate 369
plasticizer-free blends 41
plasticizer-functionalized polymers 69
plastic material barrier layer 5
plastic materials 15
– characteristics 15
plastic matrix 504
– two-phase structure 504
plastic processing 22
– melt blending 22,
plastic properties, see diffusion coefficients
plastic stabilizers 78
– transformation products 78
plastic-packaging material 353, 361
plastomers 32
platelets 337
– good parallel alignment 337
platelet-shaped particles 301, 322, 336
polar ethanol 363
polyaddition polymers 48
polyamide (PA) materials 43, 108, 352, 478
polybutylene tere-phthalate (PBT) 41
polycarbonate (PC) 42
polycondensation products 56
polycrystallinity 31
Polydimethyl siloxane networks 21, 52
polyester networks 21
polyetherpolyole 49
polyethylene (PE) 6, 17, 32–33, 107
– oxidation 33
polyethylene terephthalate (PET) 33, 108, 191,

301, 308, 314, 357
– bottles 292, 371, 477
– layer 340
– substrate film 312, 324

polymer-based packaging 297
– barrier function 297
polymer blends 43
polymer-borne free-radical intermediates 79
polymer-bound oxygenated groups 70
polymer-bound UV light-absorbing

impurities 76
polymer chemistry 22
polymer films 332
– combinations 332
polymeric materials 302
– permeation 302
polymeric multilayered structures 9
polymerization 22
– chain reaction 25
– process 17, 32
– synthesis 19
polymer-like LDPE 509
polymer matrix 71, 265, 501
– diffusion behavior 501
polymer molecule 15
polymer-penetrant systems 142, 149, 152
polymer polycaprolactone (PCL) 55
polymer reactions 20
polymer-solvent systems 134
polymer substrates 302, 313, 323–324
– multilayer 313
– single layer 313
polyolefin packaging materials 475
polyoxyethylpentaerythritol tetraacrylate

(PPTTA) 60
polyoxymethylene (POM) plastics 45
polyphenylene ether (PPE) 45
polyphenylene oxide 373
polyterephthalic acid diol ester 26
polytetrafluorethylene (PTFE) 46, 58
polyurethane (PUR) elastomers 48
polyurethane networks 21
polyvinyl chloride (PVC) 34, 39, 56, 63,

494
– outdoor application 75
polyvinylether 46
– polymerization 46
polyvinylidene chloride (PVDC) 41
– dispersion coatings 41
– films 41
polyvinylmethyl ether 46
polyvinyloctadecyl ether 46
predefined data banks 282
P-regenerated cellulose foil 54
present state-of-the-art technology 472
primary aromatic amines 398
printing inks 59
procaryotic microorganisms 55

612j Index



processing aids 15
product mummification 4
propionate-type phenolic moiety 83
propylene oxide 49

q
quality assurance system 4, 6, 445
quality preservation 3
– packaging 3
quantitative structure activity relationship

(QSAR) 7, 99, 102
– parameters 102
– statistical linear regression methods 102
quantitative structure property relationship

(QSPR) 7, 102
quasi-chemical lattice model 107
quasi-homogenous material 303
quinone methide (QM) methods 81,

383–384

r
random walk 163
Raoult�s law 92–94, 103
– accuracy 104
reaction injection molding (RIM) 21, 48
reactive extrusion (REX) 22
reactive polymer process 21
ready-prepared migration solution 390
real diffusion coefficient 265
regenerated cellulose film (RCF) 446
Registration, Evaluation and Authorisation of

Chemicals (REACH) 63
regular solution theory (RST) 103
– scope 109
reinforcing agents 66
relative molecular mass 100, 101
relative threshold values 472
resin transfer molding (RTM) 21
retention index 110
– definition 110

s
Sackur–Tetrode equation 177
sacrificial stabilizer consumption 79
salty tastes 491
SAN copolymers 39
Scientific Committee for Food (SCF) 443
sealable films 370
sebacic acid 395
self-diffusion coefficient 165, 166, 331, 181,

184, 185
– n-alkanes 184, 185
– liquid alkanes 166
– metal 165, 181, 184

– salt 183
– semiconductor 183
– solid alkanes 166
self-installing executable program
self-service stores 1
semipermeable packaging materials 474
sensitized photolysis 79
sensorial properties 6
sensory-active compounds 474
– threshold concentrations 474
sensory evaluation 466, 472
– packaging materials 466
sewer-like off-flavors 491
shelf-life 3
short-term extraction measurements, see low-

temperature extraction measurements
silicon-containing siloxane units 51
single branched molecules 111
single-component gas 91
single-phase homogeneous system 203
single-sided contact 371
SML methods 382, 384
sodium-cellulose-xanthogenate 54
solid phase microextraction (SPME)

technique 468, 469
solubility coefficient 98, 303
– relationship 98
sophisticated package 4
– barrier layer 4
sorption coefficient 303
specific food-contact polymers 423
specific geometry factors 10
specific migration limit (SML) 265, 390, 350,

351, 450
stabilizers 70
standard cold seal formulation 480
standard olfactory methods 467
standard vapor phase 176
– definition 176
state-of-the-art hardening technology 20
static headspace technique 469
steam distillation 469
stimulant-based migration test 404
stirred-port version 22
Stokes–Einstein equation 164
structure–activity relationship (SAR) 427
– analysis 430
styrene homopolymers 39
styrene-acrylonitrile copolymer 39
styrene-butadiene rubber (SBR) 49
styrene rubber solution 38
– polymerization 38
substance transport 318
sulfur containing stabilizers 74, 78
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surface-to-volume ratio 369–370
synthetic macromolecules 15
synthetic rubber 16

t
taint transfer test 467
technological development 3
– goal 3
temperature-resistant coatings 58
terephthalic acid 17, 358
– polycondensation reaction 17
tertiarybutylphenol disulfide 46
thermo-degrading PVC 71
thermodynamic group-contribution partition

coefficient estimation methods 103–104,
108, 109

– comparison 108
thermodynamic models 99
thermoplastic polymethylmethacrylate

(PMMA) 44
thermoplastics 17
– thermoset coatings 17
– thermoset plastic 28
thin polymer layers 318
threshold of regulation (TOR) 418
time-dependent evolution 287
time–temperature conditions 367, 384
time–temperature migration test 397
tolerable daily intake (TDI) 450, 457
toluene 493
2,6-toluene diisocyanate 48
tortuosity factor(t 321
total mass transfer 355
transition-state theory (TST) 150
translational partition function 177
transmittance 304
transport equations 9, 195, 200
triangle corner foods 378
tri-isopropanol amine 49
4,4,6-trimethyl-1,3-dioxane 487
trioxymethylene oligomers (trioxane) 45
tripropylene glycol diacrylate (TPGDA) 59
tris(2-ethylhexyl) phosphate 69
Trouton�s rule 175, 176
two-component liquid phase 91
two-layer laminates 306
two-phase system 38, 91

u
ultrabarrier multilayer stacks 335
ultraviolet (UV) light 33
undesirable foreign substances 2
UNIFAC group-contribution method 7, 104,

107
unified quasi chemical (UNIQUAC)

theory 104
– liquid mixtures 104
unsaturated polyester (UP) 47
urea-formaldehyde resins (UF) 46
user-friendly software 203
UV absorbers 79
– transformation products 79
UV diode array detection systems 383

v
vacuum web coater 324
van der Waals attractions 26
– equation 175
– forces 26, 171
– volume 104, 107, 108
vapor pressure index method (VPIM) 7, 110,

514
– partition coefficient estimation 109
vapor pressure unit contributions, see linear

relationships
vinyl chloride (VC) 37, 40, 351, 441
vinyl chloride monomer (VCM) 459
vinylidene chloride (VDC) 37, 41, 44
volatile organic compounds 489
volume fractions 97

w
water vapor
– transport mechanisms 331
wax-like consistency 46
worst case
– assumption 355
– scenario 265

x
X-regenerated cellulose foil 54

z
zero permeated amount 339
Ziegler–Natta catalysts 18, 27, 32, 71
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