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Foreword

The ACS SYMPOSIUM SERIES was founded in 1974 to provide a
medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that, in order to save time, the
papers are not typeset but are reproduced as they are submitted
by the authors in camera-ready form. Papers are reviewed under
the supervision of the Editors with the assistance of the Series
Advisory Board and are selected to maintain the integrity of the
symposia; however, verbatim reproductions of previously pub-
lished papers are not accepted. Both reviews and reports of
research are acceptable, because symposia may embrace both
types of presentation.
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Preface

THE METHODS AND MATERIALS used to package food have changed
more in the past 10 or 15 years than over the preceding 150 years
since Appert invented the canning process. The technology has been
driven mostly by marketplace needs and not by research and
development.

The impact of these changes on the quality, safety, shelf life, and
nutritional content of the packaged food has not been thoroughly
researched. Only a few research groups have recognized that
changes in food packaging technology can have an effect on the food
itself. The desire for higher quality and safer food with a longer
shelf life has led to increased interest in the interactions between
foods and food packaging. The purpose of the symposium upon
which this book is based was to bring together several of the leading
research groups studying food and packaging interactions. Each
group presented state-of-the-art discussions and many scientists
pointed out areas in need of research. Others discussed concerns
about new technologies or predicted changes.

The objective of this book is to not only summarize current work,
but more importantly, to help set up an agenda for future research.
It is my hope that the reports contained in this book will stimulate
others to initiatc research efforts. It is important that we understand
the consequences, if any, of such fundamental and broad changes in
the way we handle our food supply.

JosepH H. HOTCHKISS
Cornell University
Ithaca, NY 14853-7201

November 1987

xi
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Chapter 1

An Overview of Food
and Food Packaging Interactions

Joseph H. Hotchkiss

Institute of Food Science, Food Science Department, Cornell University,
Stocking Hall, Ithaca, NY 14853-7201

This paper is a brief overview of the symposium that
was conducted by the Agricultural and Food Chemistry
Division of the American Chemical Society at the
Spring, 1987 meeting. Twenty-two papers were
presented at the meeting on topics related to the
interactions between foods and food packaging.
Several papers dealt with specific topics while
others were of a review nature. The objective of
this introduction is to set the stage for the papers
that follow in this volume.

There have been significant changes in both food processing and
food packaging technologies over the last 5 to 10 years. These
changes have included new ways to process foods, the use of new
packaging materials, new combinations of standard materials, and
new methods of manufacturing containers. While none of the basic
materials (Table 1) used to package foods has escaped change, more
change has occurred in the area of plastics than any other. For
example, there has been a large increase in the use of plastic
bottles for food packaging (Figure 1). Plastics which were once
perceived as undesirable by food processors and consumers are now
often seen as the best form of packaging available. Nearly all
types of food packaging use plastics as part of their
construction. ,

Change has also occurred in food processing over the last few
years. The US Food and Drug Administration's 1981 approval of
hydrogen peroxide to sterilize packages prior to filling was a
watershed in food packaging development. The commercial success
of this packaging process demonstrated that the US consumer was
ready to accept packaging innovations if they provided a useful
benefit. Soon after the success of aseptic packaging became
apparent, development of new packages such as microwavable
containers, retortable plastic cans, and selective/high barrier
films were under development.

0097-6156/88/0365-0001$06.00/0
© 1988 American Chemical Society
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TABIE I. Dollar value and market share
of materials used to mamufacture i
(data fram Rauch, 1986)2

Material Year
1984 1985 1990P

Paperboard/pulp 18,842 (35) 19,340 (35) 24,580 (34)
Metal 14,638 (27) 15,052 (27) 18,600 (26)
Plastics 9,672 (18) 10,255 (18) 15,970 (22)
Paper 4,432 ( 8) 4,690 ( 8) 5,610 ( 8)
Glass 3,850 ( 7) 4,100 ( 7) 5,225 ( 7)
Wood 1,790 ( 3) 1,826 ( 3) 2,003 ( 3)
Textile 574 ( 1) 570 ( 1) 622 (1)
Total 53,798 55,833 72,610

a. millions of dollars (percent market share)
b. estimated

Innovations in food processing have placed new demands on
packaging and have accelerated the development of new packages.
For example, the desire to thermally process low acid foods in
rigid plastic cans has led to the development of multi-layered
plastic materials that maintain their barriers even after being
thermally processed in steam (1). Because these plastic
containers will most likely have flexible film closures instead of
rigid double seamed closures, heat sealing technology has also
become of critical importance.

These and other innovations are driven by economic and
marketplace forces. Food manufactures have found that packaging
can give them a competitive edge in the marketplace and consumers
have shown a willingness to pay more for package-product
combinations which offer greater convenience and/or higher
quality. The packaging industry has responded to food
manufactures by developing new packages that promise to offer
either reduced packaging costs or increased sales because of
added package convenience. One of the most discussed examples
is the introduction of high barrier plastic bottles for oxygen
sensitive food products (2). Ketchup in this container was
reported to capture increased market share during its initial
introduction even though it sold for more money.

This introductory overview will discuss some examples of the
most recent changes in food processing and packaging technologies
and will point out how these changes have resulted in new problems
and opportunities for food manufactures. The individual papers
presented in this symposium deal in detail with the consequences
and/or needs created by these changing technologies. Research
into the interactions between foods and food packaging has lagged
well behind the development of new packages, but as this symposium
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Figure 1. Growth in the 6producl:ion of plastic bottles for foods
from 192 x 106 1bs in 1974 to 835 x 10° 1bs in 1985
(Data from Rauch, 1986)
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shows, is an area of growing research interest. Many foods that
were formerly packaged in nearly inert metal or glass containers
are now being packaged in less inert plastics and foods that were
once thought too sensitive for flexible films are now packaged in
high barrier flexible pouches. In fact, some foods such as "soft"
cookies or intermediate moisture foods might not be feasible
without such packaging. The interactions between foods and
packaging must now be considered when changing to less inert
materials, particularly plastics.

Changes in Food Processing Technology

Recently, consumers have shown a willingness to pay more for foods
that are perceived as fresher, higher quality, or of greater
value. Meeting this demand while maintaining adequate
distribution time has necessitated new technologies designed to
extend shelf life without sacrificing quality. Because of the
negative connotations of food additives, many shelf life extension
technologies are based on packaging.

One of the most discussed methods to extend the shelf life of
refrigerated, perishable foods is modified atmosphere packaging
(MAP) (3). In this technology, the gases within a package are
altered to something other than air. This has two consequences.
First, changing the atmosphere changes the balance of
microorganisms. This can result in considerable
extension of shelf life for those products whose major mode of
deterioration is mediated through microorganisms. Secondly, the
respiration rate of fruits and vegetables can be reduced by a
change in atmosphere. This can greatly extend shelf life and may
result in the brand labeling of many products that are now
marketed as commodities.

In order for MAP to be commercially successful, film
manufacturers will have to develop a wider range of selective
barrier films. For example, a film in which the permeation rate
of carbon dioxide was as low as that of oxygen would be useful in
maintaining internal atmospheres. Food manufacturers will have to
carefully determine what mixtures of gases successfully extend the
shelf life of their products

The wide spread use of the home microwave oven has also meant
substantial changes in food packaging. Several major food
processors have converted their packages from metal to microwave
transparent packaging. Glass and many plastics are microwave
transparent and new packages made from each material have been
developed. Some packages incorporate a microwave absorbing
material in order to aid in the transfer of heat to a food. The
use of the microwave oven has also meant that higher temperature
plastics such as crystallized polyethylene terephthalate (CPET)
have had to be developed. These containers are not without
problems, however. Some containers can transfer undesirable odors
to foods during microwave cooking as discussed by Risch and
Reineccius in this volume.

Food irradiation is controversial and its not clear if the
public is ready to accept irradiated foods. What is clear, is
that not enough is known about the effects of ionizing radiation
on some of the most useful packaging materials. As Thayer points
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out in this volume, this is especially true for multilayered
structures. The problems of polymer scission verses crosslinking,
increases in the levels of potential migrants, and loss of
strength or seal integrity have not been fully addressed. While
there appear to be some materials available which will perform
satisfactorily under irradiation, these materials may not have the
desired barrier properties for long term storage of irradiated
foods.

Aseptic packaging represents a true synergistic marriage of
food processing and packaging technologies. The conventional way
to produce a shelf stable food is to first package the food in a
hermetically sealed container followed by batch sterilization
(Figure 2). 1In aseptic packaging, the package and the food are
sterilized separately, usually by different methods. The food
undergoes some type of continucus heating in a heat exchanger
while the package may undergo chemical, thermal, or radiation
treatments. The sterilized food and package are brought together
and aseptically filled and sealed (Figure 2). Neither the food
process nor the package sterilization would be of use alone. 1In
aseptic packaging, sterilization techniques that would not be
suitable for foods could be used for the package; with hydrogen
peroxide, for example. It also means that the package need not
withstand the same sterilization process as the food. Cheaper,
paper-based materials can be used when other materials could be
prohibitively expensive.

The commercial success of the initial paperboard based
aseptically packaged juices and related products has lead to the
development of second generation aseptic packages. Many of these
packages are made from multi-layered, thermoformed polymer based
materials. These containers are usually heat sealed with a
flexible 1id material (4).

It is likely that there will be an even greater increase
aseptic packaging as the technology to commercially sterilize
foods containing particulate matter becomes available. This may
mean new forms of packaging. Low acid foods in aseptic packages
will present unique problems because the safety of these packages
will depend on the reliability of the heat seals. More reliable
and secure heat sealing polymers that still can be opened easily
will need to be developed as will better inspection systems and
test methods for seal strength and integrity.

The examples given above are only a few of the changes in
food processing. More changes are on the horizon. Many of these
innovations will involve packaging. The distinction between food
processing and food packaging will become increasingly blurred as
the technologies merge.

Changes in Packaging Technology

The food industry and the packaging industry are economically
Closely allied. Nearly 53% of the packaging industry's sales are
to the food industry (5). In recent years this alliance has gone
beyond economics to joint R&D efforts to develop improved food
packages. The packaging industry is now investigating how
specific packaging materials interact with foods and the food
industry is becoming more involved in the direct development of
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Figure 2. Comparison of conventional and aseptic processing
systems for the production of shelf stable foods. 1In
conventional processing the food is hermetically sealed
in the package prior to processing. In aseptic
processing the food and package are independently
commercially sterilized prior to filling and sealing.
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packaging. Some food companies have established their own pilot
plant sized polymer processing facilities and nearly all major
food companies have professionally staffed packaging departments.

This cooperation between the two industries has accelerated
the development of new packaging technologies. For example,
several container companies have developed the technology to co-
extrude dissimilar plastics into sheets or parisons from which
food containers can be formed. This has meant that high barrier
polymers such as ethylenevinyl alcohol (EVOH) or poly(vinylidine
dichloride) (PVDC) can be incorporated into a rigid tray or
bottle, even though those materials would not be suitable by
themselves (6). This technology has recently been used to package
such oxygen sensitive foods as ketchup and mayonnaise.
Modifications of the same technology are being used to manufacture
rigid plastic "cans" that can withstand retorting at 121 C without
losing their barrier properties. Several new food products have
recently been introduced in these containers including soups,
stews, and other entree items (7). The use of plastic containers
for hot-filled and retorted foods can be expected to increase (8).

The food and packaging industries are also combining R&D
efforts to make use of the dynamics of the interactions between
food products and packages made from films. Two areas are
emerging. First is the prediction of shelf life based on the
barrier properties of the package and the rate and mode of
deterioration of the food. By modeling these interactions, it is
possible to predict shelf life and to optimize the package for the
shelf life required by the product. This can result in reduced
packaging costs. Several models for these interactions are being
proposed and improved (See papers by Chao and Rizvi, and Taoukis
and Labuza in this volume for a detailed discussion).

The packaging industry is also coming closer to being able to
engineer desired permeability into films. This development may
mean that respiring produce can be packaged in bags in which the
internal atmosphere will quickly come to equilibrium. By
selecting the proper package permeability, an internal atmosphere
can be selected which will decrease the respiration rate of the
produce. This will be similar to the controlled atmosphere
storage of apples that has been practiced for several years.

Developments have not been restricted to the use of plastics,
the glass and metal packaging industries have also developed new
containers. The glass industry has taken advantage of the
microwave transparency of glass and has worked with the food
industry in developing new product-package combinations. The
glass industry has also improved the way that glass containers are
manufactured in order to reduce the cost of glass. The principal
developments have been in making glass containers lighter in
weight.

Metal can manufacture has substantially changed over the last
few years. Metal cans are no longer manufactured by tin-coated,
three-piece, side soldered techniques. A majority of cans
produced in the US are now made without lead solder or tin. Most
modern cans are either made from two pieces (a body and one end
piece) or are made from three pieces with a welded side seam. As
Good points out in this volume, this has necessitated the
development of improved can interior coatings.
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Food and Food Packaging Interactions

Changes in food packaging have meant that the ways foods interact
with packaging have likewise changed. Interactions between foods
and packaging can be classified into four types:

Migration or the Transfer of Components of the Package to the Food
During Storage or Preparation. Migration can have both quality
and toxicological significance. Very often, the components that
migrate from plastics are odor active and can adversely affect the
flavor of foods. This is especially a problem when foods are
heated in plastic containers, as in a microwave oven (See Risch
and Reiniccius in this volume). Migration may also result in the
transfer of potentially toxic substances to foods. There has been
considerable research in this area in recent years, yet all the
concerns have not been fully addressed (9). For example, there is
still concern about the transfer of vinyl chloride monomer (VCM)
to foods packaged in polyvinyl chloride (PVC). Migration of
potentially toxic components becomes a regulatory concern and at
least two papers (Breder, and Hollifield and Fazio) in this
symposium address the issues surrounding regulation of migrants.
The theoretical aspects of migration are addressed by Chang and
Smith in this volume.

In recent years, migration has been used to transfer desired
additives to foods. At least one can manufacturer has developed a
system in which metal ions that will help stabilize the green
color of chlorophyll are incorporated into the can interior
coating. The desire to have antioxidants migrate from packaging
to foods during storage is also addressed in this volume (see
Harte et al).

Permeation of the Food Container to Fixed Gases and Water Vapor.
Unlike glass or metal containers, fixed gases and water vapor can

permeate packages made from plastics or thin foils. While all
plastics are permeable to some degree, permeation rates vary over
three orders of magnitude (10). Considerable work has been
undertaken in the area of predicting the effects of package
permeation on the shelf life of individual products. This work is
of considerable economic importance as the shift to plastic
packaging continues. In nearly all cases, higher barrier films
are much more expensive. The ideal situation is to package
products in materials which will protect foods only for the
maximum shelf life desired or found in the marketplace.
Protecting foods for longer periods than necessary is a form of
over-packaging (See Taoukis and Iabuza in this volume for a
discussion).

The objective of modeling shelf life work is to understand
how specific barriers influence the quality of individual foods.
There are at least three ways to approach this problem. First
is to package the food in several containers and to determine the
shelf life of each under actual distribution conditions. While the
data from such a test is good, this is not a practical solution
because of the time necessary to conduct the test on foods that
may have a shelf life of several months. The second method is to
place the packages in storage under elevated temperature and
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relative humidity conditions. This test is commonly conducted at
100 F and 90% relative humidity. This method decreases the time
necessary for the test but problems occur when trying to relate
the accelerated conditions to actual use conditions.

The third method is to combine the barrier properties of the
package with the stability of the food in an appropriate
mathematical model. This technique allows the shelf life to be
predicted given any type of barrier and storage conditions.
Several models have been proposed and several are reviewed by Chao
and Rizvi in this volume.

Sorption and/or Permeation by Organic Vapors. Continuous polymer
films are permeable to organic vapors in a similar manner to fixed
gases (10). Transfer of organic vapors across polymeric food
packaging could have two adverse consequences. First, packaged
foods that are exposed to undesirable volatile odors during
storage or shipment might pickup the odor. The classical case
occurs when diesel odors or the aroma of laundry soaps are
absorbed by foods because of improper storage or shipping.

The second type of problem can occur when the desirable
aroma compounds associated with a particular food are diminished
by being sorbed into or permeated through the package. This
latter problem has only recently became an area of research
interest. Several papers in this volume deal directly with this
area. While the data are not complete, a couple of
generalizations can be made. First is that some plastics can sorb
or transfer sufficient aroma compound to be detected by human
senses. The second generalization is that just as different
polymers vary greatly in their permeation rates for fixed gases,
they also vary over orders of magnitude in their permeation rates
for organic vapors. This means that foods that are sensitive to
changes in their aromatic flavor can be protected by switching to
higher aroma barrier films. Several papers in this symposium deal
with this problem.

The Forth Interaction Between Foods and Food Packaging Results
From the Transparency of Many Food Packages to Light. Light,
particularly in the shorter wave lengths, can catalyze adverse
reactions such as oxidation in foods. This may lead to
discoloration, loss of nutrients, or the development of off-
odors.

Conclusions

The acceleration in the switch from nearly inert packaging to more
interactive synthetic polymers has brought forth a new interest in
the interaction between foods and food packaging. In the last few
years research in this area has begun to gain momentum. The major
problems in studying these interactions are the lack of standard
methodology, agreed upon models, and data concerning the actual
changes in food quality.
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Chapter 2

Transport of Apple Aromas
in Polymer Films

P. T. DeLassus |, J. C. Tou!, M. A. Babinec !, D. C. Rulf,
B. K. Karp?, and B. A. Howell 2

Dow Chemical U.S.A., Midland, MI 48674
*Department of Chemistry, Central Michigan University,
Mt. Pleasant, MI 48859

Permeation of apple aromas, especially trans-2-hexenal, in three
polymer films are described. A low density polyethylene film was
found to be a poor barrier. A vinylidene chloride copolymer film
and a hydrolyzed ethylene-vinyl acetate (EVOH) film were found to be
excellent barriers when dry. The EVOH was greatly plasticized by
humidity. Plasticizing effects due to higher permeant concentration
or due to co-permeant concentration were not large. The permeation
data were separated into the diffusivity and the solubility
coefficient.

Flavor management has become an important concern for food
packaging. The package is expected to do more than deliver safe,
wholesome food. The food must taste good too. While flavor
management has always been part of the food packaging equation,
general expectations of quality have been heightened, and high value
convenience foods must defend their price.

Flavor management contains several parts in the traditional
glass and metal containers. Flavor changes can result from
interactions with heat and light. Oxygen in the head space can be
important. Furthermore, the container surface can cause chemical
changes either as catalyst or co-reactant.

The new plastic containers have more flavor management
variables. In addition to the mechanisms important to glass and
metal containers, plastic containers have three more concerns.
First, molecules from the environment can permeate the package wall
and enter the food. The molecule may be as simple as oxygen or as
complex as the floral essence from the laundry products in the next
aisle of the supermarket. Second, molecules from the package might
migrate to the food. These molecules might come from the plastic
itself or from a coating or an adhesive. Third, flavor molecules
can leave the food by permeation into and through the plastic walls
of the package.

This paper will discuss some recent advances in this area. A
new experimental technique will be described with data for several
important packaging variables.

0097-6156/88/0365-0011%$06.00/0
© 1988 American Chemical Society
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Framework for Experiments

Aromas. Apple aromas were chosen for these experiments for several
reasons. Only a few compounds dominate the aroma of apple. These
compounds are available from chemical supply houses.

These compounds have easily distinguishable mass spectrograms.
Finally, apple is being packaged in rigid plastic packaging for
popular consumption. The specific compounds for this study were
trans-2-hexenal, hexanal, and ethyl-2-methylbutyrate.

Films. Three films were included in this study. Low density
polyethylene (LDPE) was included as a representative polyolefin. It
is not considered to be a barrier polymer. It has permeabilities to
selected aroma compounds slightly greater than the permeabilities of
polypropylene and high density polyethylene (1). A vinylidene
chloride (VDC) copolymer film was included as an example of a
barrier that is useful in both dry and humid conditions. The film
was made from Dow experimental resin XU32024.13 which is a new
material designed for rigid applications. A hydrolyzed ethylene-
vinylacetate (EVOH) copolymer film was included as an example of a
barrier film that is humidity sensitive. The polymer was 44 mole %
ethylene.

These films were tested as monolayers about 2.5 x 10=2m (=1mil)
thick. They would typically be used in multilayer structures;
however, the individual permeabilities can be combined to predict
the behavior of multilayers.

Instrument. A new instrument was designed and built for studying
the transport of aromas in polymer films (2). The instrument is
described schematically in Figure 1. The gas handling section of
the instrument contains the plumbing, aroma containers, and the
experimental film. This enclosure is insulated, and the temperature
can be controlled, + 1 *C, up to about 150°C.

Film
OB
\ Control
or| HP 5970 f-e> & 3> CRT
®//V Analysis h
Mass Computer Display
Spectrometer

Gas
Handling

Figure 1. Schematic of Instrument
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The detector was a Hewlett-Packard 5970 mass spectrometer. This
instrument was used in two general ways. First, with each new
compound, a total ion chromatogram was measured to identify the most
populous and unique ion fragments. Second, for actual permeation
experiments, the instrument was programmed to monitor selected ion
fragments, typically three, for each of the aromas involved. When a
single permeant was used, the three most populous ion fragments
could be chosen. However, when mixed permeants were used,
significant degeneracies were avoided. The response of the
instrument was determined to be linear in the operating range and
beyond, both at higher and lower concentrations.

In all experiments, the following sequence was used. First, a
calibration experiment was completed by preparing a very dilute
solution of the permeant in nitrogen in the one liter flask and
introducing some of the gaseous solution directly to the mass
spectrometer via a specially designed interface. A known
concentration and a measured response yield a calibration constant.

Then a permeation experiment was completed by preparing a dilute
solution of the permeant in nitrogen in the three liter flask and
routing the gaseous solution past the purged, experimental film.

The detector response was recorded as a function of time for
subsequent analysis.

The computer was used to program and control the mass
spectrometer and to collect and analyze the data. The computer was
equipped with a CRT and a printer.

Other techniques have been used to measure flavor and aroma
permation in polymer films. Gilbert (3) developed and still uses a
quasi-static technique based upon a special film holder and gas
chromatography. Giacin (4) uses a similiar technique and an
improved isostatic method with a flame ionization detector. Murray
(5) also uses a flame ionization detector in his quasi-isostatic
method. Zobel (6) also describes a technique based upon a flame
jonization detector. Caldecourt and Tou (7) developed isostatic
techniques using either a photo-ionization detector or atomospheric
pressure ionization/mass spectroscopy. Each of these techniques has
a Timitation either in detector sensitivity, requiring dry
conditions, or allowing only one permeant at a time or high cost.

Variables. The experimental variables were chosen to make
application to the real world. Temperature was chosen because
packaged food encounters a variety of temperatures during the shelf
life. While some packaged foods are refrigerated and some are
stored at room temperature, many see unscheduled extremes in
uncontrolled warehouses and unusual weather during transit, storage,
and neglect. Usually elevated temperatures were used to enable
timely completion of experiments and to obtain larger responses.
Extrapolations will be discussed later.

Relative humidity was included as an experimental variable
because it is a fact with food packaging. The package will be
exposed to moisture from both the food and the environment. If a
polymer is moisture sensitive, the relative humidity can make
important contributions to performance.

The concentration of the permeant is important because a higher
concentration of permeant can lead to a higher sorption by the
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package. A high concentration of permeant could lead to
plasticization and high permeation for certain permeant/polymer
combinations. Such effects have been reported (4,6).

A combination of permeants was included for several reasons. It
is realistic. Food aromas are rarely built on a single compound. A
combination tests to see if one compound either aids or hinders the
permeation of another. It also provides another indirect test of
plasticization.

Framework for analysis

For a thorough analysis of aroma transport in food packaging, the
permeability (P) and its component parts - the solubility
coefficient (S) and the diffusion coefficient or diffusivity (D) are
needed. These three parameters are related as shown in Equation 1.

P=DxS (1)

The permeability is useful for describing the transport rate at
steady state. The solubility coefficient is useful for describing
the amount of aroma that will be absorbed by the package wall. The
diffusion coefficient is useful for describing how quickly the
permeant aroma molecules move in the film and how much time is
required to reach steady state.

Equation 2 describes steady state permeation where AMx is the

%%x = E__AE_AEx (2)

quantity of permeant x that goes through a film of area A and
thickness L in a time interval At. The driving force for the
permeation is given as the pressure difference of the permeant
across the barrier, Apx. In an experiment, AMx/At is measured at
steady state while A and L are known and Apx is either measured or
calculated separately.

The diffusion coefficient can be determined from the transient
portion of a complete permeation experiment. Figure 2 shows how the
transport rate or detector response varies with time during a
complete experiment. At the beginning of an experiment, t=0, a
clean film is exposed to the permeant on the upstream side.

Initially, the permeation rate is effectively zero. Then "break
through" occurs, and the transport rate rises to steady state. The
diffusion coefficient can be calculated in either of two ways.
Equation 3 uses t1/p, the time to reach a transport rate that is
one-half of the steady state rate (8).

D =__12 (3)
7.2 t1/2

Equation 4 uses the slope in the transient part of the curve and the

D = 0.176 L2 (slope) (4)
Rss
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(aM/at) / (AM/At)ss

0 t1/2

Time

Figure 2. Relative Transport Rate as a Function of Time

steady state response Rss (9). After P has been determined with
Equation 2 and D has been determined with Equation 3 (or 4), and
then S can be determined with Equation 1.

Many sets of units are used to report the permeability in the
literature. This paper will use SI units in the following way. For
Equation 2 to be valid, the permeability must have dimensions of
quantity of gas times thickness divided by area-time-pressure. If
the kilogram is used to describe the quantity of gas and the pascal
is used as the unit of pressure, then units of permeability are
kgem/mZesePa. This unit is very large and a cumbersome exponent
often results. A more convenient unit, the Modified Zobel Unit, (1
MZU = 10-20 kgem/m2esePa), was developed for flavor permeation.
Zobel proposed a similar unit earlier (6). The units of the
diffusion coefficient are m¢/s. The units of the solubility
coefficient are kg/moPa.

For most simple cases, P, D, and S are simple functions of
temperature as given in Equations 5, 6, and 7.

P (T) = Po exp (-Ep/RT) (5)
D (T) = Dy exp (-Ep/RT) (6)
S (T) = So exp (-AHg/RT) (7

where, Py, Dg, and Sy are constants, T is the absolute temperature,
and R is the gas constant. is the activation energy for
permeation. Ep is the act1vaglon energy for diffusion, and AHg is
the heat of solution. _If log P data are plotted on the vertical
axis of a graph and T'1 is plotted on the horizontal axis, a
straight Tine will result. The slope will be -0.43 Ep/R. The
diffusion coefficient and solubility coefficient behave similarly.
Equations 1, 5, 6, and 7 can be manipulated to yield equation 8
which relates the activation energies and the heat of solution.
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Ep = Ep + AHg (8)

Equations 1-7 were developed for gas permeation through rubbery
polymers. They must be used with caution with glassy po]ymers
and/or organic vapors that interact strongly with the barrier.

Equations 5, 6, and 7 are valid above and below the glass
transition temperature of the polymer, Tg, but not at Tg. Figure 3
shows a change in slope at Tg. Straight 1ine extrapolations can not
be made through Tg. For these studies of large permeant molecules
in barrier films, P and D were very low at room temperature. This
means that only a very low signal would result after many weeks.
This was unacceptable.

Typically, experiments were done at several warm temperatures,
and extrapolations were made to room temperature. This was no
problem for the vinylidene chloride copolymer film (co-VDC film)
since Tg is about 0°C. However, the EVOH film has a Tg at about
55°C. Extrapolation for this film was not allowed. The following
procedure was used to estimate P and D below Tg. First, a simple
extrapolation to room temperature of the high temperature data is
made. This is shown as the lower dashed line in Figure 3. This
yields a value for P or D which is almost certainly lower than the
truth. Second, an extrapolation down to Tg followed by a horizontal
translation is made. This is shown as the upper dashed line in
Figure 3. Since Ey and Ep are positive quantities, this should
yield a value for B or D which is almost certainly higher than the
truth. The geometric average of the two extrapolations will be
¥eported as an arbitrary estimate of the transport parameters below

g.

10* -
10%%
> 100X —
o,
i
£ 9
&
10X
“truth
| \
X \ too Tow
\
I
warm ITg Room cool
Temperature

T, k1

Figure 3. Temperature Dependence of Permeability, Extrapolating
Below Tg
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Experiments and Discussion

Typical experiment. Figure 4 shows the results of a typical
experiment with the co-VDC film. The permeant was trans-2-hexenal.
The experiment was done at 110°C. This warm temperature caused the
experiment to end quickly. Three ions - the molecular ion m/z = 98
and two fragment ions m/z = 55 and 69 - were monitored by the mass
spectrometer. The total ion intensity of these three ions was
displayed. The first response is due to the calibration. Here

2.6 pl of a 0.5% solution of trans-2-hexenal in methylene chloride
was injected into the 1 liter flask, diluted with nitrogen, and the
resulting gaseous solution was introduced into the mass spectrometer
via the interface.

TIC of DATAR:0310R.D

6.BE4]
05 . BE41
4. BE4]
03.8E41
22.8E47
T 1080081

%] v — T ™ T v T
20 40 60 88 100 120 140
Time (min.)

Figure 4. Permeation Experiment for Trans-2-hexenal él)n a
Vinylidene Chloride Copolymer Film at 110 "C.

After the baseline was obtained again, at 34 minutes into the

run, the permeation experiment began. Here 3.0 pl of trans-2-

~ hexenal had been injected into the 3 liter flask and diluted with
nitrogen before being circulated past the upstream side of the film.
Breakthrough occurred at about 40 minutes, and steady state was
reached at 80 to 100 min.

Figure 5 is a subset of the data from Figure 4. In Figure 5
only the data for the ion at m/z 55 is shown for calibration and
permeation. Usually, the data for each ion are analyzed separately
then averaged. Analyzing each ion separately is an internal check
for consistency. Each ion should give the same result.

Concentration Effect. Some researchers have reported that the
permeability of aromas in polymer films is dependent on the partial
pressure of the permeant (4,6). One experiment was done here to
test for this effect. Table I shows the result of this experiment.
The permeant concentration of the upstream side of the polyethylene

film is given in three ways. The first column is a recipe for the
quantity of trans-2-hexenal injected into the 3 liter flask. The
second and third columns express the concentration more
traditionally as parts per million on a molar basis and the partial
pres?ure of aroma in Pascals. Both were calculated with the ideal
gas law.

In the case studied, the permeability was observed to be
constant over this range of pressures. Experiments, in progress,
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Ion 55.08 amu. from DARTAR:0318R.D
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Figure 5. Permeation Experiment for Ion 55 of Trans-2-hexenal

ina Vinylidene Chloride Copolymer Film at 110°C.

Table I

PERMEABILITY OF TRANS-2-HEXENAL IN LOW DENSITY POLYETHYLENE AT 28°C

Permeant Concentration Permeability
p1/31 ppm Pa MZU
1 72 7.2 1.17 x 106
2 144 14.4 1.16 x 106
3 216 21.6 1.53 x 106
4 288 28.8 1.18 x 106

1 MZU = 10-20 kgem/m2esePa
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with trans-2-hexenal in a polar film are more likely to show a
concentration effect.

Transport in a Vinylidene Chloride Copolymer Film. Figures 6 and 7
show the results of permeation experiments of trans-2-hexenal in the
co-VDC film. The high temperatures were required to speed the
experiments. Experiments at lower temperatures would have needed a
much longer time. Each experiment used about 2 gl of permeant in
the 3 liter flask. Table II contains the activation energies for
these data in Equations 5, 6, and 7. Table III contains
extrapolated permeabilities at selected temperatures.

100000 T T T T -
Q‘,‘
.
E: .
H -
g
15
[
10000+
o,
100 ¢ 75 ¢
1 t : + + + + t
2.60 2.65 2.70 2.75 2.80 2.85 2.90

1/T X 103(K-1)

Figure 6. Permeability of Trans-2-hexenal in a
Vinylidene Chloride Copolymer.
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Figure 7. Diffusivity and Solubility Coefficient of Trans-2-hexenal
in a Vinylidene Chloride Copolymer Film.
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MASS TRANSPORT OF

Vinylidene Ep =
Chloride Ep =
Copolymer AHg =

EVOH (dry) Ep =
Ep =
AHS =

EXTRAPOLATED™ VALUES

Table II

TRANS-2-HEXENAL IN BARRIER FILMS

17.1 kcal/mole
26.1 kcal/mole
-9.0 kcal/mole

17.0 kcal/mole
23.7 kcal/mole
-6.7 kcal/mole

Table III

. DELASSUSET AL.  Transport of Apple Aromas in Polymer Films

FOR TRANS-2-HEXENAL IN BARRIER FILMS

Temperature P
Film °C MZU
Vinylidene 75 4500
Chloride 28 100
Copolymer
EVOH (dry) 75 2200
28 150

*all values are the result of curve-fitting

21
D S
me/s kg/m3 Pa
4.4 x 10-15 0.01
1.2 x 1017 0.08
3.7 x 10-15 0.006
9.1 x 10-17 0.02
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Transport in a Dry EVOH Film. Figures 8 and 9 show the results of
permeation experiments of trans-2-hexenal in the dry EVOH film.
Again high temperatures were required to speed the experiments.
Each experiment used about 2 pl of permeant in the 3 liter flask.
Table II contains the activation energies for these data above Tg.
Table III contains extrapolated permeabilities at selected
temperatures.
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Figure 8. Permeability of Trans-2-hexenal in EVOH, Dry.
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Figure 9. Diffusivity and Solubility Coefficient of Trans-2-hexenal

in EVOH, Dry.
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Humidity Effect. For these experiments about 5 ml of a saturated
solution of ZnS04¢7 Hp0 was put into the 3 liter flask. This held
about 90% R.H. at the experimental temperatures (10). This humid
nitrogen was circulated past the upstream side of the experimental
film while dry nitrogen was routed past the downstream side of the
film. After the film had equilibrated with the humidity for several
hours, the permeation experiment was started.

The first humid experiment was done with trans-2-hexenal in the
EVOH film at 75°C. The results are given in Table IV and are
compared to the earlier dry data. Both the permeability and the
diffusion coefficient increased by a factor of 45 while the
solubility coefficient remained reasonably constant considering the
experimental uncertainty when the film was humidified. This implies
a simple plasticizing effect when the polymer is above Tg.

The second humid experiment was done with trans-2-hexenal in the
EVOH film at 45°C. This experiment became possible because an
increased diffusion coefficient shortened the experimental time and
an increased permeability increased the signal strength. The
results in Table IV are compared to an extrapolation of higher
temperature data at dry conditions. At 45°C, which is below Tg, the

Table IV

EFFECT OF MOISTURE ON PERMEATION OF TRANS-2-HEXENAL
IN BARRIER FILMS

Dry Moist
EVOH 0/0 RH 90/0 RH
Permeability, 75°C 2200 MZU 97000 MZU
Diffusivity, 75°C 1.6 x 10714 m2/s 7.2 x 10713 n2/s
Permeability, 45°C 330 Mzu* 19000 MZU
Diffusivity, 45°C 2.6 x 10716 p2/s* 3.6 x 10714 m2/s

Vinylidene Chloride Copolymer

Permeability, 75°C 4500 MZU 4200 MZU
Diffusivity, 75°C 4.4 x 10-15 m2/s 3.9 x 10-15 p2/s

*extrapolated, all others are direct experimental data
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permeability increased by a factor of 60 while the diffusion
coefficient increased by a factor of 140. Hence the solubility
coefficient decreased by a factor of 2. This implies a strong
plasticizing effect from the moisture and possibly some competition
for sorption sites when the polymer is below Tg. Within the
framework of dual-mode sorption theory (11), the water molecules may

compete for the Langmuir sorption sites better than the trans-2-
hexenal can compete in this hydrophilic polymer. Whenever the
permeant is excluded, the solubility coefficient decreases. This
interpretation must be tempered by basic experimental uncertainty
plus the unproven extrapolation technique. However, one fact is
solid. The permeability of this flavor molecule in EVOH increases
greatly under humid conditions.

The third humid experiment was done with trans-2-hexenal in the
co-VDC film at 75°C. Table IV contains a comparison of the humid
and dry experiments. Within experimental uncertainty, no difference
was observed. This is consistent with other experience with films
of Saran copolymers.(Saran is a trademark of The Dow Chemical
Company). Many experiments in this laboratory have shown that the
oxygen permeability in Saran copolymers is not affected by humidity.

Multiple Component Permeation. One experiment in four parts was
done to test how three aromas might interact in permeation in
polyethylene. Table V summarizes the results. First, a series of
three tests was done. 1In each test a single aroma component was
used at 2 ul in the 3 liter flask. The permeabilities were
determined. Then, 2 pl of each of the three aroma components were
put into the 3 liter flask, and a permeation test was completed.

The permeabilities of each of the three aromas were determined.
Table V shows that two of the aroma compounds increased in
permeability in the multiple aroma test. One aroma compound
decreased in permeability. The experiments proceeded too quickly to
analyze the full transmission curve for anomalies. However,
certainly there were no large interactions either by competition or
plasticization. Other systems would need separate experiments. For
this system, it appears that multiple component performance can be
modeled with single component data.

Table V

MULTIPLE COMPONENT PERMEATION IN LOW DENSITY POLYETHYLENE
AT 28°C AND 144 PPM

Permeability Permeability
Alone Together
Component MZU MZU
Trans-2-hexenal 1.2 x 106 1.9 x 106
Hexanal 1.8 x 103 3.4 x 105

Ethyl-2-methylbutyrate 2.5 x 100 1.8 x 109
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This experiment shows how a flavor imbalance could develop. The

trans-2-hexenal permeates nearly ten times faster than the hexanal
and the ethyl-2-methylbutyrate. Permeation during storage would
cause the actual concentration of all three aromas to decrease;
however, the relative concentration of trans-2-hexenal would
decrease faster. The residual aroma in the food would be weak in
one component. This might be unsatisfactory even if the total loss
of aroma was within acceptable bounds.

SUMMARY

1.

NOoO L wnN
. o o o

Table VI contains the best estimates of the permeability of
trans-2-hexenal in polyethylene, EVOH, and a vinylidene chloride
copolymer film. The parenthesis denote extrapolations of
experimental data.

Table VI

PERMEABILITY OF TRANS-2-HEXENAL AT 28°C

P(MzZU)
LDPE 1.2 X 106
EVOH, Dry (150)
EVOH, Moist (>7000)
Vinylidene Chloride (100)

Copolymer Film

Low density polyethylene is not a good barrier to apple aromas.
Dry EVOH is a good barrier to trans-2-hexenal.

Moisture plasticizes EVOH greatly.

A vinylidene chloride copolymer film, wet or dry, is a good
barrier to trans-2-hexenal.

The plasticizing effect of aromas is not clear.

The permeability, diffusivity, and solubility coefficient are
strong functions of temperature. Small temperature changes can
make large performance changes.
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Chapter 3

Sorption of d-Limonene by Sealant
Films and Effect
on Mechanical Properties

K. Hirosel, B. R. Hartel, J. R. Giacin 1, J. Miltz23,
and C. Stine?

1School of Packaging, Michigan State University,
East Lansing, MI 48824-1223
2Food Science and Human Nutrition, Michigan State University,
East Lansing, MI 48824-1223

Absorption of d-limonene by sealant polymers
affected their: (1) modulus of elasticity; (2)
tensile strength; (3) ultimate elongation; (4)
seal strength; (5) impact resistance; and (6)
oxygen permeability. The degree of change caused
by absorption of flavor component varied with
each polymer.

Strips of polyethylene and ionomer were
immersed in orange juice until equilibrium of d-
limonene absorption was established. The
mechanical properties and seal strength of the
control (non-immersed) and immersed samples were
determined at several concentration levels of
absorbant using a Universal Testing Instrument.
Oxygen permeability of the films increased due to
absorption of aroma constitutents.

Roughly 50 U.S. companies have introduced juice and juice drinks
in aseptic packages (1). Most aseptically filled juices are
packed into laminated carton packs, like the Brik Pak or Block Pak
(Combibloc).

Danielsson (2) reported that Tetra Pak worldwide produced 35
billion packages using 580,000 metric tons of paperboard, 150,000
metric tons of polyethylene, and 30,000 metric tons of aluminum
foil in 1985. Sales of aseptic juice and juice drink now exceed
$250 million at retail (l) and are estimated to be $450 million by
the year 2000. Consumption is projected to increase to 3.9
billion gallons by the year 2000. Several juice companies are

3Current address: Pillsbury Company, Research and Development Laboratories,

Minneapolis, MN 55402; on leave from the Department of Food Engineering,
Technion-Israel Institute of Technology, Haifa, Israel
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currently developing and test marketing large size aseptic
packages (2 L to 4 L).

Further, many food processors are seeking to aseptically
package not only new juice drinks but are also investigating the
great potential for growth in other markets such as wines, milk
products, puddings, gravies, sauces and soups. Thus, there will
continue to be large quantities of aseptic cartons required for
food and beverage packaging.

Shelf stability of orange juice is dependent upon the product
and related critical factors, packaging being one. Most
aseptically filled juices are packaged into laminated carton
packs, like the Brik Pak or Combibloc, in which the usual sealant
layer is polyethylene. Several authors (3-4-5) have reported that
the shelf 1life of citrus juices in carton packs is shorter than in
glass bottles. Other researchers (6-7) have pointed out that d-
limonene, a major flavor componemt in citrus juices, is readily
absorbed into polyethylene, thus reducing the sensory quality of
citrus juices.

Therefore, characterization of the compatibility of polymer
sealant films with aroma compounds would make it possible to
select the more suitable packaging material. The abjectives of
this study were to investigate:

1. The absorptioa of d-limonene by carton packs containing
aseptically packaged orange juice during storage at 24°C
and 35°C.

2. The influence of d-limonene absorption on the mechanical
and barrier properties of polyethylene and ionomer films
as a function of d-limonene concentration.

MATERIALS AND METRODS

The Absorption of d-Iimonene by Cartoan Material im Contact With
Aseptically Packed Orange Juice

Aseptically packed orange juice in laminated carten packages
(polyethylene/kraft paper/aluminum foil/polyethylene -- Brik
Style), were obtained from a local company. The packages
contained 250 ml of juice each. A control was maintained by
immediately transferring juice from the cartons to brown glass
bottles at plant site. Quantitation of d-limonmene was done
according to the Scott and Veldhuis titration method (8).

To determine percent recowery, a known amount of d-limonene
was weighed into a distillation flask and dissolved with 25 ml
isopropanol. 25 ml of water was then added. The contents were
then distilled (8) to determine the amount of d-limonene
recovered.

To determine the amount of d-limonene in the carton material,
the whole carton (1 x 0.5 cm pieces) was cut up after the juice
was removed and the cartoa rinsed with distilled water. The
carton pieces were then placed into a distillation flask. 70 ml
isopropanol was added so that the sample was. completely
immersed. The sample/isopropanol mixture was allowed to sit for
approximately 24 hr. Several extraction times weme used to
determine recoveries of d-limonene from carton: stock. 70 ml of
water was then added and the sample distilled as before.
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Effect of d-limonene Absorption on Mechanical Properties of
Polymer Films

The orange juice used in this study was 100% pure (from con-
centrate) obtained from a local company. The antioxidants,
Sustane W and Sustane 20 (UOP Inc., 0.02% w/w total), and the
antibacterial agent sodium azide (Sigma Chemical Co.) (0.02%, w/w)
were added to the juice in order to prevent oxidative and
microbial changes during storage.

To determine the effect of antioxidant and antimicrobial
agents on juice stability, pH (Orion Research Co. Analog pH Meter,
Model 301), juice color (Hunter D25 Color Difference Meter) and
microbial total counts were monitored as indicators of juice
quality.

Sealant Film Samples and Conditions

Low density polyethylene film (LDPE) (5.1 x 102 gm thick) was
obtained from Dow Chemical Co., while Surlyn S$-1601 (sodium type;
5.1 x 1072 mmn thick) and Surlyn S$-1652 (zinc type; 7.6 x 1072 mm
thick) were obtained from DuPont. The samples were cut into
strips, 2.54 cm x 12.7 cm, and immersed into juice (7 samples per
250 ml bottle) which had been filled into amber glass bottles and
closed with a screw cap.

The ratio of film area to volume for a 250 ml pack
(area/volume) was 0.9. Film strips were also heat sealed together
using an impulse heat sealer and immersed into the juice (7 sam-
ples per bottle).

Stress-Strain Properties

Stress-strain properties were determined as a function of
absorbant concentration using a Universal Testing Instrument
(Instron Corporation, Canton, MA). The procedure used was adopted
from ASTM Standards D882-83 (1984). Ten specimens were tested to
obtain an average value. The amount of d-limonene absorbed was
determined according to the Scott and Veldhuis (8) procedure.

Influence of d-limonene Absorption on Impact Resistance of Polymer
Films

Sample specimens of the same LDPE (5.1 x 1072 mm) and Surlyn S-
1652 (7.6 x 1072 mm) were immersed into orange juice until
equilibrium (d-limonene) was established. The impact resistance
of the control (non-immersed) and the sample films (immersed for
18 days) was measured using the free-fall dart method (ASTM
Standard D 1709-85, 1986). Test Method A was used with a drop
height of 0.66 m for LDPE, and 1.52 m for ionomer.

Influence of d-limonene Absorption on Barrier Properties of
Polymer Films

Sample specimens of the same LDPE and Surlyn S-1652 were immersed
into orange juice until equilibrium (d-limonene) was

established. The oxygen permeability of the control (non-
immersed) and immersed samples were measured using an Oxtran 100
Oxygen Permeability Tester (Modern Controls, Rochester, MN).
Permeability measurements were performed at 100% RH and 23°C.



Publication Date: March 9, 1988 | doi: 10.1021/bk-1988-0365.ch003

3. HIROSEET AL.  Sorption of d-Limonene by Sealant Films 31

RESULTS AND DISCUSSION

Recovery of d-limonene Using standard d-limonene solutions (Sigma
Chemical Co. Ltd.), percent recovery of d-limonene was found to
range from 98.0 to 100.0. Recovery of d-limonene from carton
stock ranged from 95.0 - 99.5. A carton extraction time of 24 hr
proved to be adequate.

Distribution of d-limonene Between Juice and Cartom Stock
Distribution of d-limonene between juice and carton stock in
aseptically packed orange juice stored at 24°C, 49% RH and 35°C,
29% RH is shown in Table l. The carton originally contained 2.5
mg d-limonene/package. The carton material had already absorbed
some d-limonene when the samples were put in storage (Day 0)
because product was obtained 1 day after packing.

A rapid loss of d-limonene in the juice, from 25 mg to 19.9
mg at 24°C and to 17.8 mg at 35°C, was observed within 3 days
storage apparently due to absorption by the polyethylene
contacting surface. After 3 days, loss of d-limonene from the
juice proceeded at a lower rate. These results were similar to
those found by other authors (6-7-9).

Rapid absorption of d-limonene into the polyethylene occurred
during the beginning of storage. The rate of absorption then
decreased. After 12 days of storage, saturation was reached. At
equilibrium, the amount at 24°C and 35°C was about 11 mg/package
(44% of the initial content) and 9.5 mg/package (38%),
respectively (Table 1). The distribution ratio of d-limonene at
equilibrium

equilibrium content of d-limonene in carton stock

(= equlibrium content of d-limonene in juice ) was about 0.65
24°C and 0.61 at 35°C, respectively. This suggests that the
amount of d-limonene absorbed by the polyethylene and the rate of
absorption were independent of storage temperature, within the
temperature range studied.

Effect of d-limonene Absorption on Mechanical Properties of
Sealant Films

Due to the addition of antioxidants and antimicrobial agents, no
bacterial growth (< 50 counts/250 ml) and essentially no change in
any of the color parameters, as measured by the Hunter Color
Difference Meter, were detected. During 25 days storage, the pH
decreased from 3.62 to 3.55. Therefore, both agents were added to
the orange juice prior to conducting all studies with sealant
films.

From work described previously, it was found that d-limonene
was rapidly sorbed by the film contact layer. Therefore, to
understand the influence of d-limonene absorption on mechanical
properties of polymer films, strips of the packaging material were
immersed in orange juice. The influence of absorption on modulus
of elasticity, tensile strength, % elongation and seal strength
were determined. The data were statistically evaluated by one way
analysis of variance.

Absorption of d-limonene by the films during storage at 24°C,
49% RH is shown in Table 2. Within 3 days storage, all of the
polymers films had rapidly absorbed d-limonene. After 3 days, the
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rate of absorption in LDPE and Surlyn (sodium type) decreased,
while Surlyn (zinc type) had reached saturation. 12 and 18 days
were required to reach saturation for Surlyn (sodium type) and
LDPE respectively. The amount of d-limonene absorbed at
equilibrium was 6.4 mg/100 cm? for Surlyn (sodium type), 5.3
wg/100 cm? for LDPE, and 3.3 mg/100 cm? for Surlyn (zinc type).
The carboxy and zinc groups in the Surlyn probably alter the
lipophilic character of the polymer, but do not prevent absorption
of flavor components.

Table 2
Distribution of d-limonene Between Orange Juice and Sealant Films
During Storage at 24°C, 49Z RH

Content of d-limonene (mg)

Storage

Time

(days) Juice LDPE Juice S-1601 Juice S-1652
0 46.3 0 46.3 0 35.5 0

3 36.1 6.8 29.3 10.8 26.6 7.0

6 33.9 8.3 26.6 12.0 23.4 7.3

12 28.5 10.2 23.5 14.7 23.2 7.4

18 26.6 11.8 22.5 14.7 22.4 7.5

27 26.5 11.9 22.3 14.5 21.6 7.5

The values are represented as mg/250 ml in juice and
mg/225.8 cm? in filwms.

The results are the means of triplicates.

S-1601: Surlyn sodium type

S-1652: Surlyn zinc type

Modulus of Elasticity

The modulus of elasticity of the films, as a function of storage
time, is shown in Table 3. Relative percent of modulus of
elasticity is shown in Figure 1.

Results of statistical analysis showed that d-limonene
absorption significantly affected the modulus of elasticity of
LDPE and Surlyn (sodium type) (a = 1%). After 3 days storage,
both materials had significantly lower values (a = 3%) in
comparison with initial values. Further decreases were noted with
increasing absorption of d-limonene in LDPE and Surlyn (sodium
type). Retention of the modulus of elasticity by LDPE was greater
than that for Surlyn (sodium type). The absorption of d-limonene
decreased the stiffness of these two films. For the Surlyn film
(zinc type), modulus of elasticity in both MD and CD was not
affected significantly due to absorption of d-limonene.

Tensile Strength

The mean values for LDPE (MD) decreased due to

absorption (a = 1%), although the degree of influence was less
than that for Surlyn (zinc type) (Table 4 and Figure 2). There

33
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Figure 1,

Relative % of elastic modulus (y/yo x 100)

Relationship between d-limonene content and modulus

Sorption of d-Limonene by Sealant Films

o LDPE (MD) A LDPE (CD)
“F o S$-1601 (MD) m S—1601 (CD)
o S—1652 (MD) e S-1652 (CD)

Q L L L 1 1 ! 1

0 1 2 3 4 5 6 7
Amount of d-limonene absorbed (mg/100 cm2)

of elasticity for test films.

Figure 2.

Relative % of tensile strength (o/ao x 100)

20

0

| & LDPE (MD)  LDPE (CD)
o S—1601 (MD) u S-1601 (CD)
0 §-1652 (MD) o $-1652 (CD)

L L L ! ! ! |
0 1 2 3 4 H 6 7

Amount of d—limonene absorbed (mg/100 cnr12)

Relationship between d-limonene content and tensile

strength for the test films.
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were no significant differences in CD of LDPE and Surlyn (zinc
type). However, the tensile strength of Surlyn (sodium type)
decreased to 53% and 63% of the original value which was similar
to that found for the modulus of elasticity (59% - 66%).

Z Elongation

The results (Table 5, Figure 3) show that percent elongation of
LDPE (MD) at break increased due to absorption (a = 1%). The
absorbant probably acted as a plasticizer to allow the chains to
side post one another. Elongation of LDPE (CD) tended to decrease
though the difference was not significant. The absorption of d-
limonene by the surlin films did not affect their elongation.

Seal Strength

Change in seal strength due to d-limonene absorption for each film
is shown in Table 6, Figure 4. The seal strength of Surlyn
(sodium type) decreased due to absorption. A reduction of 24% in
the seal strength was found after maximum absorption occurred (a =
1%) , which was lower than the value found for LDPE. For Surlyn
(zinc type), no significant decrease in seal strength was observed
due to absorption.

Influence of d-limonene Absorption on Impact Resistance of Polymer
Films

The impact failure for LDPE and Surlyn (zinc type) (non-immersed)
was 69.0 g and 217.5 g, respectively. After d-limonene was
absorbed by the films, the impact resistance of Surlyn (zinc type)
increased to 244.5 g (12.4% increase). The failures were
different, upon contact with the LDPE film, the dart caused a slit
to tear the film, whereas in the Surlyn film it made a circular
hole.

Influence of d-limonene Absorption of Barrier Properties of
Polymer Films

The oxygen permeability constants for LDPE, Surlyn (sodium type)
and Surlyn (zinc type) (non-immersed) were 88.9, 111.8, and 116.8
(cc s mm/ * day ° atm), respectively. After d-limonene was
absorbed by the films, the permeability constants were 406.4,
279.4 and 185.4 respectively. Mohney et al (10) and Baner (11)
found that absorption of organic flavor constituents by test films
increased the permeability of the films to the flavor
constitutents.
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Chapter 4

Permeation of High-Barrier Films
by Ethyl Esters

Effect of Permeant Molecular Weight,
Relative Humidity, and Concentration

J. Landois-Garza and Joseph H. Hotchkiss

Institute of Food Science, Food Science Department, Cornell University,
Stocking Hall, Ithaca, NY 14853-7201

This paper reports the effects of changes in permeant
molecular weight, relative humidity (RH) and permeant
concentration on the permeability of alkyl esters
through polyvinyl alcochol (PVOH) films, as measured by a
differential permeation method. As the permeant
molecular weight increased, the solubility coefficient
(S) increased at a higher rate than the diffusion
coefficient (D) decreased, resulting in an increased
permeability coefficient (P). As the RH increased, S
decreased, while D remained constant at moderate RH's
and decreased at high RH's, resulting in a lower P. As
the permeant concentration increased, D decreased while
S appeared linear at low concentrations and increased
non-linearly at higher concentrations, resulting in a
non-linear increase of P.

The rapid growth in the use of barrier plastics for packaging food
products that were previously packaged in glass or metal
containers has caused an increased interest in the interaction
between plastics and flavors and aromas. Unlike glass or metal,
plastics can interact with foods and alter their original flavor
and aroma. Flavor deterioration may occur by the ingress of
foreign odors, the migration of plastic components into the food,
or by the permeation and/or absorption of desirable aromas into
the container walls.

Most studies on the permeability of plastic films to organic
compounds have been performed using saturated vapors. The results
obtained with this method may not be directly applicable to the
permeation of the flavor and aroma components in foods, since they
are present at very low concentrations and vapor pressures. The
object of this work was to study the effect of permeant molecular
weight, relative humidity, and permeant concentration on the
permeability of organic vapors throuch a high barrier polymer.

0097-6156/88/0365-0042$06.00/0
© 1988 American Chemical Society
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THEORY

Permeability (P) depends on both the solubility and the rate at
which permeant molecules diffuse through the polymer, and is a
product of diffusion (D) and solubility (S). Hence, if any of two
coefficients are known, the third may be obtained by:

P=DS (1)

A steady state permeation exists when equal amounts of permeant
enter and leave the polymer sheet. In the early stages of the
process, more permeant dissolves into the membrane than evaporates
from it, and the dominant parameter is the solubility. At later
stages, diffusion controls the process (1). Applying Henry's and
Fick's laws to the permeation process shows that P can be
calculated from the steady state permeation rate across a polymer
sheet with the formula:

F = -EAP (2)

where F = the permeation rate, Ap the pressure difference, 1 = the
thickness of the sheet, and P is the coefficient of permeability
(2).

D can be estimated from the permeation rate curve by Ziegel
et al.'s (3) modification of Barrer's formula:

D= —-5= £ 3)

were tj /5 is the time when one half the steady state permeation
rate is reached.

These equations were developed to represent the transmission
of gases across rubbery polymers, and may not always represent the
behavior of the permeability of vapors across glassy polymers
(1:4).

In the case of vapors, the relationship between P and
permeant molecular weight will depend on how D and S vary with
this parameter. D decreases with increasing permeant molecular
weight (as molecular size increases) as given by the formula:

D=Kg V™ (4)

where K3 = proportionality constant, V = volume occupied by the
molecules as given by V ="Wa b2 / 6 where a = length and b = mean
root square width. Yi-Yan et al. (5), working with polytetrafluoro-
ethylene (PTFE) and polyfluoroethylenepropylene (PFEP) and
hydrocarbon gases from methane to isobutylene as permeants, found
that diffusivity decreased as the number of carbons in the chain
of the penetrant molecule increased. It was also found that
branching had a more marked effect than chain length by itself in
decreasing diffusivity. At the same time, for low concentration
vapors where interactions between permeant and barrier are
negligible, S increases as the boiling point increases (with
increasing molecular weight and size), as given by:



Publication Date: March 9, 1988 | doi: 10.1021/bk-1988-0365.ch004

4 FOOD AND PACKAGING INTERACTIONS

s = 5y elfs o) (5)

where Ty, = boiling point (K), Sy = proportionality constant and Kg
is a constant. Combining these equations Zobel (6) found that P
will increase or decrease depending on the relative magnitude of
the changes in these parameters as given by the expression:

log P=1log K3 + 1log Sg + K5 T - n log V (6)
MATERTAIS AND METHODS

The hamologous series of the ethyl esters were chosen for these
experiments because they are present in the natural flavor and
aroma of many foods, especially fruits. Polyvinyl alcochol (PVOH)
was chosen as the polymer to study because its barrier properties
have been shown to be very sensitive to relative humidity, a
characteristic shared with the very similar ethylene vinyl alcchol
(EVOH) , a barrier polymer of growing importance in food packaging.

PVOH (100% hydrolyzed) of approximate molecular weight
115,000 was obtained from Scientific Polymer Products, Inc. A
solution of PVOH was made by dissolving the polymer in dimethyl
sulfoxide (IMSO) obtained from Fisher Scientific. The diluted
solution was cast onto a glass plate with an adapted metal
circular wall and evaporated at 65°C until dry. The resulting film
was cooled, removed from the glass plate, and degassed at 252 mm
Hg and 50°C for 12 hs. The thickness of the films was measured
with a Scherr Tumico dial thickness gage model 64-1210-02 on at
least 10 different places and the results averaged.

The permeation system consisted of a sample dosing system, a
humidifying system, a double sided permeability cell, a detector
system, and a mixing system. The permeation apparatus is shown in
figure 1. Throughout the system 1/8" copper tubing was used for
all connections, except after the humidifying system and the
sample dosing system, where 1/8" stainless steel tubing was used.-

The permeation cell, cbtained from J. Harvey Instruments,
consisted of three stainless steel compartments separated by two
polymer films. The use of two films at the same time permitted an
increase in the sensitivity of the system, by effectively
duplicating the permeated area, and consequently, the amount
permeated into the downstream side at any time. The combined area
was 44.2 cm?. The permeation cell was kept at a constant
temperature in a Fischer Iso-temp 200 series oven. The detector
system consisted of a Hewlett-Packard 5790A series gas
chromatograph equipped with 5706A dual differential electrometers
for dual flame ionization detectors (FID). The detectors response
was plotted with a Hewlett-Packard 3390A integrator. A flow of air
containing the permeated compound was conducted from the
downstream side of the permeation cell into the detector system.
This flow was controlled with a fine flow control valve model
B-22RS2 from Whitey Co. (valve 5 in figure 1). The sample dosing
system consisted of a glass reservoir containing neat sample, and
through which a stream of dry air was bubbled to produce a
saturated vapor whose concentration was calculated from the
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Figure 1.- Permeability system. Schematic diagram.
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reported vapor pressure of each ethyl ester. The glass reservoir
was kept at a constant temperature in a refrigerated circulator
water bath (VWR 1145 from Polyscience Corp). The highest
temperature utilized to produce a saturated vapor was 22°C, three
degrees below average room temperature, to prevent condensation of
the sample in the metal tubing. The humidifying system consisted
of a glass reservoir containing distilled water, and through which
a stream of dry air was bubbled to produce a stream of air of
known relative humidity. The glass reservoir was kept at room
temperature. Room temperature at all times was 25°C + 2°C. The
mixing system consisted of 4 flow control valves model 8744A from
Brooks Instruments Division of Emerson Electric Co., ard 4 toggle
valves model B-0GS2 from Whitey, Co. The incoming dry air was
divided into 4 streams, each controlled by a flow control valve
and a toggle valve. The first stream (valve 1 in figure 1) went
into the sample dosing system. The second stream (valve 2 in
figure 1) diluted the first stream after sample dosing in order to
achieve lower concentrations. The third stream (valve 3 in figure
1) went into the humidifying system and then joined the first two
streams. The fourth stream (valve 4 in figure 1) joined the rest
of the streams and was used to lower the relative humidity or the
sample concentration in the final air mix, which was then
conducted to the upstream side of the permeability cell. All flow
rates were measured with a Hewlett-Packard 0101-0113 soap film
flowmeter and stopwatch. The compressed air was dried by passing
it through a cartridge filled with anhydrous CaSO,.

The films were conditioned by flowing dry air through both
the downstream and the upstream sides of the membranes in the 0%
relative humidity (RH) experiments, or a stream of air of the
desired RH through the downstream side for at least twelve hours
to allow the film to come to equilibrium. For the high relative
hunidity tests, the films were conditioned for as long as 48 hs.
After conditioning, a stream of air containing the desired
concentration of ethyl ester and the desired relative humidity was
conducted from the mixing system into the upstream side of the
permeation cell and released into the atmosphere. The ethyl ester
permeated through the films into the center compartment of the
cell (the downstream side) and were carried to the detector. The
permeation rate curve was plotted and the experiment was
terminated when the curve showed no change in 6 hours. Flow rates
were measured again after the completion of the experiment to
ensure that no significant variations had occurred.

RESULTS

The effect of permeant molecular weight on the permeability of
polyvinyl alcchol (PVOH) was determined. Permeation rate
measurements were carried on with five homologous alkyl esters:
ethyl acetate, e. propionate, e. butyrate, e. valerate and e.
caproate. Relative humidity was 0% and the permeant concentration
was 50 yM for all compounds. The film had average thickness of
6.47 x 1072 mm (2.55 mils). Ethyl esters of higher molecular
weights were available, but their low vapor pressures resulted in
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permeabilities that were below the detection level of the system.
The results are shown in table 1. The permeability coefficients
are shown graphically in figure 2. The coefficients of solubility
and diffusion are shown in figure 3.

Table 1
Transport coefficients of ethyl esters

at 50 \M concentration through
2.55 mils PWH at 25°C

3P permeability® Diffusion® Solubility@
E. Ester Mol. Wt. S.V.P. (moles m/N s) (m2/s) (moles/ N m)

E.Acetate 88.11 0.94 8.64286  16.18500 5.34004
E.Propionate 102.13 2.30  45.30660  21.11090  21.46120
E.Butyrate 116.16 5.58  12.32990  13.39450 9.20520
E.Valerate 130.19 34.24  53.06360 7.76880  68.30350
E.Caproate 144.21 50.20  50.63330 3.13258  161.63500
x 10~17 x 10714 x 1074

a. Coefficients are the average of at least two permeation tests.
b. Percentage of Saturation Vapor Pressure.

A second set of experiments determined the effect of relative
humidity on the barrier parameters of PVOH. Permeation rates were
determined at 0%, 25%, 50% and 75% RH. Ethyl propionate was used
at a vapor concentration of 353 uM (16% of saturation) at all
RH's. The polymer had an average thickness of 1.78 x 10™2 mm (0.7
mils). The results are shown in table 2. The permeability
coefficients are shown graphically in figure 4. Coefficients of
diffusion and solubility are shown in figure 5.

Table 2
Transport coefficients of ethyl propionate at

353 uM concentration through 0.7 mils PVOH
at 25°C and various relative umidities

Relative Permeability? Diffusion? Solubility?
Humidity (%) (moles m/ N s) (m2/s) (moles/N m)
0 11.57470 19.25730 6.01055
25 11.58410 19.25730 6.01543
50 8.64723 19.77780 4.37219
75 2.43374 9.75705 2.49434
x 10717 x 10715 x 1073

a. Coefficients are the average of at least two permeation tests.

American Chemical Society
Library
1155 15th St., N.W.
Washington, D.C. 20036
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Figure 2.- Ethyl ester permeability in PVOH at 25°cC.
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Figure 4.- Permeation of ethyl propionate 353 uM through PVOH
at 25°C and various relative humidities.
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A third experiment was conducted to determine the effect of
ethyl propionate concentration. The average thickness of the films
was 2.13 x 1072 mm (0.84 mils). Relative humidity was maintained
at 0%. The results are summarized in table 3. The permeability
coefficients are shown graphically in figure 6. Figure 7 shows the
coefficients of diffusion and solubility.

Table 3
Transport coefficients of ethyl propionate

at various concentrations through
0.84 mils PVOH at 25°C

Concen-
tration % Permeability Diffusion Solubility
(1) S.V.P. (molesm/Ns)  (m?/s) (moles/N m)
297 13.6 3.30468 2.61875 1.26193
353 16.1 3.261892 2.554872 1.276732
705 32.3 3.29019 1.99524 1.64902
929 42.8 4.09684 1.68951 2.42486
1218 56.8 5.58452 1.23235 4.53159

x 10717 x 1014 x 1073

a. Coefficients are the average of at least two permeation tests.

DISQUSSION

Effect of Permeant Molecular Weight. As the molecular weight of
the ethyl esters increased, the permeability also increased. Zobel
(6), working with the transport of homologous series of permeants
through polypropylene, showed a similar trend. Stern et al. (7)
measured the permeability of low molecular weight gases and vapors
through various silicone polymers and also found higher
permeabilities for higher molecular weight permeants, even though
most were below molecular weight 60. On the contrary Yi-Yan et al.
(5) found decreasing permeability with increasing molecular weight
for hydrocarbons with molecular weights below 60 through
polytetrafluoroethylene. Similar results were reported by Allen et
al. (8) for the permeation of gases through polyacrylonitrile.
Zobel (6) stated that for permeants of molecular weight lower than
60, the permeability should decrease with increasing molecular
weight, whereas for permeants of weight higher than 60 the
opposite occurs. In all cases, the determinant parameter appears
to be the solubility of the permeant in the polymer. Zobel (6)
also demonstrated that the permeability coefficient will change
depending on the relative changes of the diffusion and solubility
coefficients. Figure 3 shows that, as molecular weight increased,
the diffusion coefficient decreased at a lower rate than the
solubility coefficient increased, with the overall result being a
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slight increase in permeability (figure 2). This trend has also
been reported by Zobel (6), Stern et al. (7), Allen et al. (8) and
Yi-Yan et al. (5). An explanation for these observations might be
that the diffusion coefficient decreased because the increase in
molecular volume requires the cooperative motion of larger zones
of the polymer chain to open "holes" through which they can
diffuse. This means that a higher energy of activation is required
for the diffusion process to take place, and the probability of an
ester molecule achieving that energy is lower, so the average
speed with which they move through the polymer decreases. The
diffusion values measured for ethyl acetate in these experiments
are close to those given by Zobel (6) for diffusion through
polypropylene, even though a much higher concentration was used
than in our measurements. This demonstrates that PVOH is a better
barrier than polypropylene for alkyl esters.

A good correlation was found between the logarithm of the
diffusion coefficient and the molecular weight of the ethyl esters
in the form:

log D = -11.44974 - 0.01327 MW r = -0.89 (7)

where MW is the molecular weight of the permeant. Our data fit the
equation given by Zobel (6), which relates a permeant's molecular
volume to its diffusivity. Figure 8 shows the relationship between
diffusivity and molecular weight in our experiments. The values
given by equation 7 have been plotted in figure 8 as a continuous
line.

The solubility coefficients increased as molecular weight and
volume increased (figure 3). This trend was also reported by Stern
et al. (7), Yi-Yan et al. (5) and Zobel (6). The solubility
measurements from these experiments for ethyl esters in PVOH are
two to three orders of magnitude lower than those given by Zobel
(6) for various esters through polypropylene and about the same
order of magnitude as those given by Delassus et al. (this volume)
for trans-2-hexenal through EVOH. This low solubility of ethyl
esters in PVOH might be explained by the relative low affinity of
the non-polar ethyl ester molecules for the polar PVOH matrix. The
polymer represents a lipophobic medium into which the ethyl ester
molecules have difficulty in being absorbed. However, there is a
linear relationship between the logarithm of the solubility
coefficients and the boiling point of the permeant (9;6) as given
in equation 5. This equation, applied to the solubility data from
these experiments gives the relationship:

log S = -8.62227 + 0.01527 T r = 0.90 (8)

where T is the boiling point of the permeant in K. These results
are shown in figure 9, where the values predicted by equation 8
are plotted as a continuous line. This explains the upward trend
shown by the solubility coefficients in figure 3. Combining
equations 7 and 8 for solubility and diffusivity, the permeability
of any ethyl ester through PVOH can be calculated with:
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log P = -20.07201 - 0.01327 MW + 0.05127 T 9)

a modification of the equation given by Zobel (6). This equation
combines the changes in diffusivity and solubility given by
equations 7 and 8, and predicts how the permeability will change.
Equation 9 is shown in figure 2 as a continuous line. Another
explanation for increasing solubility of the ethyl esters as the
molecular weight increased is that, in order to test all permeants
at the same concentrations, the high molecular weight esters had
to be tested at vapor pressures that were closer to their
saturation vapor pressure than those for the low molecular weight
esters. As will be described in a later section, ethyl esters show
a marked concentration effect at concentrations higher than 30% of
the saturation vapor pressure, ard this results in higher
permeabilities.

Since the molecular weight of all esters was larger than 60,
as the molecular weight increases, the contribution of the
increasing solubility coefficient outweighs the contribution of
the decreasing diffusion coefficient, resulting in an increasing
permeability for larger molecules, i.e., even though the molecules
are moving slower through the polymer, a larger number of them are
moving, and more emerge at the other side of the barrier.

Effect of Relative Humidity. For reasons that will be discussed
in the next section, it was considered that the permeant
concentrations at which the tests were run did not cause
plasticization in the polymer.

Figure 4 shows a trend towards lower permeability values as
the relative humidity increased. This was contrary to what was
expected. Theory predicted that the plasticizing effect of water
vapor on an hydrophilic polymer like PVOH would increase the
permeability coefficient by increasing the diffusivity due to the
higher mobility acquired by the polymer network. Results by Ito
(10) showed that this holds for the permeation of 00, through
PVOH. Work by Delassus et al. (this volume) on transport of
trans-2-hexenal trough EVOH, a polymer similar to PVOH, also
agreed with theory and showed an increased permeability at higher
relative humidities. Data by Hatzidimitriu et al. (11) for the
transport of various organic vapors through various multilayered
films showed that for some of them the permeability increases at
higher relative humidities, while for others the opposite
occurred.

Analysis of diffusion and solubility data from our
experiments, (figure 5), explains why the permeability decreased
as relative humidity increased. Diffusion coefficients remained
constant and showed a slight downward trend only at high relative
humidities. Solubility coefficients showed a clear trend towards
lower solubilities at higher relative humidities. Thus, the
decrease in permeability was mainly a result of the lowering of
the solubility as relative humidity increased.

The decrease in solubility may be explained by a competition
effect between the water molecules and the ethyl ester molecules.
The highly polar water molecules were able to compete more
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effectively than the non-polar ethyl ester molecules for the
absorption sites of the also polar PVOH, establishing a solubility
partition coefficient unfavorable for the organic permeant. If the
solubility of the permeant in the polymer is lowered, when all
other parameters are constant, then the permeability will also
decrease. The same idea was suggested by Delassus et al. (this
volume) for the permeation of trans-2-hexenal through EVOH below

its T,

%he presence of water molecules in the polymer matrix,
occupying holes that otherwise would be available for the
diffusion of permeant molecules, effectively increased the length
of the viable diffusion paths, diminishing the diffusivity.
Furthermore, water molecules present throughout the polymer
represented a lipophobic barrier to non-polar molecules. These two
phencmena, combined with the fact that ethyl esters are immiscible
with water, seemed to increase the resistance to diffusion just
enough to counteract the relaxation of the polymer network brought
about by the plasticization with water.

Regression analysis of the relationship between permeability
and solubility coefficients with relative humidity presented in
figures 4 and 5, showed these relationships to be linear,
following the forms:

0
I

So + Kg RH (10)

P

Py + Kp RH (11)

where Sy and P are the solubility and permeability coefficients
of the barrler at 0% relative humidity, Kg and Kp are constants,
and RH is the relative humidity. The parameters for equations 10
and 11 are shown in table 4.

Table 4
Relationship between permeability and diffusivity
coefficients and relative humidity.

Linear eqguation parameters

E.Ester Po_ KP—— r _So_ ___Ks__ r
E.Propionate  1.311 -1.214 -0.91  6.552 =-4.887 =-0.94
x 10716 x 10-18 x 1073 x 1075

Pp and Sp inmolesm / N s

Effect of Permeant Concentration. Figure 6 shows that the
permeability appeared linear at low concentrations and low
percentages of the saturation vapor pressure. At concentrations
greater than 30% of saturation, an observable concentration effect
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was seen, and the permeability increased non-linearly. Zobel (6)
found the same phenomenon for the permeation of d-limonene through
polypropylene, although the onset of non-linearity occurred around
15% of saturation vapor pressure. The fact that ethyl propionate
and polyvinyl alcohol are more chemically dissimilar than limonene
and polypropylene, may explain why the non-lineal concentration
effect appeared at a higher percentage of saturation vapor
pressure for the ethyl propionate / PVOH pair.

The fact that the permeability of organic vapors at low vapor
concentrations follows a linear relationship supports Zobel's (6)
claim that the transport of these compounds at low concentrations
follows Fickian behavior. Since most of the experiments of this
work were performed at vapor pressures well below saturation
(except where otherwise noted), this fact also validates the use
of equations 1, 2 and 3, derived from assumptions of Fickian
behavior, to calculate the coefficients of permeability
diffusivity and solubility.

The diffusion coefficient decreased linearly as the
concentration increased, while at the same time, the solubility
coefficient first increased linearly and, at 30% saturation vapor
pressure, increased non-linearly as the concentration increased.
The combination of the linearly increasing solubility and the
linearly decreasing diffusivity at low permeant concentrations
combined to result in the linear portion of the permeability curve
(figure 6). At higher concentrations the solubility increased much
more rapidly than the diffusion decreased, and this combination
resulted in an increasing permeability at higher concentrations.

The fact that the solubility coefficient increased
non-linearly at high concentrations suggests that the polymer
became plasticized. Theory predicted that a plasticized polymer
would have increased permeability, and our results conform to
theory. Similar results were found by Zcbel (6) for d-limonene
through polypropylene, and by Baner et al. (12) for toluene
through polypropylene and Saran (PVDC). On the contrary, Delassus
et al. (this volume) reported finding no permeant concentration
effect for the transport of trans-2-hexenal through IDPE. Theory
predicted (Q,_Q) that the increased permeablllty would be a result
of both an increase in solublllty ard an increase in diffusivity.
Our results conformed to theory in showing an increased
solubility, but also showed that, in the case of diffusivity,
exactly the opposite phenomenon occurred than what was predicted
(figure 7).

OONCIIISTONS

The permeability of PVOH to alkyl esters is extremely low. The
higher molecular weight alkyl esters are more soluble and more
permeable than the lower molecular weight esters. This may mean
that the polymer will absorb and transport some flavor components
more than others. In this way, given long storage times, the food
would no longer contain the same proportions of each compound it
originally had. A "flavor imbalance" could develop and be
detectable when consumed. This problem may be present when EVOH is
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utilized in retort applications, as well as in polymer packaged
fruit concentrates and juices.

Higher relative humidities enhanced the barrier properties of
PVOH against low molecular weight alkyl esters. This appears to
result from lipophobicities of the polymer and the water. It is
likely that the amount of water in the polymer is more important
for this effect, than the relative humidity of the atmosphere.

The study of the effect of ethyl ester concentration on its
permeability through PVOH showed a strong concentration effect at
permeant vapor pressures higher than 30% of saturation vapor
pressure. This indicates that the results of permeation tests
performed at saturation vapor pressures will not be directly
applicable to food packaging situations. Permeabilities measured
at saturation vapor pressures will lie in the non-linear part of
the permeation curve, whereas the vapor pressure of the food
components likely to permeate will be very low, and their
permeability will lie in the linear part of the permeation curve,
where transport behaves in a Fickian manner. Materials reported as
inappropriate for food packaging applications on the basis of
permeability tests at saturation vapor pressures may actually
offer sufficient protection for food flavors and aromas.

However, these results also confirm the tendency of higher
molecular weight esters to permeate more readily than low
molecular weight esters, with the consequent result of a food with
modified flavor character, where the high molecular weight aramas
have been diminished while the low molecular weight components
have suffered little or no change.

Further studies should be performed to determine if the onset
of non-linearity occurs at the same point for all ethyl esters. It
is conceivable that high molecular weight esters, with their
higher solubilities, may plasticize the membrane at lower vapor
pressures, causing a non-linear concentration effect at lower
percentages of the saturation vapor pressure. Our work is
currently attempting to develop predictive equations for the loss
of arama quality in given food package applications.
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Chapter 5

Flavor—Polymer Interactions

Coffee Aroma Alteration

Amn L. Hriciga and Donald J. Stadelman

Polymer Products Department, E. 1. du Pont de Nemours and Company,
Experimental Station, Wilmington, DE 19898

Because organoleptic testing is time-consuming and
expensive, we have developed a gas chromatographic
test to screen polymer films for their ability to
change the aroma profile of coffee. The retention
or alteration of flavor components of foods packaged
in contact with polymer films is of concern both to
suppliers of those polymers and to food manu-
facturers. Ground coffee is a product which is
beginning to move away from the traditional metal
can and into new, polymeric types of packaging.
Incubation of ground coffee with films in sealed
vials for up to three days preceded gas chromato-
graphic analysis of volatile compounds in the
headspace. After statistically analyzing the data,
we ranked the films for alterations to the coffee
aroma profile. Our ranking matched that of a
professional olfactory panel working with ground
coffee stored for six months in bags made from the
same polymers. Our method results in a substantial
savings in time and cost with no change in
qualitative result.

The recent trend on the part of the food industry to replace
traditional glass and metal containers with plastic ones has
focussed attention on the interactions between aromas or flavors
and the polymers used in these new structures. In order for these
plastic packages to gain widespread acceptance by the consumer,
foods packaged in plastics must continue to smell and taste as they
did in their former packaging.

Polymers may interfere with those aromas in several ways.
Adsorption or absorption by the plastic may simply reduce the total
volatile content of the packaged material, resulting in a loss of
odor. Alternatively, the polymer may alter the characteristic
aroma of a food by selectively absorbing one or more key compounds
which make up the characteristic aroma of a food. Off-smells may
be produced if the polymer acts to chemically change a component of
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the food: enhanced degradation is an example of this. Polymeric
materials themselves can contribute aromas from such things as
residual monomers, solvents or processing additives.

The most reliable method of evaluating a polymer’s impact on
a packaged food is sensory evaluation of the food by a human panel.
A container must be fabricated, the food sealed inside and the
entire package incubated to simulate shelf storage before panel
testing can be done. This process may cost thousands of dollars
for each polymer and food tested. In addition, the incubation
period builds an inherent delay into the evaluation process. The
number of samples that can be evaluated for aroma by a single panel
limits throughput.

The development of acceptable plastics for food containers
could be quickened if an alternate sensory evaluation test could
be designed. Many more materials can be tested with a relatively
short, inexpensive, analytical method. Such a test does not
replace or eliminate sensory evaluation, but rather acts as a
prescreening so that only the most promising plastics are used in
candidate packages. These packages would then undergo the same
rigorous aroma/flavor evaluation that is now being used prior to
consumer marketing.

The goal of our work was to establish such a test. We had to
choose a source of flavors (real food versus odorous compounds),
some type of packaging material and construction, and an analytical
technique. Any method developed had to be validated by comparing
its results to those from a sensory evaluation of the same flavor-
package combination.

To simplify our test, we decided to start by looking at
alterations in aroma, leaving taste for future study. Our choice
of technique then became rather straightforward - anything which is
volatile enough to be smelled is volatile enough to be analyzed by
gas chromatography (GC). We recognize the inherent limitations of
this technique, though. A gas chromatograph cannot detect all
aroma components with the same sensitivity as the human nose.
Consequently, our technique may not see alterations in concentra-
tions of a component which is key to the aroma, but present only at
an extremely low level. Another benefit of GC is that addition of
components from the polymer, such as residual solvents, can also be
detected although, again, extremely low levels may either be below
the detection limit of the GC or be obscured by components of the
aroma.

In order to make our system as realistic as possible, we
decided not to use model compounds for development of this method,
but rather a real food. Actual food aromas are often very complex
mixtures and it is not necessarily possible to predict which
components of the mixture will be most affected by the polymeric
packaging material. However, a strong food aroma often has a high
concentration of volatile components which can then be analyzed by
GC. Thus, we will be more apt to detect changes in this well-
defined aroma profile. The ideal material is a food whose strong
aroma is positively perceived by the consumer.

This thought process made the choice of food relatively
straightforvard. One food whose aroma is very important to its
consumer appeal is ground coffee. To most coffee drinkers, the
smell of a newly opened container of coffee is pure perfume. If
coffee is packaged in a way that alters that aroma significantly,
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the consumer will not buy it more than once. In the past five
years, we have seen the introduction of new types of coffee
packages on supermarket shelves, so we know the coffee industry is
evaluating new packaging materials. Consequently, ground coffee
seemed a very good choice as the food to be evaluated. As an added
benefit, it is a solid material and is easily handled.

With the choice of coffee as food and the knowledge that the
new coffee packages are flexible, it was natural to choose polymer
films as the materials to evaluate. Two DuPont films (Film A and
Film B) had already been evaluated by a sensory panel for their
impact on coffee aroma; they became the first materials we
examined. Indeed, the results of that panel provided us with the
means of comparing our laboratory method with a real sensory
evaluation.

Methodology

The panel tested ground coffee which had been stored for six months
in pouches made from polymer film/aluminum foil laminates. The
aluminum foil outer layer acted as a moisture, oxygen and light
barrier so that only the interaction between the coffee and the
polymeric inner layer was being examined by the panel. The control
was simply ground coffee packed in a metal can. In this test,
coffee packed in the metal can had the best aroma of the three
cases while coffee packed with Film A had an acceptable aroma.

The aroma of the coffee packed with Film B was unacceptable.

Simply put, our test involves evaluating the chromatographic
profile of coffee aroma in the presence and absence of polymer
films. This is a comparative technique which establishes a ranking
of the films tested, from most similar to most dissimilar to a
sensorially acceptable container.

Because we didn’t know ahead of time what the magnitude of the
alterations in the aroma would be, we used a very high ratio of
polymer film to ground coffee to increase our chances of seeing
changes in the aroma profile. Although this is not the situation
in a real flexible coffee package, the high ratio maximizes the
interaction between the polymer and the coffee and should make any
differences in the aroma more pronounced.

Ve incubated roughly five grams of ground coffee (from freshly
opened cans of ground coffee) either alone or in the presence of a
film candidate. Films of the same thickness (~1.8 mil) and area
(4" x 5") vere used so that both the volume and the surface area
are the same from sample to sample. The coffee, with or without
film, was placed into a glass container (approximately 40 mL
volume) which was then sealed with a Teflon®-faced septum and cap.
This sealing system allowed us to periodically sample the headspace
of the vial with a gas-tight syringe. Incubation was at 500°C for
a period of up to three days. The high temperature was chosen to
speed up the aging process and as such it did not replicate storage
at room temperature. (However, it is a temperature which packaged
coffee might see inside unrefrigerated vehicles while being
transported in the southern portions of the U. S. during the
summer. )

Analysis of the headspace, which is simply the aroma of the
coffee or the coffee plus polymer system, was done by gas chroma-
tography. Previous work on the analysis of coffee aroma by several
workers (1,2) used narrow bore glass capillary columns with polar
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stationary phases. Most of the volatiles eluted above 400°C in
these studies. Consequently, we chose a 25 meter, 0.53 mm I. D.
fused silica capillary column coated with three microns of Carbowax
20M (Quadrex Corp.). With this column, there was no need to split
or concentrate the aliquot of the headspace which we wished to
chromatograph and we avoided problems with possible discrimination
or loss of volatile compounds.

The carrier gas was helium at 8 mL/min. The injection port
wvas maintained at 200°C and the flame ionization detector was kept
at 250°C. The oven temperature started at 500°C and was programmed
to 250°C at 800/min and then held. An airtight syringe was used to
inject 0.5 mL of the headspace onto the column. In order to
maintain a constant pressure in the sample vial, 0.5 mL of
laboratory air was injected into the vial using the same syringe
prior to each sampling.

For the development of this method, all the samples (Films A
and B) and the control (coffee alone) were prepared in triplicate.
Each vial was sampled once a day for three days.

Results

As can be seen from the chromatogram (Fig. 1), the aroma profile is
quite complicated. In fact, well over 150 different compounds have
been identified in the literature (2,3) as volatile components of
coffee. To start characterizing the aroma profile, we chose the 49
largest components in the chromatograms of the control headspace
(coffee alone) and followed their behavior as a function of time in
all nine vials. The peak area of each of these components was
divided by the total area of these components, and this ratio was
plotted as a function of incubation time.

The behavior of each component was characterized by fitting
the peak area ratios to a curve of either zero, first or second
order in time and generating values which represented the expected
upper and lower limits (at the 95% confidence level) of each curve.
Each component, therefore, had three curves associated with its
behavior — one in glass alone, one in the presence of Film A and
one in the presence of Film B. The curves for a given component in
these three systems were compared to one another and declared to be
statistically different from one another if there was no overlap
between the curves. Typical results are discussed below.

In one common result, the component behaved quantitatively the
same in the three systems. The presence of the films made no
difference in the behavior of that particular component, so any
change in the aroma when the films were present was not due to
absorption of this component.

A second case is one in which the component behaved the same
in the presence of either Film A or Film B, but differently when in
glass alone. Although components which fell into this category
might contribute to the overall aroma of ground coffee, they were
not changed to an unacceptable level (which was the same in the
presence of either film) because coffee packaged with Film A passed
sensory evaluation. These components cannot be used to rank the
films because they react the same to either film.

The category of result where a given component behaved
statistically differently in the presence of Film A than it did
vith Film B comprised 23 components of the 49 which we examined.
This category could be further divided into three subclasses:
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Figure 1: This is a typical chromatogram of the aroma of
The rise in the baseline after 24
minutes is due to the temperature programming of the column
itself and is not due to components in the aroma.

freshly ground coffee.
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o The component behaved the same in glass alone and with Film
A, but differently with Film B (13 components). See Fig. 2.
o The component behaved the same in glass alone and with Film
B, but differently with Film A (no component in the headspace
fell into this subclass).
o The component behaved differently in each of the three
systems of incubation (10 components).
This last subclass can be further divided by ranking the com-
ponent’s behavior in the three systems by relative concentration.
For seven components, the component concentration was highest in
glass alone, next highest with Film A, and lowest with Film B
(Fig. 3). Only two components had the highest concentration in
glass alone, next highest with Film B, and lowest in Film A. The
remaining component in this subclass had a concentration in glass
alone that was intermediate between the values with Film A and Film
B.
A review of these results yields the following information.
In 20 out of 23 components (87%) where behavior in the presence of
Film A was different from that with Film B, Film A altered the
component’s behavior less than did Film B. 1In only three cases was
the situation different. We had been hoping to find several com-
ponents which would show behavior for Film A that was intermediate
between no film and Film B; what we found was that in 87% of the
cases where there was a difference, the difference was in exactly
that direction. We knew from the sensory panel testing that coffee
packaged with Film A had an acceptable aroma, although not as good
as that of coffee packaged in a traditional metal can. Coffee
packaged with Film B, however, had an unacceptable aroma. So here
we have a first ranking of packaging materials: Film B is
unacceptable, Film A is acceptable, but the metal can is best of
all. Clearly our GC results echo the same pattern.

Future Work

How can this method be used and improved? First, we have found 20
peaks which seem to correlate with the sensory analysis. We can
reduce the number of components we track; this will reduce the time
spent on statistical analysis. Secondly, we can try to identify
these 20 peaks. We might be able to assemble a synthetic mixture
of aroma components to be used in this test, reducing the
complexity of the chromatograms and providing us with a standard
mixture wvhich we can control. Such a mixture would eliminate the
lot-to-lot variation which may be present in the aromas of
commercially obtained packaged coffee, and we could directly
compare experiments done with different films at different times.
Currently, we can only rank films which were tested with the same
lot and age of coffee.

Identification of these peaks, which we are working on by
GC/MS, along with some knowledge of the chemical nature of these
polymer films, should give us a better understanding of how the
aroma is interacting with the films. We would have more
information on how to design or choose candidate packaging
material.
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Figure 2: The behavior of Component 46 is plotted as a
function of time for each of the three systems. Three lines
are associated with each system: the middle line of a set is
the best fit to the data and the upper and lower lines are the
95% confidence level limits associated with that fit. Symbols
used are as follows: x, Coffee alone; A, — — Coffee
with Film A; O, --——- Coffee with Film B. Component 46
exhibits the same behavior in the presence of the glass vial
alone as it does in the presence of Film A. Film B, however,
reduces the relative concentration of this component in the
headspace by at least a factor of four.
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Figure 3: The behavior of Component 26 is plotted as a
function of time for each of the three systems. Three lines
are associated with each system: the middle line of a set is
the best fit to the data and the upper and lower lines are the
95% confidence level limits associated with that fit. Symbols
used are as follows: x, Coffee alone; A, —  — Coffee
with Film A; O, ----—- Coffee with Film B. Component 26 behaves
differently in each of the three cases, with its highest
relative concentration in the glass vial alone. Film A reduces
this component’s level to 75% of the relative concentration in
the glass vial alone, but Film B has an even greater effect,
diminishing Component 26 to 40% of its relative concentration
in the glass vial alone.
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Interaction Between Aseptically
Filled Citrus Products
and Laminated Structures

C. H. Mannheim !, J. Miltz'2, and N. Passy!

!Department of Food Engineering and Biotechnology, Technion-Israel
Institute of Technology, Haifa, 32000, Israel

The interaction between polyethylene(PE) contact
surfaces of carton packs and "Bag in the box" packages
with citrus products and model solutions was evaluated.
The presence of corona treated polyethylene films in
model solution and juices accelerated ascorbic acid de-
gradation and browning. Untreated PE films did not
accelerate these reactions. 1In all cases d-limonene
concentration in juices in contact with PE surfaces was
reduced. In both orange and grape fruit juices,
aseptically filled into cartons the extent of browning
and loss of ascorbic acid was greater than in same
juices stored in glass jars. Sensory evaluations showed
a significant difference between juices stored in carton
packs and in glass jars, at ambient temp. after 10-12
weeks. The cartons were found not to be completely gas
tight. Storage life data of orange juice in bag in the
box packages are presented. Dynamic vibration tests of
bag in the box packaging systems, to simulate transport
distribution environment, were carried out. In these
tests behaviour of different metallized structures, to
flex-cracking and pinholing when in contact with citrus
products and simulants was evaluated.

Aseptic packaging has been commercially viable in Europe for
several decades. In the U.S.A. aseptic packaging has become one
of the fastest growing areas of food packaging since the Food and
Drug Administration (FDA) approval,in 1981, of the use of hydrogen
peroxide for sterilizing polyethylene (PE) contact surfaces (1).
Approval was later extended to include olefin polymers, EVA
copolymers and polyethylene phthalate polymers (2).

Fruit juices in general and citrus juices in particular are
at present extensively packed aseptically (3). Most of these
products are packed today in semi-rigid brick shaped laminated
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PE/carboard/ aluminum foil/PE packages. Another popular packaging
system for juices and concentrates is the "bag-in-the-box" ranging
in size from 2 to 1200 liters. The structure of the bag is
generally a laminate made of PE/metalized polyester/PE with an
inner PE liner. The metallized polyester may be replaced by a non
metallized high barrier film. A rigid coextruded multilayer high
barrier container made on form-fill-seal lines offers another
choice of packaging for above products (4).

Factors Affecting Shelf-Life of Aseptically Packed Citrus Products

The shelf-life of pasteurized, hot or aseptically filled, juices
or concentrates is limited by chemical reactions which are
primarily influenced by storage temperature, as well as oxygen and
light. 1In plastic laminates, compared with glass, gas permeation
of the packaging material as well as absorption by the contact
surface or migration of low molecular weight compounds may
influence shelf-life (5,6).

In storage studies of orange juice in Tetra Brick and glass
bottles, Durr et. al (7) reconfirmed that storage temperature was
the main parameter affecting shelf-life of orange juice. In
addition they found that orange oil, expressed as d-limonene, was
absorbed by the polyethylene contact layer of the Tetra Pack.
These authors claimed that this could be considered an advantage
since limonene is a precursor to off-flavor components. Marshall
et.al (8) also reported absorption of d-limonene from orange juice
into poTyolefins. They found that the loss of d-limonene into the
contact layer was directly related to the thickness of the
polyolefin layer and not its oxygen permeability. Marshal et.al(8)
also quantified the absorption of several terpenes and other
flavorings from orange juice into low density polyethylene (LDPE).
They found that the predominant compounds absorbed were the
terpenes and sesquiterpenes. More than 60% of the d-limonene in
the juice was absorbed by LDPE but only 45% by Surlyn. Other
terpenes such as pinene and myrcene were absorbed to greater
extents. Infra red spectra of LDPE showed that the terpenes were
absorbed rather than adsorbed. Thus since many desirable flavor
components in citrus juices are oil soluble, their loss by
absorbtion as mentioned above can adversly affect flavor of
juices. Furthermore, Scanning Electron Microscope (SEM) pictures
of LDPE after exposure to orange juice, showed significant
swelling of the polymer, inferring severe localized internal
stresses in the polymer. These stresses indicated a possible cause
for delamination problems occasionally encountered in LDPE
laminated board structures. The adhesion between LDPE and foil
was much less than between Surlyn and foil. The presence of
d-limonene in the polymer aided in the absorption of other
compounds, such as carotenoid pigments, thus reducing color of
juice (8). Buchner (9) also mentions reduction in aroma bearing
orange oil into the poTyethylene contact layer of the three piece
HYPA S aseptic package.

Gherardi (10) and Granzer (11) also investigated quality
changes of fruiz_juices in cartd;_packs as compared with glass
packages. Both found, separately, that juices and nectars
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deteriorated faster in the carton packs than in glass bottles. In
products with low fruit content, such as fruit drinks, the
difference between packages was small. Gherardi (10), found high
oxygen and low carbon dioxide contents in the head space of carton
packs versus low oxygen and high carbon dioxide in glass bottles.
The CO, content was attributed to ascorbic acid degradation.
Therefore, Gherardi (10) concluded that the main cause for the
difference in keeping_auality between products in carton packs and
glass was due to higher oxygen transfer rates into the former
package. Granzer (11) also claimed that the oxygen permeability
of carton packs caused the faster deterioration of juices packed
in them. Granzer (11) stated, without showing proof, that the
source of the oxygga permeation into the carton pack was the 22cm
long side seam. It is known that since then Tetra Pack improved
the side seam by adding a strip of PET at this place.

Koszinowski and Piringer (12) investigated the origin of
off-flavors in various pacfsges. They established gas
chromatographic and mass spectra procedures coupled with sensory
threshold odor analysis for the determination of off-flavor
emanation from packaging materials. They found reaction products
of raw materials as well as a combination of oxidation and
pyrolytic elimination reactions in polyethylene or paperboard to
be responsible for off-odors.

Products packed in "bag-in-the-box" packages, especially in the
larger sizes. apparently also have a reduced shelf life as
compared to those packed in conventional metallic packages, due
mainly to damage caused to the films during transportation
(13). The reduced shelf life in these packaging systems is
probably due to flex cracking which causes pinholes and even
"windows" in the metallized laminate thus reducing the barrier
properties.

In our laboratory the interaction between polyethylene contact
surfaces of carton laminates and "bag-in- the box" structures and
citrus products are being investigated. Some results of these
studies are presented here.

Evaluation of Aseptic Packages and Citrus Products -
Experimental Results

Carton Packages. Orange and grapefruit juices were packed
aseptically on a commercial line into cartons and glass jars (14).
The carton structure was a laminate of polyethylene/carton/
aluminum/ polethylene made by PKL- Combibloc, Germany. The carton
dimensions were 10x6x17 cm. Browning and ascorbic acid degradation
of orange juices are presented in Figures 1 and 2. In all cases
the rates of the deteriorative reactions were higher in cartons as
compared to glass. Differences in browning and ascorbic acid
degradation between juices in glass and cartons were initially
small and increased with storage time. Initially, juices in glass
and cartons had similar dissolved and headspace oxygen values
which affected the above reactions in the same fashion. Later on,
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Figure 1. Ascorbic acid retention in orange juice aseptically

packed into glass jars and carton packs, stored at 25 °C.
(Reproduced with permission from Ref. 14. Copyright 1987
Inst. of Food Technologists.)
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Figure 2. Browning of aseptically gilled orange juice in glass
jars and carton packs. stored at 25 C. (Reproduced with
permission from Ref. 14. Copyright 1987 Inst. of Food
Technologists.)
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the effect of the laminated package became more pronounced due to
its oxygen transmissibility as well as due to product-package
interaction. Similar results (not shown) were obtained with
grapefruit juice.

A rapid loss of d-limonene, from 70 to 50mg/l for orange juice
was observed in carton packs with juices during the first days of
ambient (25°C) storage (Figure 3). Similar results were obtained
by others (7,8) who claimed absorption by the film as the cause
for this phZESmenon. It can be compensated for, if required, by
increasing the initial d-limonene concentration. However,
d-limonene oxidation may also occur and is a subject for further
studies.

Triangle taste comparisons showed that, for orange juice after
about 2.5 months storage at 25 °C. there was a significant (p<
0.05) difference between juices in cartons and glass containers
(Fig. 4). In grapefruit juices a significant taste difference (p<
0.05) was found after about 3 months (Fig. 4). The longer period
to obtain a taste difference in grapefruit juice is due to the
stronger flavor of this juice which tends to mask small flavor
changes. Color differences were noted easier in grapefruit
juices than in orange juices. 1In orange juice, some carotenoids
may be oxidized and have a bleaching effect which compensates for
the change in appearance due to browning, thus explaining the
color difference between the two juices (15).

Carton Strips. The interaction between carton packs and juices
was evaluated by immersing strips of carton laminates in juices
stored in hermetically sealed glass jars. Surface to volume ratios
of 4:1 and 6:1, as compared with the actual ratio in 1 liter
packs. were used. The contact of orange and grapefruit juices with
the carton strips accelerated ascorbic acid loss and browning as
compared to similar juices stored in glass without the laminate,
at the same temperatures (Figures 5 and 6). After 14 days there
was also a significant taste difference (p<0.05) between samples
in contact with carton strips and those without the strips. These
results seem to indicate that the polymeric surface had an
accelerating effect on some of the reactions affecting shelf-life
of citrus juices. In these experiments, the ratio of contacting
surface to juice volume was 4 to 6 times higher than that in 1
liter containers. This means that in 1 liter containers the
effect will be somewhat delayed as compared to the above test, but
in smaller packages (i.e. 250 ml) the shelf life would be shorter
due to this effect.

Polyethylene films. 1In order to elucidate the effect of the
polyethylene contact surface, and separate any possible
contribution of the carton itself, untreated and corona treated
(oxidized) polyethylene strips, made of LDPE of similar properties
to that used in PKL cartons, were immersed in model solutions. The
model solution consisted of 10% sucrose, 0.5% citric acid, 0.1%
ascorbic acid, 0.05% emulsified commercial orange oil and 0.1%
potassium sorbate. The effect of the untreated and corona-treated
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LDPE strips on ascorbic acid degradation is shown in Figure 7.
From these results it becomes clear that the polethylene contact
surface accelerated the rate of ascorbic acid degradation with the
oxidized film having a greater effect. In the model solutions a
rapid reduction (40-60% within about six hours) in d-limonene
content took place in samples containing LDPE strips as compared
to a loss of 10% in the blanks (Figure. 8). Absorption of
d-limonene by the LDPE accounted for this loss. 1In a triangle
taste comparison of water with and without LDPE strips, stored in
sealed glass jars at 35°¢ for 48 hours, all 12 tasters were able
to distinguish between the samples, indicating the presence of a
strong off-flavor in the water which had been in contact with LDPE
strips.

Strips of LDPE, from the inner liner of the bag in the box at
a surface to volume ratio double the actual ratio in a 6 gallon
bag, were inserted into glass jars, which were hot filled with
orange juice and stored at 35 C. In contrast to the degradative
effect of the PE contact layer of the cartons, no detrimental
effect on browning, ascorbic acid and taste, as compared to juice
in glass., was found in this case. However, d-limonene content was
reduced to about half the initial content in a short time also in
this case.

These differences may be accounted for by the different
manufacturing techniques of the polyethylene contact surfaces. A
high extrusion temperature, followed by corona treatment which
causes oxidation, was used for the PE layer of the cartons,
whereas the PE liner for the bag-in-the-box is a LDPE extruded at
a lower temperature and without corona treatment. This indicates
that an oxidized polymer surface may accelerate reactions
resulting in a reduced shelf-life. These results were confirmed
by (6) who presented the effect of high temperature extrusion
lamination of an Ionomer on development of off-flavors.

Bag-In-The-Box. Shelf-life of aseptically filled orange juice, in
bag-in-the box made from various structures of laminated polymers,
metallized and unmetallized, was evaluated. After filling with
juice., the bags were flushed with nitrogen and sealed, then placed
in boxes and vibrated on a transport simulator at 270 rpm for 14
min. This simulated truck transportation of about 1500 km.

The structures tested were:

1. PE/Met PET/PE from various manufacturers.
2. PE/ EVOH/PE
3. Met PET/Met PET/PE

Structures 2 and 3 are considered as having high barrier
properties. The second one has EVOH as a barrier and the third is
a face-to-face metallized polyester. The latter structure is very
stiff due to the face-to-face lamination of the metallized
polyester. permeabilities of the polymers tested are presented in
Table I.
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Table I: Permeability values for different films

Film Structure Thickness Permegbility
Manufacturer (micron) (cc/m”.24hr.At)

A Met PET/Met PET/PE 76 0.2

B PE/Met PET/PE 105-110 1.9

B PE/Met PET/PE 106-109 0.7

(e} PE/Met PET/PE 115 1.0

D PE/Met PET/PE 76 0.3

D PE/Met PET/PE 94 0.5

E PE/Barrier/PE 82 0.8

E PE/Barrier/PE 75 <0.05

The juices, aseptically packed in the bag-in-box made from above
films, were stored at 25 C. Results of periodic tests made on
these juices., as compared to juices packed aseptically in glass
jars. are presented in Figures 9 -11. The juice in the structure
Met PET/Met PET/PE deteriorated fastest as compared to the other
structures.

The oxygen transmissibility increased significantly due to
flex- cracking during transportation simulation, resulting in
rapid ascorbic acid reduction. The transmissibility of these bags
increased from 1.6 to 16.8 cc/day/bag after the vibration test.
The juice in the other structures deteriorated at a slower rate
but still much higher than in glass. D-llmonene in all films was
reduced by 50% during the first 10 days at 25 C and after 25 days
at 15°C and then remained constant.

These data conform with our previous results (14) as well as those
from other investigators (7,8,11). The results show the combined
effect of oxygen transm1551b111ty and the interaction with
polyethylene on a reduced shelf-life of citrus products, in
aseptic packages made of various laminates, as compared to same
products in glass.

Transport simulation. The application of dynamic testing, which
includes shock and vibration tests simulating distribution
environments, is very important in evaluating package
system-product performance. In packages used for aseptic filling
of citrus products, damages such as flex-cracking, pinholing,
puncture and seal failure may occur. Any one of these events may
result in an acceleration of the deteriorative reactions, or even
leakage. resulting in total failure of the system.

For evaluating the effect of transport on the shelf-life of
products in bag-in-the-box systems,two types of equipment were
used:

1. MTS 840 Vibration Test System. The bags were vibrated at 0.7 g
and 10Hz for different times.




Publication Date: March 9, 1988 | doi: 10.1021/bk-1988-0365.ch006

78

ASCORBIC ACID (mg/100cc)

FOOD AND PACKAGING INTERACTIONS

S0

40

30

20

———————@ Blank

Het PET B

—® Evel |
Het PET A
High barrier

40 60 80 100

TIME ( days )

Change of ascorbic acid in aseptically filled orange

juice in bag-in-the-box after transportation simulation, stored

Figure 9.
at 25°C.

€

c

o

I

<+

-

<

a

o

Figure 10.

25%C.

High berrier
Het PET A
Evel

Het PETB

Blank

TIME ( days )

Change of browning in aseptically filled orange
juice in bag-in-the-box after transport simulation, stored at



Publication Date: March 9, 1988 | doi: 10.1021/bk-1988-0365.ch006

6. MANNHEIMET AL. Aseptically Filled Products & Laminated Structures 79

0.020 v T T —— T
~ L
3
W 0.015 1
=z
w
% Blank
z
< 0.010f Het PET A 1
o

1gh barried
0.005 . . Lyneveern ©
0 20 40 60 80 100
TIME (days )

Figure 11 .Change of D-limonene content in aseptically filled
orange juice in bag-in-the-box after transport simulation,

o
stored at 25 C.



Publication Date: March 9, 1988 | doi: 10.1021/bk-1988-0365.ch006

80 FOOD AND PACKAGING INTERACTIONS

2. L.A.B. Vibration Transportation Simulator operated at a
vertical-linear mode of 270 rpm, simulating travelling of a
truck.

In these tests we evaluated different structures of laminates
intended for bag-in-the-box with citric acid (5 and 15%), with
orange concentrate at 60°Bx and with water. Test conditions and
results are summarized in Table II.

Table II. Transport simulation tests of "Bag-in-the Box"
(Vibration conditions: 1) 0.7g,10Hz. 2) 270 rpm)

Structure “Product

8%EVA/Met PET/PE % cit.acid1

(30/12/50) leakage
Flex cracking,
leakage
Flex cracking,
iileakage

ater1

1
range conc.

“Few pinholes
upper part
Flex cracking

PE/Met PET/8%EVA acid1

(30/12/50)

PE/Met PET/PE #Flex cracking,

pinhole
(50/12/50) iNo damage
PE/Met PET/PE Flex cracking,
(50/12/50) pinholes,
leakage
PET/Saran/Surlyn Pinholes,
(50/12/50) leakage
%EVA/Met PET/8%EV ater2 Flex cracking,

(50/12/50) pinholes,

leakage

LLDPE/Met PET/LLDPEi5% cit. acid2

(50/12/50)

Flex cracking,
no leakage

PE/Met PET/PE cit.acid2

(32/12/38)

Flex cracking,
no leakage

All the 6 gallon laminated bags, containing citric acid were
leaking after 90 min on the vibration test system. Also, large
"windows", demonstrated by disappearance of the aluminum layer,
appeared. Apparently these transport simulation conditions were
too severe. In another simulation test 6 gallon bags containing
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orange concentrate were vibrated for 40 minutes at 0.7g and 10Hz.
These conditions simulated transport on a truck travelling over a
distance of 1000 km. All bags showed signs of flex-cracking and
three laminates had pinholes and were leaking. However, no
"windows" appeared in any of these bags. After testing same type
of bags on the simulator at 270 rpm for 20 min, simulating
travelling on a bumpy road for almost 2000 km, all bags leaked.
These again are very harsh conditions, and probably when testing
one should consider the distribution of acceleration amplitude (g)
and frequencies as created during transportation. After filling
the bags the flaps are folded causing flexing in the upper part of
the bag. In addition during vibration flex-cracking occurs
resulting in formation of pinholes in the internal PE liner and
also in the outer laminated bag. The acid medium creeps between
the layers. dissolves the aluminum creating the "window"
phenomenon in the bag. When the pinhole penetrates through the
outer layer. the bag starts to leak. This phenomenon was reduced
to some extent in bags containing viscous materials such as
concentrates, but when the medium was juice or citric acid, it was
very pronounced.

Summary

Shelf-life of aseptically filled juices in flexible and semi-rigid
plastic containers is limited by chemical reactions, which are
primarily influenced by storage temperature. as well as oxygen and
light. Absorption of oil soluble flavors by the contact layer and
accelerated deteriorative reactions caused by oxidized
polyethylene surfaces may also effect shelf-life. Results of
studies, relating to interactions of aseptically filled citrus
juices with various types of packages.are presented in this

paper. Reactions, such as ascorbic acid degradation and browning,
were accelerated in laminated cartons and in bag-in-the-box
systems as compared with glass jars. Also d-limonene
concentration was reduced to about half of its initial value
shortly after packaging in all laminates. Simulating
transportation. by dynamic testing. showed the damaging effect of
transport to the package resulting in reduced shelf-life.
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Chapter 7

Loss of Antioxidants
from High-Density Polyethylene

Its Effect on Oatmeal Cereal Oxidation

J. Miltz12, P. Hoojjat 1, J. K. Hanl, J. R. Giacin !, B. R. Hartel,
and 1. J. Gray!

1School of Packaging, Michigan State University,
East Lansing, MI 48824-1223

The loss of the antioxidants BHA and BHT from HDPE
film was measured experimentally and analyzed theo-
retically. The volatilization of the antioxidant
from the polymer surface was found to be the control-
ling parameter for mass transfer. Diffusion
coefficients of the antioxidants evaluated from the
experimental data and extrapolated to 100°C were
found to be of the same order of magnitude as
reported in the literature for BHT at that tempera-
ture. Oatmeal cereal packaged in a high level BHT
impregnated HDPE had an extended shelf life when
compared to a low level of BHT impregnated HDPE film,
due to the adsorbtion, by the cereal, of the anti-
oxidant that had evaporated from the package.

Antioxidants are widely used as food additives to retard oxidation
of lipids and degradation of other components. Normally, the
antioxidants are incorporated directly into the food. This has
proven to be a very successful and inexpensive method for protect-
ing oxygen sensitive foods.

Antioxidants are also incorporated into plastic films in
order to protect them from degradation (1-2). It is well
established that antioxidants are lost from polymeric films and
sheets during storage (3-4). A relatively small amount of this
antioxidant is lost through decomposition reactions (if not exposed
to the outdoors environment) while the bulk of it is lost by what
is commonly assumed to be a diffusion controlled process. The
actual loss mode is, however, more complicated. For an antioxidant
to be lost from a polymeric film (or sheet) it has to diffuse
through the bulk of the polymer towards its surface and then

2Current address: Pillsbury Company, Research and Development Laboratories,
Minneapolis, MN 55402; on leave from the Department of Food Engineering,
Technion-Israel Institute of Technology, Haifa, Israel

0097-6156/88,/0365-0083$06.00/0
© 1988 American Chemical Society
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evaporate from the surface into the surroundings. Depending on the
nature and structure of the polymer and on the properties of the
additive, to include its diffusivity and volatility, the loss process
can be controlled either by diffusion or by volatilization or by a
combination of the two.

The process of the physical loss of an additive which is soluble
in the polymer thus involves two distinct processes: (i) the removal
of additive from the surface by evaporation; and (ii) the replacement
of additive in the surface layer by diffusion from the bulk polymer.
A mathematical model describing the loss of an additive from the
polymer to air requires therefore two parameters: a mass transfer
coefficient characterizing transfer across the boundary of polymer
surface-air interface and a parameter characterizing mass transfer
within the polymer bulk phase.

Crank (3) has described a mathematical expression for a film
from which additive is lost by surface evaporation with finite
boundary conditions. According to this model, the total amount of
additive leaving the polymer in time (t) is expressible as a fraction
of the corresponding amount lost after infinite time by:

o 21.2 exp (-B%T)
-3 n
n=1 BZ (B2 + 12 + L)
n' ' n

(1)

s
1]
=

where:

amount of additive leaving the polymer in time = t
amount of additive leaving at infinite time

= Dt/4? (2)
= f0/D (3)
= half of film thickness

= time

= diffusion coefficient of additive in polymer

= volatilization mass transfer coefficient of additive
from polymer surface

QU("’?OI:"HQZH_Z

Bn values are the positive roots of the equation.

Bntan Bn =L (4)

Calvert and Billingham (4) have analyzed the rate of loss of a
simple low molecular weight moiety, such as the antioxidant 3,5-di-
tertiary-butyl-4-hydroxy toluene (BHT), from thick slabs and/or bulk
solids as well as from thin films and fibers. They were interested
in polymer stabilization and assumed that polymer degradation will
proceed rapidly to sample failure when the average concentration of
additive falls to 10%, namely when My/M, = 0.9. Ignoring terms
other than n=1 in Equation 1, they have suggested the following
failure criterion:

21%exp (-B®T) s
BTRIIa) - 0.1 (5)

Calvert and Billingham (4) plotted the values of L as a func-
tion of T and concluded that at high values of L (thick film, rapid
evaporation and low diffusion rate) the failure time is given by:
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t = 0.87 2%/p L>10 (6)

and is diffusion dominated and independent of o (or the rate of
evaporation). At low values of L (thin films, slow evaporation and
fast diffusion rates) they obtained a line represented by:

LogL + LogT = 0.383 (7)
leading to the failure time given by:
t = 2.42 %/a 1<0.6 (8)

According to Equation 8, the diffusion rate is unimportant at L
values lower than 0.6 and the failure time is dominated by surface
evaporation. They concluded that the rate of loss of low molecular
compounds from a thick polymeric slab is determined by bulk phase
diffusion, while the loss from thin films is dominated by the rate
of surface evaporation.

The method of Calvert and Billingham (4) does not, however,
enable one to determine the volatilization and diffusion coefficients
separately as the parameters L and T in Equation 7 are interrelated.
Han et al. (5) have extended the theoretical work of Calvert and
Billingham and described a method to determine the two coefficients
simultaneously from sorption or desorption data.

The present paper deals with the loss of the antioxidants 2-
tertiary-butyl-4-methoxy phenol (BHA) and 2.6-di(t-butyl)-4 hydroxy
toluene (BHT) antioxidants from a high density polyethylene (HDPE)
film and the effect of the latter on the shelf life of oatmeal cereal
packaged in flexible pouches fabricated from the test film.

Experimental

Materials. The HDPE films (density 0.959 g/cc thickness — 66 um)
were provided by Crown Zellerbach, Film Production Division
(Greensburg, Indiana). The films contained 0.14% (W/W) BHA and 0.32%
(high level) and 0.022% (low level) of BHT. The films with the two
levels of BHT were used to prepare 18 x 19 cm pouches in which shelf
life studies of the oatmeal cereal were carried out.

Oatmeal Cereal. Fresh oat flakes cereal were obtained from the
Gerber Product Company (Freemont, Michigan).

Methods

Antioxidant Determination. The levels of BHA and BHT in the test
film was determined by extraction followed by high pressure liquid
chromatography (HPLC) analysis. The level of BHT was also determined
by UV Spectrophotometry (Perkin Elmer Lambda 3B UV/visible with an
integrating sphere) and by monitoring the change in film weight with
time using a Cahn electrobalance.

For the antioxidant extraction, 5 g. of the film were cut into
small pieces and extracted with 150 ml of acetonitrile in a Soxhlet
extraction apparatus for 12 hours. The extracts were then filtered
and diluted with the solvent to a constant volume of 200 ml. The
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HPLC system consisted of a Perkin Elmer Series 3B Solvent Delivery
System and a LC-1000 Column Oven with a Perkin Elmer LC-85 Spectro-
photometric Detector. The detector was interfaced to a Spectra
Physics/SP4200 Computing Integrator for quantitation. The chromato-
graphic conditions were as follows:

Column a 0.24 x 25 cm ODS-HS sil-x-1 stainless steel (Perkin
Elmer)

Solvent 60% acetonitrile/40% distilled water (v/v)

Flow Rate 1 ml/minute

Detector Wavelength 291 nm for BHA and 280 nm for BHT

Injector 10 Pl Hamilton Microliter #701-N Syringe
Peak areas and retention times were determined by the use of a com-
puting integrator. The concentration of BHA and BHT in the film
samples was determined from standard graphs constructed by analyzing
pure BHA and BHT samples in acetonitrile.

Thiobarbituric Acid Analysis (TBA). The rate of lipid oxidation in
the cereal was measured according to the modified method of Caldwell
and Grogg (6). 20 g. of cereal were extracted overnight at room
temperature with 100 ml of hexane. The extracted lipid was filtered
using a glass suction funnel with an aspirator. The filtration was
then slowly evaporated in a rotoray evaporator maintained at 48°C.
The extracted sample was weighed and 100 ml of Benzene and 10 ml of
TBA reagent (prepared from 0.67 g. of TBA in 100 ml of distilled
water and 100 ml of glacial Acetic Acid) were added to it. The
sample was then vigorously shaken for four minutes and centrifuged
for 15 minutes; the top layer (benzene) was removed and the aqueous
layer transferred to a screw capped glass test tube and boiled for
30 minutes. The sample was then cooled before passing it through a
glass tube packed with cellulose powder that was used as a chromato-
graphic column. Sample aliquots of 7.0 ml were forced through the
chromatographic column (by applying an air pressure of 10 psig) for
the separation of yellow and red components. The column was then
washed with 5 ml of distilled water to remove the yellow color. The
absorbed red fraction, associated with the oxidized components, was
thereafter eluted with 10 ml of aqueous pyridine (20%) and collected
in a volumetric flask. The optical density at 532 nm was read
against a blank and converted (calculated) to a 1 g. sample basis.

UV Spectrophotometer. A Perkin Elmer Lambda 3B UV/visible spectro-
photometer with an integrating sphere was used to measure BHT
content of the films at different time intervals. Film samples were
mounted directly in the sample holder of the integrating sphere and
the absorbance (O0.D. units) at 280 nm was recorded. The relative
concentration of BHT in the film was obtained by the expression

. (%)

0.D
lati = *
Relative % BH 0.D. (o) 100

where the parameter in parenthesis is time.
Procedures

Studies of antioxidant depletion from the test films were carried
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out on the BHA and high level BHT impregnated films. The film
samples were stored at different temperatures and the level of re-
tained antioxidant determined as a function of time. At different
times, film samples were either extracted for BHA or BHT analysis by
HPLC or analyzed directly by the UV spectrophotometric procedure.
Unless otherwise stated, the film samples were stored in open air.
For weight loss studies carried out with the electrobalance, the
samples hang inside a tube which was continuously purged with
nitrogen. The effect of BHT originally in the film on the rate of
cereal oxidation was carried out by analyzing the pouch and the
cereal for BHT content and extent of oxidation (TBA analysis) after
different storage period at 30 + 1°C and 45% RH.

Results and Discussion

In figures 1 and 2, the loss of BHA and BHT from the HDPE film is
shown as a function of time and temperature, respectively. The
straight lines in this semilogarithmic plots suggest that the loss
of these antioxidants follow a first order or pseudo-first order
rate expression:

2n — = =Kt (9)

where Co5 and C are the initial and time T concentrations of anti-
oxidant in the film samples (percent wt/wt) respectively; K is the
rate constant and t is the time interval. From figure 1 it can be
seen that nearly all of the BHA (greater than 95%) was lost within
one day at 50°C, within 3 days at 40°C and within 7 days at 30°C.

The rate constants determined from Equation 1 for BHA are sum-—
marized in Table 1.

Table I. Rate Constants for the Loss of BHA from HDPE
Film and the Activation Energy

Temperature The Rate Loss Constant
(°c) K x 10° (1/hr)
10 4.0
22 9.6
30 19.6
40 46.6
50 121.8

To determine the BHT concentration in one of the HDPE films,
three different methods were used. These methods were: (1) BHT
extraction from the film followed by an HPLC analysis; (2) UV ab-
sorption of the film measured at 280 nm; and (3) direct measurement
of the film sample weight change with time. A linear relationship
between the results of the first two methods was found. 1In figure
3, the loss of BHT as a function of time as measured by HPLC and UV
is shown at two different representative temperatures. It can be
seen that both methods give comparable results. The loss of BHT
from the film, as measured by directly weighing the film on a Cahn
electrobalance, is shown in figure 4 for a third temperature.
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Comparable results to those obtained by UV spectroscopy were found
and thus all three methods can be used for BHT content determina-
tion.

The diffusion and volatilization mass transfer coefficients
determined according to the method outlined in a previous publica-
tion (5) are summarized in Table II for BHA and Table III for BHT.

Table II. Mass Transfer and Diffusion Coefficients for
BHA in HDPE Film

Mass Transfer Diffusion

Temperature Coefficient Coefficients

(°C) 0x10 (cm/sec) Dx10 (cmz/sec)

10 2.9 1.2

22 6.9 2.9

30 14.1 6.0

40 33.5 14.2

50 87.7 37.1

Table III. Mass Transfer and Diffusion Coefficients of
BHT in HDPE Film

Mass Transfer Diffusion
Temperature Coefficient Coefficients
(°C) ax10 (cm/sec) Dx10 (cm?/sec)
10 3.9 2.2
21.5 8.6 4.8
30 36.4 20.0
40 152.6 80.0

(Reproduced with permission from ref. 5. Copyright 1987 Society of
Plastics Engineers.)

Figure 5 is a representative plot of the theoretical and
experimental rate loss curves for BHA and it can be seen that very
good agreement is obtained. Similar curves were obtained for BHT
at different temperatures.

No data for diffusion of BHA in HDPE were found in the litera-
ture.

Braun et al (7) measured the diffusion coefficient of BHA in
molten low density polyethylene (LDPE) by Inverse Gas Chromatography.
Although LDPE is different than HDPE and the activation energy for
diffusion in a molten polymer is different than that in the solid,
it was interesting to compare the calculated values for our experi-
ments to those measured by Braun et al. It was expected that at
least the order of magnitude would be the same. It was assumed that
the melting point of LDPE is 108°C. Using an activation energy of
15.2 Kcal/mole up to 108°C and the value of 10 Kcal/mole reported by
Braun et al for the molten polymer, a diffusion coefficient of
3.5 x 10~/ cmz/sec at 136.8°C was calculated. This value is 4.7
times higher than the values of 7.4 x 1078 reported by Braun et al
for the same temperature. Taking into consideration our assumption
that BHA has the same diffusion coefficient in ILDPE as in HDPE and
the same activation energy in the two polymers when in the solid
state, the agreement between the results is quite good.

Also for BHT, no diffusion coefficients in HDPE at room
temperature were found in the literature. Very recently Comyn et al
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(8) reported a value of 12 x 10™% cm?/sec for the diffusion
coefficient of 2,6-di-t-butyl-4-methyl phenol (BHT) in HDPE at 100°C.
Although BHT and BHA are different additives, they are quite similar
in structure and are therefore assumed to have similar diffusion co-
efficients in HDPE or at least in the same order of magnitude. Using
the value of 15.2 Kcal/mole determined from our studies for the
activation energy for diffusion of BHA in HDPE, a value of 8.9 x 10
cmz/sec was calculated for the diffusion coefficient at 100°C. This
value is of the same order of magnitude as reported by Comyn et al
for BHT. Using an activation energy for BHT diffusion in HDPE of
12.6 Kcal/mole (determined from our results), a value of 10.3 x 10~
cmz/sec was calculated, which is in good agreement with the results
of Comyn et al. No data for comparison of the volatilization mass
transfer coefficients were found in the literature.

To establish the validity of the evaporation/sorption mechanism,
storage studies were carried out with product containing tocopherol
and the product analyzed for BHT content. Table IV summarizes our
storage studies.

8

Table IV. Sorption of BHT by Cereal Product Packaged in
HDPE Pouches Following Storage at 39°C

Time g BHT/g In In Lost to
(Weeks) Cereal x 100 Pouches Cereal Environment
0 .0000 100 - e
1 .0019 5 25 70
3 .0014 2 18 80
6 .0015 -- 19 81

It can be seen that after one week of storage only 5% of the
BHT remained in the pouch. After 6 weeks of storage, no BHT could
be detected in the pouch but 19% of the BHT originally present in
the pouch was found in the cereal.

In Figure 6, the extent of cereal oxidation is shown for the
two levels of antioxidants originally present in the pouches. The
cereal contained in pouches with the higher BHT level was more
stable than its counterpart stored in pouches with low BHT content.
The BHT that was lost from the high BHT concentration pouches and
which had adsorbed on the cereal increased its stability.

To conclude, it was found that the loss of BHA antioxidants
from HDPE followed a first order rate expression. The controlling
parameter for mass transfer was found to be volatilization. The
calculated diffusion coefficients were compared to those reported
for BHT at 100°C and for BHA in molten LDPE and were found to be of
the same order of magnitude. The cereal contained in HDPE pouches
impregnated with the high level of BHT had lower oxidation levels as
a result of the migrated antioxidant from the package that had ad-
sorbed on the cereal.
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Chapter 8

Overview of Sterilization Methods
for Aseptic Packaging Materials

Romeo T. Toledo

Food Science and Technology Department, University of Georgia,
Athens, GA 30602

Processes for effective inactivation of
microorganisms on surfaces of aseptic packaging
materials while operating in-line with the filling
and package sealing equipment are described.
Hydrogen peroxide is the only chemical sporicidal
agent which is approved by regulatory agencies.
Current commercial systems utilize 35% (w/w)
hydrogen peroxide solutions and are effective.
However, improper operation or design could result
in spoilage or level of residues may exceed the
tolerance. Ascorbic acid is a component most
sensitive to residual hydrogen peroxide. Reduced
hydrogen peroxide consumption and less problems
with residues have been demonstrated in laboratory
tests utilizing vapor phase hydrogen peroxide
mixed with hot air as a sterilant. The
synergistic effects of 1iquid hydrogen peroxide
and high intensity ultraviolet radiation has also
been demonstrated. Dry heat as hot air or
superheated steam is suitable for stsrilizing
packages for low 8cid foods at 179.3°C and for
acid foods at 146 °C within the time frame suitable
for high speed packaging systems. Moist heat at
atmospheric pressure is effective on packages for
acig foods when acidified water at pH 3.45 and
100°C is used. Economic considerations and
non-uniform dose delivery to pre-formed containers
inhibit commercial adoption of ionizing radiation
sterilization in-1ine with aseptic packaging
systems.

Requirements for Sterilization and Regulations on use of Chemical
Sterilants

Sterilization of packaging materials is a critical step in the
aseptic processing and packaging operation. Although it is
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possible to pre-sterilize packaging materials using generally mild
conditions for long times, this practice may expose the
pre-sterilized packages to possible re-contamination when they are
introduced into the aseptic packaging machine and therefore a
second sterilization step is required just prior to use. Thus,
in-line sterilization is preferred. Toledo (1) summarized the
characteristics of sterilants suitable for in-line sterilization
of packaging materials. The most important are: rapid
microbicidal activity to enable high speed packaging; suitability
for maintenance and control of parameters affecting microbicidal
activity; compatibility with packaging material and equipment
relative to corrosiveness and method for effective application;
ease of removal from treated surfaces; no adverse effect on
product quality; and no health hazards to workers around the
packaging equipment or to consumers of food which may contain
residues of the sterilant.
When using sterilants that do not leave any residue on the

food contact surface, the Food and Drug Administration (FDA)
consider sterilization as a process which is regulated only when
used on low acid foods (2). However, when plastic packaging
materials and chemical sterilants are used, the process is
regulated as an indirect additive to food (3). The process of
obtaining FDA approval for the use of chemical sterilants in food
packaging has eased considerably since the concept was introduced
in the early 70's. FDA's policy is still "show me" as expressed
by Reister (4) and scientific evidence for process adequacy must
be filed by processors before a system is placed into commercial
operation. However, experience over the past 15 years has
established the type of data that must be submitted and the
procedures for obtaining these data have been well developed,
therefore the process of obtaining FDA sanction for the process is
not as cumbersome as it was before. As more data are developed on
the spoilage patterns observed on commercially operating aseptic
packaging systems, the criteria for sterilization will be more
clearly defined and parameters for process adequacy can be
effectively designed into a system. For example, traditional
safety factors can be eliminated and target sterilization values
can be reduced if uncertainties in the inter-relationships between
the processing parameters and incidence of spoilage can be
established. In addition, for aseptic packaging material
sterilization, the traditional target sterilizing value equivalent
to a "12 D process" should take into consideration the fact that
good manufacturing practices in production and handling results in
very low microbial contamination levels in packaging materials.
The 12 D concept originated from earlier work (5) which
established that multiplying by 12 the decimal reduction time (D)
of Clostridium botulinum spores in dilute suspensions will be
equivalent to the treatment time when no survivors can be
recovered from 60 billion spores. Stumbo's (6) interpretation of

"12 D" as a survival probability of 10-12 for a pathogen in a
processed food is much too stringent. A widely

accepted interpretation of the 12 D concept (7) involves setting
an_gpper limit to the probability of spoilage from a pathogen at
10 ° per container. Thus an exposure time of 6D will be
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equivalent to a 12D process in_§erms of product safety
(probability of survival is 10 ) _if the contamination level is
one spore in three containers (10 ~) in the packaging material.

Hydrogen peroxide is now the only chemical sterilant for
packages that has proven to be acceptable to the consumer, the
processor, and the regulatory agencies in the US. When properly
used, it is an effective sterilant and level of residue can be
effectively controlled to within safe limits. FDA regulations (8)
limit the residual hydrogen peroxide to a maximum of 0.1 ug/mL
determined in distilled water assayed immediately after packaging
under production conditions. Initially, the use of hydrogen
peroxide as a sterilant for packaging material that directly
contact food was approved only for polyethylene (9). The approval
was extended to include all polyolefins in March 1984 (10), and in
1985 approval was extended to include polystyrene, modified
polystyrene, ionomeric resins, ethylene methyl acrylate copolymer
resin, ethylene vinyl acetate copolymer resin, and polyethylene
tetrapthalate (8). In January 1987 approval was extended to
include ethylene acrylic acid copolymers (11).

Development of acceptable sterilization techniques suitable
for plastics, and public demand for more convenient good quality
canned foods, encouraged commercial adoption of aseptic packaging
technology. This review will discuss currently used practices for
in-line sterilization of aseptic packaging materials, critically
analyze newly developed procedures mentioned in the scientific and
patent literature that have potential, and discuss the influence
of the process used on product quality, storage stability and
properties of the packaging material.

Sterilization by Heat

Microbial inactivation in food preservation processes has
traditionally been accomplished by heating. Moist heat is
delivered by water or saturated steam. Since moist heat is
sporicidal only at temperatures above the boiling point of water
at atmospheric pressure, and since packaging machines are not
constructed to operate under pressure, it can only be used to
pasteurize packaging materials used for acid foods. Saturated
steam at atmospheric pressure and water close to the boiling point
may cause water vapor condensation which could interfere with
electronic components or with succeeding operations in the
formation of the package. Moist heat could cause blistering or
delamination of paper based packaging materials and impair the
heat sealing characteristics of plastics. Thus atmospheric steam
can only be used on non-paper based pre-formed containers. Hot
water is not used to pasteurize materials for packaging acid foods
because the resistance of non-sporeforming spoilage microorganisms
is maximum at pH values close to neutral (12).

Data from our laboratory show that the microbicidal effect of
moist heat can be enhanced by the addition of organic acids to
water. Solutions of citric acid at a pH of 3.45 has been shown to
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effectively eliminate cells of Lactobacillus plantarum and
Leuconostoc mesenteroides on filter paper strips afte; 90 s of
exposure at 100 C using an initial inoculum of 1 x 10" cells.
Saccharomyces cerevisiae required only 15 s of exposure at 80 C
for complete inactivation. Lactobacillus plantarum cells on
po%yethylene strips could not be recovered after 30 s exposure at
70°C but this result is probably due to cells being washed off the
strips rather than inactivation. Spore forming aciduric
microorganisms, Clostridium butyricum and Bacillus coagulans on
filter paper survived up to 90 s at 100°C when sub-cultured on
beef extract-tryptone-dextrose broth at pH 6.5 but the test strips
exposed to the same conditions but sub-cultured in apple juice (pH
3.2) did not cause spoilage. Although the above conditions
demonstrate the feasibility of citric acid solution to pasteurize
packages for acid foods, the necessity of operating at the boiling
point will require containment of vapors generated by the
sterilant solution in order that effective use can be made on an
aseptic packaging system. Sterilant residue will not be a problem
if a food grade acidulant is used.

Dry heat delivered by superheated steam or hot air is not as
microbicidal as moist heat at the same temperature, therefore
higher temperatures are required. When paper based packaging
materials are used, hot air is preferred as a sterilant over
superheated steam. The decimal reduction time for a heat
resistant yeast isolated from spoiled orange juice aseptically
packaged in spiral wound fiberboard container sterilized with hot
air is 0.038 min at 150 C and this time decreases by a factor of
10 for every 11.1°C increase in temperature (13). Thus, 12D for
this organism will require 27 s at 150°C or 1 min at 146°C. Dry
heat pasteurization of materials for aseptic packaging of acid
foods requires temperatures beyond the capability of most plastic
packaging materials to withstand.

When aseptically packaging low-acid foods, inactivation of
Clostridium botulinum is critical. In superheated steam, the
organism has a decimal reduction time of 1.2 min at 150 C and a
33.9°C increase in temperature is required to reduce the
inactivation time by a factor of 10 (14). An equivalggt 12D
process based on an initial contamination leve} of 10 ~ per
container and a probability of spoilage of 10 ~ which could be
attained within a treatment time of 1 min will require a
temperature of 179.3°C. The exact values for inactivation of
various organisms in hot air and superheated steam may not be
exactly the same, but the magnitude is similar therefore
approximately the same conditions may be used when using either
forms of dry heat sterilization.

When sterilizing by hot air or superheated steam, there is no
effect on product quality. Furthermore, the temperature within
the entire aseptic filling chamber may be maintained at a level
lethal to microorganisms thus assuring asepticity. The high
temperature of the headspace gas at the time of sealing also
reduces the level of oxygen in the sealed package and can
contribute towards prolonging product shelf life.

Sporicidal properties of moist heat is much stronger than dry

heat, but cost of constructing a pressurized sterilization system
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for aseptic packages is prohibitive. Yawger and Adams (15)
investigated the sporicidal properties of vapors generated from
aqueous solutions of glycerin and propylene glycol. They found
that although it is possible to generate yapor from these
solutions at temperatures higher than 120 °c at atniospheric
pressure, the heat resistance of spores increases as the glycerin
or glycol concentration in the solution increases therefore the
effect of the high temperature is offset by the increased
resistance. For example, Yawger and Adams' data showeg the
decimal reduction time of FS 1518 to be 3 min at 126.6 C when
exposed to vapors from boiling 86% propylene glycol solution while
the same organism required 0.84 min for one decimal reduction at
the same temperature in saturated steam.

Hydrogen Peroxide Solution

The sporicidal effectiveness of hydrogen peroxide solutions has
been well studied. Toledo, et al. (16) compared resistance of
spores of various microorganisms at both ambient and elevated
temperatures and reported the highest resistance by B. subtilis A
and B. subtilis var. niger. The latter forms yellow colonies
which eventually darkens as the culture ages, making it an ideal
organism for testing the capability of systems utilizing hydrogen
peroxide as a sterilant to achieve commercial sterility. Cerny
(17) reported a strain of B. stearothermophilus which was very
resistant to inactivation by hydrogen peroxide. This orgsnism had
a gecimal reduction time of 21.8 min in 30% hydrogen peroxide at
23°C compared to 5 min for a strain of B. subtilis. In
compar1son, decimal reduction time in 35% hydrogen peroxide at
23°C calculated from our data (18) for B. subtilis A, is 6.4 min.
Since sterilization processes used on aseptic packaging systems
for low-acid foods must have documentation for adequacy to
inactivate pathogenic and spoilage microorganisms, a unit must be
tested using an acceptably resistant organism before it can be
placed in commercial production. The test organism must have a
resistance greater than spores of Clestridium botulipum in order
that the lethality of the process used for inactivation of the
inoculum would be equivalent to a 12 decimal reduction of C.
botulinum. For example, the decimal reduction time in 35%
hydrogen peroxide for C. botulinum 169 B, the most resistant of
the C. botulinum strains at 85 C is 0.034 min (19, 20) while that
for B. subtilis var. niger is 0.047 min (18), therefore 9 decimal
reductions of the latter organism is needed to give an equivalent
of 12 decimal reduction of the pathogen. Thus, the inability7to
recover survivors in 100 inoculated test strips containing 10
spores of B. subtilis var. niger, would be evidence that the
process delivered a lethality equivalent to 12 decimal reductions
of C. botulinum type 169B.

The exposure required to satisfy the above levels of
microbial inactivation to enable the packaging system to pass
microbial challenge tests for process validation, may vary
depending on how the hydrogen peroxide is applied and the
treatment which follows hydrogen peroxide applicatiomn.
Inactivation of microorganisms occurs when adequate exposure time
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is provided at the hydrogen peroxide concentration and temperature
at the surface, prior to removal of the peroxide form the surface.
Thus, although the exposure time is easily established in the
laboratory when spores are directly added to hydrogen peroxide
solution, the reality of not being able to directly monitor the
presence of and concentration of hydrogen peroxide on a packaging
material surface once the material leaves the dip tank prevents
direct extrapolation of laboratory data to commercial practice.

In commercial aseptic packaging equipment which uses roll
stock, the packaging material is immersed in hydrogen peroxide
solution followed by heating to vaporize the peroxide before the
packages are filled. One make of aseptic packaging machine is
designed to apply the hydrogen peroxide solution by contact with a
wetted roll. Contact time with the solution which contains a
wetting agent, is often less than one minute. The wetting agent
is added to the solution to enable the material surface to retain
a film of hydrogen peroxide. As heat is applied to dry the surface
the temperature of the hydrogen peroxide film is elevated
promoting the microbicidal effect. Heat is applied using radiant
electrical resistance heaters, a stream of hot sterile air, or by
contact with a heated stainless steel roll. When acid foods are
packaged the solution is maintained at ambient temperature. An
elevated solution temperature may be used for low-acid foods.
Cerny's (17) and Toledo et al's (16) data show that 1 min in 30%
hydrogen peroxide at ambient temperature produced only 2.5 decimal
reductions of mold spores and bacterial spores were not affected
at all. Thus, in current commercial practice, the microbicidal
action is primarily due to the heated film of hydrogen peroxide at
the start of the drying phase of the sterilization process. For
this reason, wetting of the packaging material and the presence of
a uniform film of liquid on the material surface are critical
factors.

Since there is no reliable system for directly monitoring the
presence of a uniform fluid film on the surface of a packaging
material, the rate of consumption of hydrogen peroxide is
monitored instead. This method does not ensure that a uniform
film is always present but it is based on the premise that if the
system continually passed the microbial challenge tests for
process validation on a measured rate of hydrogen peroxide
consumption, then maintenance of that rate would be indicative of
adequate levels of hydrogen peroxide on the packaging material to
provide the sterilizing effect.

Hydrogen peroxide sterilized aseptic packaging systems which
have been approved for commercial packaging of low-acid foods have
been proven to produce an acceptable level of residues. However,
occasionally inadequate drying results in residues exceeding the
0.1 ug/mL (8) tolerance and adversely affect product quality. An
improperly designed system may result in more incidence of
non-compliance with regulations pertaining to residues.

Stefanovic and Dickerson (21) observed that removal of hydrogen
peroxide from packaging material became more difficult as the
temperature of the solution and immersion time increased. They
postulated that more of the solution was adsorbed on the surface
at high temperatures and the higher concentration of hydrogen
peroxide vapor in air contacting the surface during the drying
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process prevented adequate removal of residues to meet the
tolerance. Prolonged contact between liquid hydrogen peroxide and
the packaging material also increased the difficulty of removing
residues.

When sterilizing pre-formed containers, hydrogen peroxide is
sprayed or atomized into the container. A measured amount of
hydrogen peroxide is metered into each nozzle which delivers the
solution into each container to ensure that a uniform film coats
the inside surface of the package. Microbial lethality is induced
during the drying phase of the process and the hydrogen peroxide
vapors in the atmosphere surrounding the package could build-up to
concentrations which could leave significant residues if the
vapors generated are not displaced by dry sterile air.

Increasing the extent of microbial inactivation by increasing
hydrogen peroxide concentration, temperature, or time of immersion
may make residue reduction difficult to achieve in improperly
designed systems. When reduced temperature and contact time in
the hydrogen peroxide dip tank are used, consideration must be
given to having the hydrogen peroxide solution remain on the
surface for an adequate time such that at the surface temperature
of the packaging material, commercial sterility can be achieved.
For acid food products, the relatively low microbial lethality
required makes it easy to achieve the desired level of microbial
inactivation and meet the residue tolerance level. However, for
low-acid foods, a system must be carefully designed such that both
criteria of commercial sterility and adequate sterilant removal
are achieved.

No data are available on the influence of hydrogen peroxide
on the properties of the packaging material. Schumb, et al. (22)
mentioned the suitability of polyethylene, polyvinylidene
chloride, and polyvinyl chloride for storage of hydrogen peroxide
at ambient temperatures, and the chlorinated polyethylenes at
reasonably elevated temperatures. This indicates an inertness in
these plastics for hydrogen peroxide. However these same authors
also indicated a leaching of plasticizers from plastic by hydrogen
peroxide. These indicate that although contact of a packaging
material with hydrogen peroxide may not affect the polymer
directly, it may affect the plasticizers and other additives,
particularly at elevated temperatures, thereby influencing
sealability and mechanical properties.

Residual hydrogen peroxide and those trapped in the package
headspace at the time of sealing, has an adverse effect on product
stability particularly on ascorbic acid degradation in fruit
juices (23). Oxidative changes initiated by high levels of
hydrogen peroxide may also affect other vitamins, essential oils
and pigments, although no quantitative data is available for
these effects. The concentration of residual hydrogen peroxide in
the product detemmines the magnitude of these effects. When the
concentration of hydrogen peroxide at the time of packaging
exceeded 0.1 g/mL a marked increase in ascorbic acid degradation
in bottled orange juice and orange juice concentrates was observed
by Toledo (23). However, on some products where hydrogen peroxide
is added directly to reduce microbial levels such as milk in
cheese making and liquid whole eggs prior to freezing, storage
stability is not affected, indicating that if hydrogen peroxide is
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removed with catalase, only minor adverse effects may be observed
Treatment of milk with 5000 g/mL of hydrogen peroxide at 49 °C for
10 minutes lowered the cysteine and methionine content 10 to 25%
(24), but major vitamins except ascorbic acid were not affected.
50 g/mL hydrogen peroxide at 24°C for 8 hours was shown to have
no effect on vitamin content (except ascorbic acid) of milk (25).
Ascorbic acid was almost completely destroyed by add1t1on of 3000
g/mL of hydrogen peroxide to milk and holding at 30 °Cc for 24 h
(26). There have been no studies on storage stability of egg or
dairy products containing residual hydrogen peroxide.

Hydrogen Peroxide Vapor

It is difficult to maintain a record of all critical control
parameters during packaging material sterilization when the
process involves momentary contact with liquid followed by
heating. A large amount of hydrogen peroxide is also used during
the process and although in some systems the vapors are condensed
and eliminated through the liquid waste disposal system of the
processing plant, a substantial amount of the vapors escape to the
surroundings. Hydrogen peroxide vapor is a respiratory irritant
and environmental release should be curtailed. Although hydrogen
peroxide vapor release can be reduced by scrubbing or catalytic
treatment of the exhaust air, a process which uses the least
amount of hydrogen peroxide would be a cost effective alternative.

Sterilization using hydrogen peroxide vapor mixed with air
would allow recycling if some means is employed to replenish
condensed vapors. Recycling would minimize environmental release
of hydrogen peroxide. Furthermore, the amount of hydrogen
peroxide adsorbed on treated surfaces from the vapor phase will be
several orders of magnitude smaller than a liquid film therefore
flushing the vapor treated surfaces with low temperature sterile
air free of hydrogen peroxide vapors can effectively eliminate
residues,

Recently, a process was proposed where a mixture of hydrogen
peroxide solution and air was passed through a heated tube to
vaporize the hydrogen peroxide and the mixture was blown across
surfaces to be sterilized (27). This procedure generates a
mixture of hydrogen peroxide vapor and hot air which is used as
the sterilant. In this procedure however, it is difficult to
control the amount of hydrogen peroxide vapor in the air since a
high bydrogen peroxide vapor concentration facilitates excessive
condensation of liquid hydrogen peroxide when the mixture is
discharged into the packaging machine.

Low levels of hydrogen peroxide which remain in the vapor
phase in air at near ambient temperatures has been shown to have
sporicidal activity suitable for in-line sterilization of aseptic
packaging materials (28, 29). Air saturated with hydrogen
peroxide vapor carry relatively low concentration of hydrogen
peroxide (7.6 mg/L at 70 C) but can induce 6 decimal reduction of
spores of B. subtilis var. niger in 1.2 min. In comparison the
same organism requires 1.2 min to achieve one decimal reduction in
hot air alone at 150°C. Wang and Toledo (28) bubbled air through
sintered glass immersed in hydrogen peroxide solution to generate
air saturated with hydrogen peroxide. This procedure ensures a
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constant composition of hydrogen peroxide vapor in air and
conditions in the treatment chamber necessary to prevent
condensation can easily be determmined since the condensation
temperature of the vapors in air is known. Since the amount of
hydrogen peroxide vaporized from solution is less than water, the
solution is enriched during prolonged operation and a system must
be devised to add make-up water to maintain the desired
concentration. Wang and Toledo (29) showed that a change in the
solution concentration from 35 to 37% increases the vapor phase
concentration from 7.6 to 8.2 mg/L and this change has an
insignificant effect on microbiological inactivation rate.

High-intensity Ultraviolet

It has long been recognized that ultraviolet light (UV) is
germicidal. UV irradiation has been suggested as a means of
decontaminating drinking water (30), maple syrup (31), apple cider
(32), and beef (33). Along with the development of high intensity
UV (34), data published by Bachmann (35) on dose levels required
to inactivate spores of molds and bacteria indicated excellent
potential of the process for sterilizing aseptic packaging
material. Maunder (36) suggested the use of high intensity UV for
aseptic packaging material sterilization and Cerny (37) reported
experimental data on the sporicidal properties of 254 nm rays from
a UV-C lamp. Using a source having an output of 30 mW/sq. cm.
yeast required only 0.5 s of exposure to achieve 5 decimal
reduction and 1 s induced 3 to 4 decimal reduction of spores of B.
stearothermophilus and B. subtilis. Conidia of A. niger were the
most resistant requiring 8 s to achieve 5 decimal reduction.
However, when very high level of inocula were used, a tailing
effect was found and first order inactivation rate was observed
only for the first 1 to 2 s of exposure. Survivors were recovered
from all the previously mentioned organisms after 16 min of
exposure. Shielding of organisms by those close to the surface
prevented inactivation. The same shielding effect might occur if
dust particles are present thus limiting the effectiveness of UV
irradiation for sterilization of aseptic packaging materials.

The sporicidal properties of hydrogen peroxide is enhanced
when UV rays are applied on a surface wetted with hydrogen
peroxide solution. Cerny (37) showed that two more decimal
reduction of B. subtilis spores was achieved when packaging
material wet with 30% hydrogen peroxide at was UV irradiated
compared to UV treatment alone. The 5 s hydrogen peroxide dip
before UV treatment had no effect on spore count reduction.
Bayliss and Waites (38-40) also showed the same effect when
bacterial spores and non-spore forming bacteria in hydrogen
peroxide solution were exposed to UV irradiation. The process of
simultaneously applying hydrogen peroxide solution and UV will
provide adequate sporicidal activity to relatively low
concentrations of hydrogen peroxide in solution, minimizing the
problem of removal of residues after sterilization. No aseptic
packaging machine suitable for use on low acid foods which
utilizes the hydrogen peroxide-UV sterilization system is
presently in commercial operation in the US, although a US patent
has been issued to Peel and Waites on this process in 1981.
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Ionizing Radiation

Gamma irradiation has been used to sterilize plastic bags for

bulk packaging acid foods using an aseptic bag-in-box system (41).
However, the difficulty of maintaining sterility during the
transfer operation to the filling spout of an aseptic filling
machine, raises some doubts as to the practicality of gamma
irradiation sterilized packaging materials for use on low acid
foods. The heavy shielding necessary to prevent radiation leakage
from gamma ray sources makes the system impractical to use for
in-line sterilization.

High energy electron beams are not as penetrating as gamma
rays, and therefore does not require as much shielding as a gamma
ray source. The microbicidal properties of ionizing radiation are
the same regardless of source, and an effective sterilizing dose
is in the order of 3 megarads. This dose level can be achieved
with presently commercially available units (42) at rates suitable
for in-line installation with a high speed packaging machine.
However, with pre-formed containers, the geometry of the delivery
system makes it difficult to apply a uniform dose on the whole
container. A major impediment to adoption of this technology in
the food industry is the high initial and operating cost of the
units.

Care must be used when using ionizing radiation for
sterilization of aseptic packaging materials. Although aluminum
foil is not affected by irradiation, paper and plastic could be
affected, with results ranging from discoloration to loss of
pliability and mechanical strength. In general, polyethylene,
ethylene co-polymers, and polystyrene are resistant to radiation
damage at sterilization doses but flourine containing polymers,
polyvinylidene chloride and polyacetals lose their tensile
strength and become brittle and discolored (43)

Other Sterilants

There are a number of other compounds that have been suggested
as havng potential for use in sterilizing aseptic packaging
materials. Ethanol 1iquid and vapor has been suggested (44, 45).
However, ethanol is effective only against vegetative cells and
not against fungal conidia or bacterial sporec therefore its use
in packaging of foods is limited to extension of shelf life of
packaged foods which are normally stored under refrigeration.
Peracetic acid is a compound produced by reacting
concentrated hydrogen peroxide with acetic acid. On
decomposition it forms acetic acid and water. The low pH and
oxidizing properties make it an excellent sporicidal agent.
Greenspan et al. (46) reported that a 50 g/mL aqueous scolution
of peracetic acid induced 5 decimal reductions of spores of B.
thermoacidurans within 1 min and 5 de81ma] reduction of B.
stearothermophilus within 5 min at 85°C. A 1% solution resulted
in no recovery of spores of B. stearothermophilus after 30 s
exposure at 28°C. In spite of its sporicidal properties,
peracetic acid is not an approved sterilant for use on aseptic
packaging materials. Its vapor is very pungent and irritating
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therefore a system that utilizes this compound must be air-tight
to prevent environmental release. Unlike hydrogen peroxide vapors
for which a tolerance is allowed inside sealed packages, no such
tolerance is allowed for peracetic acid and vapors in the
headspace can cause a disagreeable vinegar-like off-flavor in some
food products. In spite of these problems, this compound
deserves attention as a possible sterilant for aseptic packaging
materials because of its effectiveness as a sporicidal agent. The
decomposition product has GRAS (Generally Regarded as Safe) status
in foods, and in some foods, the presence of small amounts of
acetic acid may not be considered an off-flavor.

Conclusions

Other methods for sterilization exist apart from the now FDA-
approved heat sterilization and hydrogen peroxide sterilization
techniques. However, these other processes require more costly
systems to install and maintain, or regulatory approval is
required to establish safety as an indirect food additive.
Hydrogen peroxide is still the current sterilant of choice for
plastic aseptic packaging materials and active research is
continuing to devise ways of improving the effectiveness of the
compound as a medium for achievement of commercial sterility in
aseptic packaging systems.
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Chapter 9

Theoretical and Computational Aspects
of Migration of Package Components
to Food

Shu-Sing Chang, Charles M. Guttman, Isaac C. Sanchez !,
and Leslie E. Smith

Polymers Division, Institute for Materials Science and Engineering,
National Bureau of Standards, Gaithersburg, MD 20899

The numerical solutions and computational methods for
the normal Fickian diffusion process applicable to
packaging material is given in detail. Most
experimental observations on the migration of small
molecules from polymeric package materials into food or
food simulating solvents show some non-Fickian behavior.
In one case solvent absorption and swelling of the
polymer have often been observed when the behavior is
non-Fickian. A model for a solute diffusing in a
swelling polymer is used to explain this phenomenon. In
another case, where the migrant is sparingly soluble in
the solvent, a stagnant solvent layer at the polymer
surface may give rise to an initial migration behavior
which is linear in time instead of linear in square root
of time. 1In certain cases where the solvent is not
stirred or is highly viscous, the quiescent migration is
found to depend on the diffusion coefficient of the
migrant in the solvent. Either alone or in combination,
these models can be applied to describe most migration
behavior in rubbery or semicrystalline packaging
material.

The amount of package components that may be leached by food or food
simulating solvents depends on the original concentration of the
particular component or migrant in the polymer, its solubility in
the solvent and/or the partition coefficient between the polymer and
solvent as well as temperature and time. If the polymer is thick or
the time is short, the amount migrated will be less than that
predicted by the equilibrium partition. In these cases, dynamic
modeling of the migration process is required to predict the
migration as a function of time. In this paper we describe four
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models of the diffusion of migrant from food packaging material: the
simple Fickian diffusion with fixed boundary conditions, diffusion
in a material which is swelling, the effect of stagnant layer due to
low solubility of migrant into food or food simulant, and quiescent
migration into unstirred or viscous medium.

Solution for a normal Fickian diffusion process with simple
boundary conditions, as the migrant migrates from a plane sheet into
a stirred liquid, was solved long ago [1]. The numerical evaluation
of the solution generally depends on series expansions and converges
very slowly for early times or small amounts of material migrating.
To simplify the computational procedure, various special cases were
setup with limited ranges of applicability. With the ready
availability of personal computers, it is almost as convenient to
compute the general solution numerically without having to worry
about the limitations imposed by these special boundary conditions
and their ranges of applicability. A form of numerical procedure
for the solution of the Fickian diffusion applicable to a wide range
is shown in this paper.

For the diffusion of small migrant molecules from a polymer
into a solvent, or vice versa, there are often deviations from the
above described normal behavior. This is due largely to the
solvent/polymer interaction in the initial stage, which leads to a
swollen polymer. The initial stage is described by a smaller
diffusion coefficient which is a result of little or no solvent
content in the polymer. At later times the diffusion coefficient
increases to a higher value when the polymer is swollen by the
solvent in contact. A model is given which shows that the change in
the diffusion coefficient as a function of time follows closely the
movement of the solvent front in the polymer.

In the case of low solubility of the migrant in the solvent,
the rate of migration may be controlled by a thin stagnant layer of
solvent near the polymer surface. This stagnant layer generally
gives an initial migration behavior which is approximately linearly
proportional to the time, instead of to the square-root of time as
in normal Fickian diffusion behavior.

In some instances, where the solvent is not stirred or is
highly viscous, a quiescent migration phenomenon is found to depend
on the diffusion coefficient of the migrant in the solvent.

A combination of these cases is then possible to treat most
diffusion cases encountered in the additive migration behavior.

Non-interacting Systems-Normal Fickian Behavior

For a non-interacting system, the diffusion of a migrant between a
large plane sheet p of polymer of thickness L or 2£ and stirred
liquid s of finite volume V,, the most widely used solution [1,2]
for the Fickian second law, 3C/dt =D3%C/3x%, is in the form of:

M o 2a(l+ta) -q, 2T
=t = - n
Mo 1 n=1 1+a+a2qn2 € M

where a = M /M, = VS/KVP, the partition coefficient K = C,/C; at t-e
(assuming that the polymer and the liquid have the same density) and
the reduced time T = Dt/£%2. M, V and C denote the amount, volume
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and concentration respectively. The concentration of the solute in
the solution is assumed to be uniform. The concentration of the
solute just within the sheet is K times that in the solution. The
rate at which the solute leaves the sheet is always equal to that at
which it enters the solution. The solution for the non-zero
positive roots, q,, of

tan q, = -aq, (2)
lies between nm when a=0 and (n-1/2)7 when a=w. At a<<1,

qn ~ nr/(l+a) 3)

For other values of a,
4 ~ [n - a/2(1+a)]n (4)

Computation of Equation (1) is quite straight forward with a
computer. Equation (3) or (4) may be used to provide the starting
value for q, in a reiterative solution for Equation (2). At early
times and small amounts of migration, the convergence of Equation
(1) is rather slow, e.g., at T ~ 0.001 a sum of about 50 terms would
be required.

Although the above mentioned calculation may not present any
real problem in computation, there are however time savings from
simpler solutions applicable for diffusion at early stages.

At T<l and a<100, the approximate solution [2]:

2
M /M, = (1+a) [1 - eT/® erfc(T!/%/a)]
or its rational approximation for the error function [3]

M/, =1 - 3 aem (5)

where r=1/(1+0.3275911 T*/2/a), a,;=0.254829592, a,=-0.28449636,
a;=1.421413741, a,=-1.453152027, a5=1.061405429, may be used to
converge quickly without creating significant error. However that
this equation should not be applied at T>1 or a>100.

As a»o, complete migration or migration into an infinite bath
is expected, Equation (1) may be reduced to a function of T only,
without the influence of partitioning

- g L 9’T
Mt/Mw =1-2 n§1 an e
where q, = (n-1/2)n. At T<0.2 or M, /M,<0.5, M, /M, is linearly
related to T!/2:

M /M, = 2(T/x)t/2 (6)

For finite a or partition controlled migration, the range of
linearity becomes much less.

Although these special cases have often been applied in the
literature for the ease of reaching an estimate, Equation (1) should
be used in most cases without worrying about the range of
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applicability. A combination of Equation (5) at T<l and Equation
(1) at T>1 gives most efficient computation for the entire region of
normal Fickian diffusion process.

Variations of equations (1) and (5) often appear in literature
concerning diffusion and migration. As M, = Mp + Mg and M,/M, =
a/(l+a), the amount migrated can be related to the total amount of
migrant in presence instead of the equilibrium amount migrated at
infinite time, thus M, /M, = (M;/M,)[a/(1+a)]. Amount migrated per
unit area is another expression commonly used in migration studies,
such that M, /A = LC, (M /M,). Concentration units are obtainable by
the incorporation of the volume of the solvent and/or the polymer.

We have demonstrated that the Fickian behavior may strictly be
followed [4], by eliminating the influence of the variance due to
solvent/polymer interaction. After the polymer is first saturated
with a radioactive liquid migrant, the diffusion of the labeled
species are followed when the polymer is in contact with the
unlabeled liquid migrant as the surrounding medium. In such a case,
there is no net change in the composition of the solvent swollen
polymer. Figure 1 shows the observed behavior of the migration of
l4c-labeled n-octadecane from branched or low-density polyethylene
into unlabeled n-octadecane at 30°C, which follows strictly the
behavior as described by Equation (1).

Solvent Swollen System

For the migration of small molecules from polymers, the above
mentioned Fickian behavior is seldom obeyed, mostly due to
solvent/polymer interactions. Smooth changes of diffusion
coefficient with concentration of solution are often invoked to
explain deviation from above described Fickian behavior. However
the typical migration curve shown in Figure 2, for the migration of
n-octadecane (1%) from polypropylene into ethanol at 30°C, is not
explained by this effect. Two Fickian zones at times up to 0.2 h
and after 10 h have been clearly observed. The diffusion
coefficient of later times is enhanced due to the absorption of
approximately 2% of the solvent by the polymer.

We shall try to understand the non-Fickian mass loss seen in
Figure 2 from the polymers by studying the effect of mathematically
coupling the solvent’s swelling behavior to the diffusive behavior
of the migrant. Rogers et al. [5] has studied the swelling of
polyethylene films from solvents somewhat similar to those used by
Chang and coworkers [6]. Rogers’ work shows that the swelling of
these films is distinctly non-Fickian. This behavior seems to be
adequately characterized by the following two not mutually exclusive
processes. After the semicrystalline polymer and the polymer-
swelling solvent are brought together, there is a time interval
during which Rogers finds that no measurable sorption takes place or
during which the swellant is going in by normal Fickian diffusion.
Following this induction period the mass uptake of the film by the
swelling agent goes linearly in time, like case II diffusion [2].

In what follows we shall do some preliminary modeling to show
that the coupling of these processes can adequately explain the
experimental observations of Chang et al. Mathematical modeling
which we will follow will be used to relate the experimentally
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Figure 1. Migration of n-octadecane from branched polyethylene
into n-octadecane at 30°C.
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Figure 2. Migration of n-octadecane from polypropylene into
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observed non-Fickian sorption behavior of the swelling solvent with
the non-Fickian migration behavior of the additive. The sorption
behavior of the swelling solvent will not be derived. Rather it
will be taken as a known and the diffusion equation for loss of the
additive will include the behavior of swelling solvent in the model.
From the above description the system has two time regimes.
For early times the swelling agent goes into the polymer with normal
case I diffusion. This time regime has been adequately described by
the earlier work of McCrackin [7]. The result of that work suggests
that there is an effective diffusion coefficient for the additive
coming out. Thus for the time before the start up of the case II
diffusion, t,, we have the normal diffusion equation with an
effective diffusion coefficient, D,, as estimated from the McCrackin
work

aC/dt = D,3%2C/3x?

with C = 0 at x = 0 for t<t,.
For times greater than t,, we propose a moving boundary problem
which is defined as

3G/t = D, 3%2C/ax?

with D = D, at x<S and D = D, at x>S, where D, is the effective
diffusion coefficient, D, is the diffusion coefficient in the
swollen medium, S is the position of the boundary between the two
diffusion coefficients and the velocity, v, of the interface

S = v(t-t,)

The diffusion coefficient in the unswollen region is assumed to
be the effective McCrackin diffusion coefficient. Even without the
additional complication of the McCrackin model the above equation
with the moving boundary is extremely difficult to solve.
Analytically few diffusion equations with a moving boundary
conditions have been solved. Numerically the solutions of moving
boundary diffusion equation show strong instabilities. We have been
able to solve it in what we call an "adiabatic" approximation. In
this solution the problem is solved as if the boundary at S were
fixed in time and we obtain M(t,S) at the boundary of interest. We
then let S=vt and then compute the M(t,vt). These solutions are
shown in Figures 3 and 4 for various diffusion coefficients and
velocities of the front.

In Figure 3 the solution is given with no time lag allowed. It
should be noted that the shape of curves is similar to those
obtained experimentally by Chang et al. The change in effective
diffusion coefficients seems to be correct but the range of data
need to see both t!/2 regions is much greater than seen
experimentally. Also the rate of rise of the mass loss curve is
much slower than seen in the experimental curve. Whether this
difference from experiment is in the model or in the approximation
to the model is difficult to say. We plan to explore this in a
later paper.

Figure 4 show the effect on the same diffusion data of a 60
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Figure 3. Mass loss in swollen systems. D, = 16x1071° cm?/s,
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Figure 4. Mass loss in swollen systems. D, = 16x1071° cm? /s,
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second time lag. Clearly this sharpens up the data and gives a
better shaped curve than seen in Figure 3.

We are currently exploring the numerical solutions to this
problem and improvements on the model.

Boundary Layer Limited Migration

In migration experiments with solvent agitation, diffusion of the
migrant in the polymer is usually assumed to be the rate determining
step. This is not the only possibility. For example, if the
solubility of the migrant in the food or food simulating solvent is
limited, diffusion through a relatively stagnant boundary layer of
solvent £, may become rate determining. The concentration profile
for the boundary layer limited diffusion is as follows. The
concentrations of the additive C; and Cg in the bulk of the polymer
and in the solvent are assumed to be constant irrespective to the
distance from the interface and the stagnant layer at any time.

At the boundary, x=0, between polymer and solvent, we assume a
partition equilibrium to exist, such that G, = KG5 ,, as defined
previously.

A necessary but not sufficient condition for the above
concentration profile to prevail is for the difference in additive
concentration between the bulks of polymer and solvent, C, - C,, to
be very large compared to the concentration difference across the
boundary layer, C,/K - C;. This condition prevails when K>>1 and we
can approximate the concentration gradient across the boundary £, as
a linear gradient.

By Fick'’s first law (flux is proportional to the concentration
gradient), the rate at which the migrant migrates to the solvent is
given by

dM, /dt = 2AD, (C,/K-C,)/4, ¢

where D, is the diffusion coefficient of the migrant in the solvent
boundary layer. The factor of 2 appears because diffusion occurs
from both sides of the polymer sheet of thickness L.

By the use of the following relations:

Cp (MQ 'M;)/Vp

G, = M /V,

and previously defined relations, now Eq. (7) can be rewritten as

d(M, /M) _ 2D, M
it " rer, w4 Me/Me)
which has the solution
MM, =1 - et (8)

where

o= 2Ds g: (9
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At short times where ot<<l, we have to a good approximation

M, /M,

M, /M,

ot

or

2(D, /K24, )t

That is, M, is initially linear in time.

A good procedure for determining o in Equation (8) is to plot
In (1-M./M,) against t. The slope of this plot is equal to -o. 1In
Figure 5, migration data for M, /M, values less than 0.9 of n-C;g4H;4
from linear polyethylene into a 50/50 ethanol/water mixture at 60°C
are plotted in this manner. From the slope, we obtain ¢=0.0002s"!.
For this system we approximate that K = 1000, L = 0.07 cm, M, = 0.18
and D, = 9x10"%cm?/s and thus we find from Equation (9) that £, is
about 70 pm. The diffusion coefficient D, of n-octadecane in the
50/50 ethanol/water mixture was estimated from the Wilke-Chang
correlation [8].

The idea of diffusion through a relatively stagnant boundary
layer is not novel. For example, similar ideas have been invoked in
theories of dissolution rates of crystals and electrode overvoltage
[9]. Estimates of the thickness of the boundary layer for turbulent
flow typically are in the 10 micron range [9].

To illustrate that Equation (8) cannot describe migration when
diffusion in the polymer is rate determining, a plot of 1n(1-M,/M,)
against t for the migration of radiolabeled n-C,4H;g from linear
polyethylene into non-labeled n-C,4H;g used as a solvent is shown in
Figure 6. The strong deviation from linearity may be noticed for
these data.

Quiescent Migration

We now address the situation where diffusion through the solvent
phase is rate determining. This type of migration will be important
in an unstirred solvent or when the food stuff is a solid or viscous
liquid.

Consider an ideal system of an infinitely thick polymer in
contact with an infinite solvent reservoir. There is only one
polymer-solvent interface located at x=0. A partition equilibrium
is assumed at the interface. On either side of the interface the
flux is the same and is determined by the respective diffusion
coefficient and the concentration gradient.

A general solution of this problem is

C

= Co [1- (b (- erf 5]

ut+l
= T - X
or C, =G, ( ps) ) (1 erf % )
where p = (Dg/Dy )t/ 2 /K.

By integrating the flux across the plane at x=0

-+ €
J(0,t) = utl 7%?
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Figure 5. Migration n-octadecane from linear polyethylene into
50/50 ethanol/water mixture at 60 °C
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Figure 6. Migration of n-octadecane from linear polyethylene
into n-octadecane at 30 °C
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up to time t, the amount of additive, M., that will have crossed
the plane at x=0 and of cross-sectional area A is

_ &, Dbt 1?2
M, = 680, GADGO

The additional factor of 2 appears because we assume that both sides
of the polymer sheet are in contact with the solvent. Although we
assumed that the polymer is infinitely thick, all that is really
required is for L >>/Dt. Therefore, for sufficiently thick polymer
sheets, since G, = M, /AL, we have

-9 (£ IV
MMy =2 (D ) (10)

For finite sheets for which £ < /Dt and/or finite solvent
amounts, Equation (10) will slightly overestimate the amount of
migration; thus, Equation (10) is always a conservative measure of
quiescent migration.

Notice that at up<<1,

M, /M, = 2(D t/m42)/2 /K.

The result for u>>1 is the familiar one for polymer limited
migration with strong solvent agitation, as shown by Equation (6).

The above analysis of quiescent migration as well as boundary
layer limited migration clearly shows that partition coefficients
can have a strong influence on migration rates.

Conclusion

Most experiments on migration of small molecules for non-glassy
polymeric packaging materials into food or food simulating solvents
showed non-Fickian behavior [4]. In many observations, the behavior
shifts from a low diffusion coefficient to a high diffusion
coefficient due most probably to the solvent absorption by the
polymer. We have simulated this rather common observations of a
two-step process by assuming a solvent front that moves with a
constant velocity. The behavior of linear in time can be explained
by the existence of a stagnant solvent layer at the interface for
cases of sparingly soluble migrants.

A combination of these processes and that of a quiescent
migrant may be used to explain most cases of migration from non-
glassy packaging materials.
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Chapter 10

An Overview of Analytical Methods
for Phthalate Esters in Foods

B. Denis Page

Health and Welfare Canada, Health Protection Branch, Food
Directorate, Food and Research Division, Ottawa, Ontario K1A OL2,
Canada

The analytical determination of phthalate ester
plasticizers as migrants in foods is reviewed. A
typical procedure involves an extraction and column
clean-up with quantitation by gas chromatography with
electron capture or mass spectrometric detection.
Distillation, gel permeation and other procedures have
also been proposed to isolate the phthalate esters.
Many investigators have noted the general contamination
of laboratory supplies, solvents and reagents with
phthalates, especially di(2-ethylhexyl) phthalate, to
the extent that the detection limit for this phthalate
in foods is determined by the reagent-laboratory blank.
Methods of greatest sensitivity, therefore, should
involve a minimum of reagents, simplified apparatus and
minimal handling. Extraction, distillation and other
isolation techniques are compared and the interference
from pesticides and polychlorinated biphenyls is
discussed.

The phthalate esters (PEs), the diesters of ortho-phthalic acid,
are used almost exclusively as plasticizers, particularly for

flexible polyvinylchloride (PVC). Plasticizers are substances
incorporated in a material (usually a plastic or elastomer) to
increase its  flexibility, workability and stretchability.

Generally, they are of low volatility and must be compatible with
the polymers in which they are used. Some of the common PEs are
listed in Table I. This listing is drawn from commercially avail-
able PE standards available in kits from various suppliers and
reflects the PEs in general use.

PEs are conventionally prepared by the reaction of phthalic
anhydride with a slight excess of a monohydric alcohol. A small
quantity of sulfuric acid or other catalyst is necessary for
complete formation of the diester. Some PEs are produced using a
mixture of branched chain isomeric alcohols as indicated by (M) in

0097-6156/88/0365-0118%$06.00/0
Published 1988 American Chemical Society
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Table I. Common Phthalate Esters and Their Abbreviations

Structure Ester Abbreviation
dimethyl DMP
diethyl DEP
di(n-butyl) DNBP
diisobutyl DIBP
diallyl DAP
diisohexyl (M) DIHP

COR dicyclohexyl DCHP
2 diphenyl DPP

, di(n-octyl) DNOP
COR diisooctyl (M) DIOP
2 di(2-ethylhexyl) DEHP
diisononyl DINP

diisodecyl (M) DIDP

diundecyl DUP

ditridecyl DTDP

butyl benzyl BBP

butyl octyl BOP
butyl isooctyl (M) BIOP

Table I. Furthermore, PEs such as butyl benzyl phthalate, can be
produced in which the two ester moieties are different.

In 1985 the consumption of PEs in the U.S.A. surpassed 500,000
metric tons (1). Of the PEs, DEHP is the most widely used,
although its share of the total phthalate market has been
declining. DEHP and related isomeric octyl phthalates account for
over 50% of the phthalate plasticizers produced.

DEHP, the most important PE is a demonstrated carcinogen in
rats and mice (2). The implications to humans, however, have yet
to be determined.

DEHP, DEP and DIOP have been granted prior sanction as plasti-
cizers in the manufacture of food-packaging materials (for foods of
high water content only) and are listed in Sec. 181.27 of the U.S.
Code of Federal Regulations (CFR). Other phthalate esters have
been cleared as plasticizers under Sec. 178.3740 of the CFR for
various food-contact wuses. In Canada, such plasticizers are
regulated under Division 23 of the Food and Drug Regulations.
DEHP-plasticized PVC, for example, has been sanctioned by the
Canadian Health Protection Branch for use in certain aqueous food
contact applications by the issuance of no-objection letters
respecting its use. Some of the permitted food uses for DEHP-
plasticized PVC in the U.S. are produce wrap; bottle cap or lid
liners for beer, soft drinks, juices, baby food and infant formula;
and tubing for milk transport or carbonated beverage contact. The
use of DEHP as a plasticizer in food-use applications, however, has
been declining and it is now little used.

Diethylhexyl adipate (DEHA), a plasticizer not based on
phthalic acid, has also been cleared under Sec. 178.3740 of the CFR
and 1is currently the most widely used plasticizer for food
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packaging. DEHA is used principally as a plasticizer in PVC- and
polyvinylidene chloride-based food wrap. Such wrap is used for
retailing fresh meats, poultry and fish. The use patterns of
plasticized food-contacting materials are constantly changing as
new materials and processes are developed.

In summary, analytical procedures for the phthalate esters and
DEHP in particular have become important for a number of reasons.
Firstly, DEHP is a potential health hazard to man. Secondly, DEHP
and other phthalate esters are produced worldwide in large
quantities and used extensively as plasticizers. Finally, as a
result of its toxicity and large annual production, DEHP has become
an environmental concern.

Analytical procedures are required by regulatory agencies who
are responsible for ensuring public safety by monitoring foods for
excessive and potentially harmful levels of PEs. These esters may
be actual background levels from environmental sources or contri-
buted to the food from food-contacting plastics during the produc-
tion, handling, processing, transporting or packaging etc. of the
food. Furthermore, methodology is required to establish data bases
to evaluate changing residue levels and use patterns as well as to
calculate dietary intakes.

Analytical methods for the analysis of PEs are the key in
studying the migration of packaging components from the package or
food-contacting material into the food. Questions, such as the
following can only be answered using the appropriate analytical
methodology: What is the level of migrating component in the food?
How rapid is the migration from the package to the food? 1Is the
migrating packaging component distributed homogeneously throughout
the food or is it concentrated near the surface? By analyzing the
package we can identify and quantitate possible migrating packaging
components. Decreases in the level of the component of interest
resulting from food contact can also be monitored. From the above
discussion, aside from any regulatory aspects, the importance of
analytical methods in studying the interaction of packaging com-
ponents and foods is readily apparent.

Analytical Procedures

Procedures for the analysis of PEs in foods invariably include
DEHP, and, as described below, are derived from multiresidue
pesticide procedures. Procedures have been developed for other
esters or plasticizers, but these are usually specific studies,
concerning packaging or toxicology, in which the analytical method
is used to study migration (packaging) or level, distribution or
excretion vs. time (toxicology). Such procedures are an important
source of methodology which may be applied to foods. Similarly,
environmental analytical procedures for PEs, in which various
compounds are determined in air, sediment or water also provide
analytical information. In these situations, PEs are the target
analyte, whereas in pesticide procedures they are of secondary
importance.

DEHP in particular has become a widespread laboratory con-
taminant due to its extensive use as a plasticizer for non-food
contacting PVC. This was recognized in the 1960’'s and became the
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subject of several reports in the 1970’'s and 80's. Giam (3)

reported in 1975:
"This problem of background contamination has been more
serious in the trace analysis of phthalates than in
studies of many other pollutants (including the
chlorinated hydrocarbons) because phthalates are present
in almost all equipment and reagents used in the
laboratory".

His study concerned the low ppb analysis of DEHP in open-sea
fish. The occurrences of DEHP, DNBP and other PEs in a variety of
common laboratory reagents and supplies have been reported by many
workers. Table II summarizes the findings of two of these reports
(3,4). There is some agreement between the findings of the two
investigations, however, one must consider the contamination to be
variable. It is important to note that PEs may be components of
some of these materials, e.g. plasticized tubing, and not

Table II. DEHP and DNBP in Common Laboratory
Materials and Reagents

Material DEHP DNBP
percent

Tubing - elicon 67

- PVC 11.6,16.7 23.3,10.4

- black rubber 0.3

ug/g

Tubing - latex 4

- polyethylene 0.8
Cork 6
Glass wool 1,4 0.8
Filter paper 0.6 5
Extraction thimble 1.3 500
Chromatography paper 2.3 100
Tissue 42
Aluminum foil 0.3-4.9 0.1-1.6
Screw cap 0.7 25
Teflon sheet 0.4

ng/g

Silicic acid 1000, 2400 200,600
Alumina 45 42
Florisil 0.05,64,88 24,92
Sodium sulfate 2-40 24-90
Sodium chloride 1.5-110

Tap water 1.5,3.8 1.9
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contaminants in the true sense of the word. In chemical reagents
the PEs are considered contaminants. DNBP is the most volatile PE
used as a plasticizer (5). The more volatile DMP and DEP are not
used. DNBP is reported to be readily lost by volatilization from
plasticized PVC, probably accounting for its occurrence as a common
laboratory contaminant. Giam (3) reported that airborne
contaminants could readily recontaminate previously cleaned glass-
ware. DEHP was specifically mentioned.

PEs are also present as components in a wide variety of common
items found in the laboratory such as instrument cables, disposable
plastic gloves, instrument covers and plasticized caps for
laboratory supplies. Items such as these may be responsible for
the ubiquitous presence of DEHP in the laboratory environment. The
presence of PEs, especially DEHP and to some degree DNBP, and their
associated procedural blank levels are undoubtedly the most proble-
matic aspect of trace PE analysis. These procedural blanks reflect
the PE contribution of all the reagents, materials and equipment
used in the determination as well as that of the 1laboratory
environment. Procedural blanks must be subtracted from the
analytical result to give the actual level of PE. It is important
that these procedural blanks be as low and as consistent as
possible and they must be run simultaneously with the analytical
determination. For analysts interested in background or environ-
mental levels of DEHP, this problem of background contamination is
formidable; yet for those determining the more uncommon plasti-
cizers, background contamination is not a major problem. The study
of migration from the package to the food also requires careful
procedural controls, especially if DEHP or other common PEs are to
be studied. In this case a procedural blank, a food blank, and the
analysis of the contacted food are required. If isotopically
labelled DEHP, indeed an uncommon PE, can be incorporated into the
packaging material, then, with suitable detection, the background
problem is minimized.

Giam has described a comprehensive protocol to minimize
procedural blanks (3). Organic solvents and rinsings of solid
reagents were monitored for purity after concentration using gas
chromatography with electron capture (GC-EC) detection. Pesticide-
residue-free grade of organic solvents were found to Dbe
sufficiently pure for wuse. Diethyl ether, however, required
distillation just before use. Water was purified by extraction.
Inorganic salts and Florisil were heated and stored at 320° before
use. Glassware, because of its large surface area, was considered
to be a major source of contamination. Glassware, as well as other
equipment, required washing, an aqueous rinse, and a 4-fold acetone
rinse. Teflon parts were washed, rinsed and wrapped in clean
aluminum foil. All other equipment and aluminum foil were heated
at 320°C for 10 h before use. Glassware and equipment were covered

with clean aluminum foil while cooling. The cleaning efficiency
was monitored by rinsing the equipment or glassware with petroleum
ether. The petroleum ether was then concentrated to monitor

residual contamination.

The variety of PEs available as standards in Table I reflects
those determined in foods or environmental samples as described in
the published analytical literature. Reports including DEHP and
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DNBP in the analytical scheme are most common. These phthalates
are also included in the general analytical schemes of the Canadian
Health Protection Branch (HPB) Analytical Methods for Pesticide
Residues in Foods (6). The U.S. Food and Drug Administration (FDA)
Pesticide Analytical Manual (PAM) has included 9 phthalate esters
(DMP, DEP, DIBP, DNBP, BBP, DEHP, DNOP, DIHP and DIOP) in their
multi-residue procedure (7). This is probably the most complete
listing of phthalate analytical data and includes relative reten-
tion times on several different columns, electron capture detector
sensitivity, as well as recoveries using selected multi-residue
procedures. The Chemical Manufacturers Association is currently
studying the environmental effects of 14 commercially important PEs
(8). They have concluded that all 14 esters, DMP, DEP, DNBP, BBP,
DNHP (di-n-hexyl phthalate), BOP (butyl 2-ethylhexyl phthalate),
di(n-hexyl, n-octyl and/or n-decyl) phthalate, DEHP, DIOP, DINP,
di(heptyl, nonyl and/or undecyl) phthalate, DIDP, DUP and DTDP,
exhibited a low potential for adverse effects on the environment,
and a low to moderate potential for bioaccumulation.

The above listings of PEs demonstrates the wide variety of
these chemicals that are of concern to different researchers,
regulatory agencies or associations. These PEs, as a group of
compounds, have a wide range in volatility and polarity such that
specific analytical procedures applicable to PEs with similar
physical properties may not be suitable for others. However,
consideration of the differences, should permit modification of
methods to suit the phthalate ester(s) of interest.

Analytical Methodology

Methodology for pesticide residues often includes gas chromato-
graphic retention data, detector sensitivity and recovery data for
the more common PEs, probably because of their occurrence as a
laboratory contaminant rather than a residue. Consequently, when
methodology is required for PEs, the typical proven pesticide-type
procedures are often chosen.

Pesticide methods as applied to PEs in fatty foods in the above
governmental publications typically involve sample preparation, a
lipid extraction step, a liquid-liquid partition and/or a column
cleanup step, and a final determinative step using GC-EC detection.
Different sampling approaches are required depending on the
physical state of the sample and on what residue information is
required. Appropriate homogenization of the sample may be
necessary if the analyte concentration, e.g. in pug/g, 1is to be
determined on the whole product. This is especially important for
solid or semisolid foods in which packaging migrants may be found
concentrated near the food surface. To study the migration of a
packaging component into solid or semisolid food, a core sample of
the food in a large package or a food sample packed in a non-
plastic package would provide an appropriate blank. The blank
could then be compared to a surface layer sample and the results
expressed in mg/dm? of migrating packaging component. The extrac-
tion step will depend upon the food analyzed. In recent years
concerns over the migration of DEHP from food-contacting plasti-
cized resins, e.g. milk transport tubing, to milk or milk products
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has required appropriate analytical procedures to monitor DEHP in
milk or cheese. Similarly, DEHP in plasticized cap liners may also
migrate into contacted foods. Figure 1 outlines typical pesticide-
type procedures which may be used to determine DEHP and other PEs
in cheese (fatty food) and beer (nonfatty food).

In Figure 1A, which is abstracted from the HPB publication (6),
100 g of a representative and/or homogeneous cheese sample is
extracted by blending with 300 mL of methylene chloride and 50 g of
anhydrous sodium sulfate. The supernatant is then filtered and
evaporated to obtain the solvent-free fat. Alternative procedures
are available to isolate fat from cheese. For example, in the FDA
PAM procedure 211.13c, the sample is blended with sodium or
potassium oxalate and alcohol and then extracted three times with
ethyl ether and petroleum ether. The combined extracts are washed
with water, dried through sodium sulfate and evaporated to obtain
the fat. This extracted lipid material also contains any co-
extracted PEs, pesticide residues, and environmental contaminants
such as the polychlorinated biphenyls (PCBs), and must be subjected
to further fractionation to separate the non-polar lipids from the
compounds of interest.

In the HPB procedure, two fractionation procedures are
described. In one procedure, 1 g of extracted lipid material in
hexane is directly applied to a 2% water-deactivated Florisil
column. Sequential elution with hexane, increasing percentages of
dichloromethane in hexane, increasing percentages of ethyl acetate
in hexane, and finally ethyl acetate are used to separate the
phthalate esters from the majority of the pesticides, the PCBs as
well as sample coextractives. In order to process an initial fat
sample greater than 1 g on the Florisil column described above, a
preliminary acetonitrile (AN)-hexane partition is necessary to
reduce the lipid content of the sample. Thus, 3-4 g of the
isolated fat in 40 mL of hexane is extracted with 4 x 40 mL of AN.
To the combined extracts in a separatory funnel, dichloromethane,
water, a phosphate buffer and hexane are added, the funnel shaken,
the aqueous layer removed and the organic phase rinsed with water.
This extract is concentrated under vacuum and diluted with hexane
before Florisil cleanup as described above. The equivalent FDA
procedure is described in 211.14a (petroleum ether-acetonitrile
partition) followed by Florisil chromatography (211.14d).

The Florisil column will separate the phthalate esters from the
PCBs and the majority of the pesticides. Some fractionation of the
short-chain PEs from the longer chain esters will occur. In the
HPB procedure 7.1(a), DNBP and DEHP are eluted with 5% ethyl
acetate in hexane and in the PAM procedure 211.14d the PEs are
typically found in the 15 and 50% ethyl ether in petroleum ether
eluants. However, some of the DEP is reportedly present in the 6%
ethyl ether fraction. Gel permeation chromatography (GPC) is a
second procedure that can be used to separate lipid material from
pesticides and PCBs. However, neither government publication
includes data for the PEs. After GPC further fractionation on a
Florisil column would be necessary to separate the PEs from the
pesticides, PCB’'s etc. As the determinative step, i.e. GC-EC or
gas chromatography with mass spectrometric (GC-MS) detection, is
also applicable to extracts of non-fatty foods such as beer, this
final step will be considered after a discussion of Figure 1B.
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Figure 1. Example of Pesticide Procedures Applied to Phthalate
Ester Determinations in A, Fatty Foods and B, Non-Fatty Foods.



Publication Date: March 9, 1988 | doi: 10.1021/bk-1988-0365.ch010

126 FOOD AND PACKAGING INTERACTIONS

Figure 1B describes a typical procedure (PAM 212.13a) for non-
fatty foods and is applicable to the determination of DEHP, and
other possible PE contaminants in beer. Beer contains no solid
particles and requires only decarbonation, partitioning and
Florisil chromatography. 50 g of beer and 200 mL acetonitrile are
blended and transferred to a separatory funnel. 100 mL of
petroleum ether is added and shaken with the acetonitrile-beer
solution. 10 mL of saturated aqueous sodium chloride and 600 mL of
water are added and, after mixing, the aqueous layer is discarded.
The organic phase is washed twice with 100 mL of water and dried
over sodium sulfate before Florisil column chromatography (PAM
211.14d) and GC-EC or GC-MS.

In all the above procedures, care must be taken to avoid loss
of the PEs, especially those of greater volatility, i.e. lower
molecular weight. Spiked and unspiked food matrix blanks are
employed to ensure adequate recoveries for each particular food and
PE.

Chromatography and Detection

The determinative step in pesticide and in PE analysis usually
involves GC-EC or GC-MS detection. Many different liquid phases
have been employed to separate the various PEs and considerable
information is available detailing their separation and that of the
coextracted pesticides on a number of different packed column gas
chromatographic phases. The PAM lists relative retention data on
three different packed column liquid phases for 10 phthalate esters
including the mixed isomeric esters DIHP (4 peaks) and DIOP (7
peaks). The three liquid phases, 0OV-101, OV-17, and O0V-225,
represent non-polar (methyl silicone), moderately polar (50% methyl
50% phenyl silicone) and fairly highly polar (25% cyanopropyl 25%
phenyl 50% methyl silicone) columns, respectively. Since about
1980, when the first fused silica capillary columns were intro-
duced, capillary GC has become widely used for PE and pesticide
analysis. The chromatograms in Figure 2 were obtained in the
author’s laboratory using bonded capillary phases essentially
equivalent to the OV phases listed above. Nine PEs are detected
using EC detection and separated in temperature programmed runs
from 80°C (2 min hold) to 300°C, 260°C and 240°C at 10°C/min for
the DB-5 (1 pm film), DB-17 (0.25 wm film) and DB-225 (0.25 um
film) phases, respectively. Each column was 15 m x 0.32 mm i.d.
The separation in Figure 2A is carried out on the DB-5 bonded phase
which is a 5% phenyl methyl silicone and is considered very
slightly polar. On this column the PEs generally elute in the
order of boiling point or molecular weight, the more highly
branched isomers eluting before those with straight chains. On the
DB-5 column, BBP elutes well before DEHP, and DPP elutes well
before DNOP. On the moderately polar DB-17 column (Figure 2B), BBP
now elutes just before DEHP and DPP elutes after DNOP. On the more
polar DB-225 column (Figure 2C), BBP now elutes well after DEHP,
and DPP well after DNOP. Thus, as the phenyl content of the bonded
phase increases, the relative retention of BBP and DPP, the two PEs
with aromatic ester groups, also increases. This demonstrates the
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usefulness of using columns of different polarity for confirmation
purposes as well as for possible separations of PEs from food
matrix interferences. No more than a dozen capillary column bonded
phases are available for phthalate or pesticide applications
compared to the over one hundred liquid phases for packed column
use. The phases for packed columns also cover a greater polarity
range. The advantages of greater phase stability, giving less
bleed and improved EC sensitivity and MS background; and higher
resolution, giving a better separation of PEs from pesticides and
food matrix coextractants are two important reasons why bonded-
phase capillary columns are to be preferred over the packed column.
The reduced column bleed also enables temperature programming with
the EC detector. The multiple peaks of the various PCBs elute
throughout the range of the PEs on various gas chromatographic
columns. However, interferences from the PCBs are of little
concern as the Florisil chromatographic cleanup easily separates
the nonpolar PCBs from the relatively polar PEs. Some pesticides
will also be separated from the PEs by the Florisil cleanup. Again
the resolving power of the capillary column and the use of columns
of different polarity will enable identification and quantitation
of most PEs. Confirmation by MS is desirable.

EC detection is more widely used for PEs as well as pesticides
because it is more sensitive and selective than FID but GC-MS as
confirmation or as primary detection is becoming common. The
amount of PE injected to give the chromatograms in Figure 2 is
quite high, with the detector signal attenuated to give a noise-
free and relatively flat baseline. The electron capture response
of these phthalates at low attenuation is given in Table III. BBP
and DPP, with a phenyl group in the ester, give a detector response
about 10x that of the alkyl phthalates. Typically, the chlorinated
pesticides are detected at lower levels than BBP and DPP.

Table III. Electron Capture Response for Phthalate Esters

Phthalate pg to give 20% F.S.D.
NDMP 380
DEP 640
DAP 100
DIBP 470
DNBP 410
BBP 40
DEHP 380
DPP 24
DNOP 320

Mass spectrometry is probably the most selective and desirable
detector for the GC determination of the PEs, although unequivocal
MS identification may not be possible. With electron impact
ionization, the PEs, except for DMP, give a strong characteristic
protonated phthalic anhydride ion base peak at m/z 149.
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The higher esters, including DEHP, do not give a molecular ion (9).
Methane chemical ionization, which was also largely unsuccessful in
producing a protonated molecular ion for characterization of
individual phthalates, also gives a base peak at m/z 149 for most
PEs (10). Confirmative chromatography, using two different chroma-
tographic phases is, therefore, highly desirable even with GC-MS
detection.

Alternate Procedures

As described earlier, the wubiquitous presence of some PEs,
especially DEHP, in the laboratory environment and in some
analytical chemicals and materials requires extreme care to reduce
the procedural blanks to a minimum. With low and consistent
procedural blanks, reliable information concerning residue levels
of the common PEs in foods can then be obtained. Preferred methods
of analysis, therefore, must contain the least number of steps and
use the minimum amounts of solvents, chemicals, adsorbents and
other laboratory supplies in order to minimize such blank levels.
The pesticide-type of procedure, as described earlier, does not
meet these requirements. Therefore, it is desirable to consider
alternate procedures which reduce or replace the steps of the
pesticide-type procedure. The GC-EC or GC-MS determinative step is
relatively straightforward and will remain the same for most
procedures.

Steam Distillation. Steam distillation has been used to replace
the extraction and/or partitioning steps outlined in Figure 1A and
1B. Such a procedure, using a modified apparatus originally
designed to determine essential oils, has been described by
Maruyama et al. (11) for the determination of PEs in foods. In
their procedure 2 g butter, margarine or vegetable oil or 20 g of
non-fatty food in a distilling flask are continuously refluxed in
100 mL of water. The aqueous distillate, containing trace PEs,
condenses in the special distilling head, passes through 4 mL of
heptane and returns to the flask. This 2 h distillation separates
the PEs from the nonvolatile sample material. Most common organo-
chlorine pesticides except for some of the pesticide metabolite
pP,p’'-DDE are removed during reflux by the addition of 50 mg of zinc
powder to the flask. The PCBs and some p,p’'-DDE are recovered in
the heptane. They are then separated from the PEs in the heptane
by the addition of 0.5 g Florisil which absorbs the phthalates.
The supernatant heptane, containing the PCBs and organochlorine
pesticides including the p,p’'-DDE metabolite, is removed and the
Florisil rinsed with 4 mL hexane. 4 mL of an internal standard in
acetone is added to recover the PEs from the Florisil for GC-EC
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determination. For the higher molecular weight PEs such as DEHP,
it was necessary to add glycerol malate ester to facilitate the
dispersion of oils and fats in the water and obtain good
recoveries. The main advantages of the described steam distilla-
tion procedure is the potential to obtain low procedural blanks, as
preextraction of fatty foods is avoided and only minimal amounts of
organic solvents, water, Florisil and other chemicals are required.
If desired, the distillation step can be used only to separate the
PEs and any codistilled pesticides or PCBs from the sample.
Subsequent separation of the steam-distilled components can then be
carried out by other means. Distillation extracts, unlike those
from simple extractions, will not contain non-volatile components,
which could remain on the GC column. The main disadvantages are
the 2 h distillation time and the requirement for a custom distil-
lation apparatus, both of which limit sample throughput. Further
studies to validate recovery and repeatability for the higher
molecular weight PEs are required.

Sweep Codistillation (SCD). SCD using the Unitrex (Universal Trace
Residue Extractor) apparatus has been used exclusively for the
cleanup of fat samples for pesticide residue analysis (12,13). SCD
can replace the partition step of Figure 1A and includes the
Florisil fractionation, but with reduced Florisil and solvent
requirements. A preliminary extraction to isolate the fat may be
required. As lipid material is necessary for the proper operation
of the SCD, blank lipid material such as vegetable oil could be
added to extracts of non-fatty foods if cleanup by SCD is desired.
The application of SCD to PE analysis has not been reported in the
literature, however, preliminary work in our laboratory and by
others suggests good recoveries of DEHP should be obtained.

The operation and components of the Unitrex SCD apparatus can
be briefly described with reference to Figure 3. Up to 10 of these
all-glass fractionation tubes with attached Florisil traps can be
accommodated in the thermostatted heated block of the Unitrex
apparatus. Nearly all of the tube is within the heated block as
indicated by the heavy dotted lines in Figure 3. The nitrogen
carrier gas is supplied to the fractionation tube by the septum
head inlet and flows down the center tube, up between the 1.5 mm
silanized glass beads which are packed in the annular space between
the inner and outer tubes, and finally out through the Florisil
sodium sulfate trap. 1.14 mL (1.0 g) of fat or oil, liquified by
heating if necessary, is injected through the septum into the
central tube. The lipid material passes down the inner tube and up
the outer tube where the nitrogen flow spreads the lipid material
over the surfaces of the glass beads and the inner and outer walls
of the fractionation tube. The large surface area of the lipid
allows a rapid transfer of the analyte between the gas and liquid
phases. The volatilized pesticides, PCBs and PEs are then
collected in the Florisil sodium sulfate trap. The SCD apparatus
acts as a crude isothermal gas chromatograph with a mainly-trigly-
ceride liquid phase, the analyte being initially dissolved through-
out the liquid phase. Higher temperatures, increased flow rates or
longer "elution" times are required for the less volatile analytes.
Complete recovery of DEHP in 30 min may be achieved using a
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Figure 3. Sweep Codistillation Fractionation Tube and Trap.
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nitrogen flow of 230 mL/min and a tube temperature of 250°C. After
distillation the Florisil trap is removed and an eluting reservoir
attached. The PCBs and organochlorine pesticides are eluted first,
followed by the PEs. The 1 g of Florisil in the trap requires 10
mL of the appropriate eluant.

In summary, SCD rapidly and effectively separates the volatile
phthalates from the non-volatile lipids. With the Unitrex system,
10 samples can be distilled simultaneously over 30 min. Typically,
from 1 g of animal fat, only 1-2 mg of lipid material distills
(12). SCD requires 1 g of Florisil and only 10 mL of eluant
whereas the procedure outlined in Figure 1 requires 40 g and 300
mL, respectively, thus SCD has the potential for lowering
procedural blank levels. The main disadvantage of SCD is that it
is applicable only to 1 g fat samples. SCD is normally not applic-
able to non-fatty extracts unless fat is added. For fatty foods,
the preextraction required to obtain the fat could increase the
procedural blank level.

Gel Permeation Chromatography (GPC). The separation of pesticides

and PEs from 1lipid material using GPC was first reported by
Stalling (14). Burns et al. (15) later carried out a detailed
study on a similar separation of fish lipids, four PEs, some common
organochlorine pesticides and PCBs using a 32 x 2.5 cm column of
BioBeads SX-3. Typically, <0.5 g of lipid is eluted with methylene
chloride:cyclohexane (1:1); the lipids elute in the first 80 mL,
the PEs in the next 20 mL and the chlorinated compounds in the last
40 mL. Although less than 10 mg of fish lipid coeluted with the
PEs, subsequent sulfuric acid-impregnated alumina column cleanup
was necessary to obtain interference-free extracts. The PEs were
all eluted with 25 mL of 10% ethyl ether in hexane although a
separate fraction containing only DEHP could be obtained. The GPC
step gave 99% recovery of PEs. Overall, including a preliminary
lipid extraction and the alumina column cleanup, recoveries from
fish muscle samples spiked at 0.87 ppm ranged from 79.3 to 84.2%.
From cod liver spiked at 7.8 ppm, the recovery as 82.4%. Quantita-
tion was carried out by GC-EC using 2 packed columns.

GPC applied to lipid materials can advantageously replace the
liquid-liquid partition step and the Florisil cleanup of Figure 1.
Automated systems, which can sequentially process more than 20
0.5 g lipid extract samples, require about 30 min to fractionate
for each sample. GPC equipment, however, is not common equipment
in most laboratories.

High Pressure Liquid Chromatography (HPLC). HPLC has occasionally

been used to determine PEs in environmental samples such as water
or sediment. The PEs are extracted into hexane, concentrated, and
determined by normal phase HPLC. HPLC has limited application to
determine PEs in fatty foods. One report (16) describes the
injection of a diluted oil onto a reverse phase column with UV
detection. 50 ppm of DEHP could readily be detected. Compared to
the low pg amounts detected by GC-EC or GC-MS, the UV detection in
HPLC is limited to low ng quantities, and, as a result, HPLC
methods are inherently less sensitive. Trace enrichment techniques
applied to some aqueous samples may be an exception. Perhaps the
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Publication Date: March 9, 1988 | doi: 10.1021/bk-1988-0365.ch010

134 FOOD AND PACKAGING INTERACTIONS

most useful application of HPLC is the screening of packaging
materials for PEs. Extracts of the packaging material can be
readily analyzed by reverse phase gradient HPLC. A chromatogram of
9 PEs separated in the author'’s laboratory on a 150 x 4.6 mm i.d.
Supelcosil LC-18 column using a non-linear 0 to 100% acetonitrile
in water gradient is shown in Figure 4. The PEs, about 200 ng
each, were detected at 274 nm (0.04 AUFS). The order of elution is
similar to GC. As the molecular weight increases the volatility
and the polarity decrease giving longer retention times for GC and
HPLC, respectively.

Supplementary Cleanup and Confirmation. Cleanup of the extract is
indicated if the PE peaks detected by GC-EC are obscured by co-

eluting sample components. Column chromatography on alumina (15)
or Florisil (17) may be used to reduce such interferences. Parti-
tion of the PEs from the hexane extract solution into sulfuric acid
has been used by several workers to isolate PEs (17,18). Chemical
means, such as permanganate oxidation, zinc reduction, and sulfuric
acid decomposition has also been employed for cleanup (19).

GC-MS is probably the most wuseful confirmation technique
although retention data on a second chromatographic column has been
widely used. Confirmation has also been carried out by examining
the fluorescence of PEs in concentrated sulfuric acid (20), by
observing the disappearance of the DEHP peak following hydrolysis
(14), by derivatization of DBP and DEP to form the 3- and 4-nitro-
derivatives for GC-EC (21), and by hydrolysis and reaction to form
the N-(2-chloroethyl) phthalimide for further GC-EC (22).

Summary

Phthalate esters can readily be determined in fatty or non-fatty
foods by well-established pesticide procedures. Stringent
protocol, however, is required to reduce procedural blank levels
and associated detection limits of the common PEs. These back-

ground PEs arise from reagents, equipment, and the laboratory
environment. Alternate procedures, which minimize the contribution
from these sources, including sweep codistillation, GPC, HPLC and
possibly steam distillation, should be studied in more detail.
Supplementary cleanup and confirmation steps improve detection and
reliability. GC-EC or GC-MS is normally used for quantitation.
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Chapter 11

Recent Advancesin Analytical Methods
for Determination of Migrants

Henry C. Hollifield, Roger C. Snyder, Timothy P. McNeal,
and Thomas Fazio

Center for Food Safety and Applied Nutrition, Food and Drug
Administration, Washington, DC 20204

Within the past several years, new developments in
analytical technology have enabled a rapid advance in
the laboratory investigation of polymer monomers,
oligomers, and adjuvants, as well as the determination
of their migration into foods and food-simulating
solvents., In some cases, it is possible to measure
low parts per billion levels in the polymer and parts
per trillion levels in food simulants. This paper
describes some of the newer approaches and
applications developed to survey consumer products and
to evaluate proposed new materials. Included are
discussions of (a) a new cell for assessing migration
into simulating liquids, (b) mathematical modeling of
migration data and application to selection of a fatty
food simulant, (c) a multiresidue approach for
determining packaging-derived volatile residues in
aqueous foods, and (d) use of combined size-exclusion
and high-performance liquid chromatographic residue
methods.

The diffusion of chemicals through polymers and their migration into
foods are phenomena that are of interest to the Food and Drug
Administration (FDA) in its regulation of polymeric food-packaging
materials. In 1958 Congress amended the Food, Drug, and Cosmetics
Act, defining indirect additives to foods and requiring their
regulation. Since the passage of the 1958 Food Additives Amendment,
FDA has required migration studies to provide exposure estimates for
newly regulated indirect additives (1).

Within the past several years, new developments in analytical
technology have enabled important advances in the laboratory
investigation of polymeric monomers, oligomers, and adjuvants and
the determination of their migration into foods and food-simulating
liquids (FSL). In some cases, it is possible to measure parts per
billion levels in the polymer and to determine parts per trillion
levels in the food-simulating solvents. Some of the more recent

This chapter not subject to U.S. copyright
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developments include (a) a new migration cell for two-sided
extraction of polymeric resin compounds, (b) new fatty food
simulants, (c) combined analytical techniques for trace level
measurements, and (d) multiresidue procedures. This paper discusses
some of these advances in which FDA has actively participated.

In 1976, FDA awarded a multiyear contract to Arthur D. Little
to assess the suitability of traditional food simulants such as
water, 3% acetic acid, heptane, and corn oil (2). That same year
the National Bureau of Standards (NBS) entered into an interagency
agreement with FDA to investigate the factors controlling migration
(3). Both of these efforts used radiolabeled additives and/or
polymers. From these studies came a number of important results.
For example, a new, more efficient two-sided extraction cell was
developed, mathematical models were used to describe the migration
results, and alternative food-simulating solvents were investigated.

Evaluation of the New Migration Cell

FDA subsequently followed up these studies with its own evaluation
of the new cell (4). A new BASIC computer program was used to fit
the observed migration data to the prcposed mathematical model. The
cell was applied to the study of improved fatty food simulants by
using a styrene/polystyrene system. This choice was based on the
fact that typical residual styrene levels (500-3000 ppm) in
crystalline polystyrene permit a "cold" (unlabeled) study. Also,
the volatility of styrene is high enough to be used to evaluate the
integrity of the cell.

The migration cell is illustrated in Figure 1. It comsists of
a 23-mL glass screw-cap vial and polymer discs on a rack assembly.
The vials are filled with the desired test solvent and sealed with
the Miniert Teflon cap containing a slide valve that permits
repeated sampling and resealing. Each vial contains a constant
number of discs stacked on a wire and separated by 3-mm glass beads.
For 14 polystyrene discs in 22 mL of food-simulating solvent, the
volume-to-surface ratio can be accurately determined (0.73 mL/sq. cm
in our studies). Assembled cells are held in darkness at the desired
test temperature in a water bath. The water bath provides mild
agitation of the cell at the rate of 60 cpm with a stroke of 4 cm.

Polystyrene discs for migration studies are prepared by
pressing polystyrene pellets in a template at 400°F (204°C) under a
15,000 psi force for 30 s. The resultant circular discs are of
constant diameter, thickness, and weight. They are characterized by
size-exclusion chromatography (SEC), and the residual styrene
monomer level is determined by high-performance liquid
chromatography (HPLC). A small hole is drilled in the center of
each disc so that the discs may be stacked on the wire support.

Reproducibility of data generated by this technique was
evaluated by preparing six identical migration cells, with water at
40°C as the contact solvent. The solvent in each cell was
periodically analyzed for styrene concentration over a period of 2
months. The overall relative standard deviation for these
determinations was *2%, indicating the excellent repeatability
obtainable by this migration cell technique.
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Styrene migration into the FSL was monitored by reversed-phase
HPLC. A 5-um C_, Zorbax column interfaced with a fixed wavelength
(254 nm) UV detector was employed. A mobile phase of 757
acetonitrile in water at a flow rate of 1 mL/min proved adequate to
separate styrene from all interferences. Analysis of all the
various solvent systems on the same column was possible by use of a
Brownlee loop column, which consisted of a 3.7-cm long cartridge
packed with 10-um C, reversed-phase packing material. The loop
column is mounted in the injector valve where a fixed volume
injector loop would normally be located. Since the loop column
retains oily sample components and allows materials of lower
molecular weight to pass through first, it permits direct injection
of oily as well as aqueous FSL. O0ily materials are removed from the
loop column between sample injections by flushing the loop column
with tetrahydrofuran. Styrene migration from polystyrene discs into
the following solvents was monitored at 40°C: water; 8, 20, 50, and
100% ethanol; HB-307 (synthetic triglyceride); corn oil; heptane;
hexadecane; decanol; and 37 acetic acid. The migration cells were
periodically sampled (25 ulL), and the concentration of styrene
was determined by external calibration. The limit of
quantitation of the procedure is 10 ug styrene/L. Styrene
migration, expressed as ug/sq. cm vs., square root of time
(s), into a variety of solvents at 40°C is shown in Figure 2.

This figure shows that at 40°C, styrene migrated at similar rates
into 20% ethanol, corn oil, and HB-307. Figure 2 reveals that
varying the ethanol concentration from O to 507 in water caused the
rate of styrene migration to vary over one order of magnitude.
Ethanol-water mixtures, therefore, would seem well suited as low
temperature fatty food simulants for a wide variety of foods.

Mathematical Modeling

Data obtained from migration studies can be interpreted in
terms of simplified mathematical models developed jointly by
NBS and Arthur D. Little. For example, by fitting the data
generated in the above study to the migration models, several
observations can be made about this styrene-polystyrene
system. For short periods of time (<8 h), the migration of
styrene from the polystyrene discs was observed to be
Fickian, that is, styrene migrated at a rate linearly
dependent on the square root of time. This is expected
because (a) only a small percentage of the total available
styrene migrated and, therefore, the styrene concentration in
the polymer was essentially constant, and (b) over short
periods of time the solvent acted as an infinite sink and,
therefore, the concentration in the solvent could be treated
as equal to zero. Under these boundary conditions the
migration could be expressed by Equation 1:

1/2 1)

M_=2C (D t/m
t P P )

where M_ = migration, ug/sq. cm; t = time, s; D = diffusion
coefficient in the polymer, sq. cm/s; and C_ = Pnitial concentration
in the polymer, ug/cu. cm. However, for logger periods of time, an
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SUPPORT STAND ASSEMBLED CELL

Figure 1, Migration cell consisting of polystyrene discs, glass
beads, copper wire, 23-mL glass vial, and valve cap. (Reproduced
with permission from Ref. 4. Copyright 1985 J. Assoc. Off. Anal.
Chem.)
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Figure 2. Styrene migration (ug/sq. cm)/fyg/cu. cm) into various
solvents at 40°C as a function of time (s ). (Reproduced with
permission from Ref. 4. Copyright 1985 J. Assoc. Off. Anal. Chem.)
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equilibrium partitioning (K) exists between the concentration of the
styrene in the polystyrene discs (C_) and the concentration in the
solvent (C ). The solvent must, thgrefore, be treated as having a
finite volume per unit area of polymer surface (a). Also, the
geometry of the system (u) must be taken into consideration. Under
these boundary conditions the migration is given by Equation 2
(_5_’2) :
z2
M = C aK(1l - e~ erfc 2) (2)
t P

where

Z= (Dpt)l/z/aK

(e

2
erfe = 2/(1!)1/2 u/” eV du

z

Because these are simplified models, they do not take a number
of factors into account. For example, blooming of adjuvants on the
surface of the polymer, temperature variations, solvent viscosity,
and solvent penetration of the polymer can all result in deviatioms
from these model cases. In some cases the models can be modified to
account for some factors such as solvent viscosity. An additional
diffusion coefficient is required if the food simulant is a solid or
very viscous. In our work all were nonviscous liquids and migration
could be modeled by either Equation 1 or 2. Calculated D_ and K
values for styrene migration at 40°C for a variety of solvents are
listed in Table I. Use of Equation 1 to calculate D_ is the
simplest, requiring that migration be monitored only a few hours.
However, surface bloom can cause very large deviations. Using
Equation 2 to determine D_ requires monitoring the migration over
much longer time intervalB. Also, the K value between polymer and
solvent must be known. If an accurate K value is to be obtained,
the migration should be allowed to approach equilibrium. In the
case of styrene migration into water at 40°C, about 300 days would
be required for the concentration of styrene in the water to reach
907 of the equilibrium value on the basis of the values of D_and K
ultimately determined. P

To shorten these time requirements and to avoid having to take
the migration experiments to equilibrium, an iterative BASIC program
was written to solve for D_ and K, based on six to eight data points
obtained over 2-3 weeks. fThe program, described in detail in
reference (4), is used to calculate both D_ and K values that fit
the linear line-fit curve generated by a given set of migration data
to within a 987 fit. On the basis of the slope of this curve and
the calculated D_ and K values, it is possible to extrapolate
predicted analyté concentrations if migration continues for extended
times. Thus, shelf life and equilibrium m;ggation can be predicted.

Table I shows an average D of 3 x 10 sq. ¢m/s for styrene
from crystalline polystyrene, egcept for 50 and 1007 ethanol. This
value is in good agreement with D_ values reported by others. The
D_ values calculated for 50 and 1B0Z ethanol are not considered the
tPue "inherent D_" values but rather the "éffective" diffusion
coefficients andPreflect a greatly increased diffusion rate due to
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Table I. Styrene Diffusion Coefficients and gartition
Coefficient from Polystyrene at 40°C
p P p € K
-13 -13 -3
Solvent (x 10 gq. cm/s) (x 10 gq. cm/s) (x 10 )

=
|

LWNNMNOONDNMDDNDW
[

Water

37 Acetic acid
87 Ethanol

20% Ethanol
507 Ethanol
1007 Ethanol
Corn oil
HB-307
Hexadecane
Decanol

v W
~N W

(=)
PO VOO OOO

[C
WWEWONSNKF -
-

aReprinted with permission from Ref. 4.
From Equation 1; 24-h data point.
From Equation 2.
Confirmed by reverse migration experiments.

solvent penetration. Reverse migration experiments were found to be
a fairly rapid means of checking the K values calculated by using
the iterative BASIC program.

There are several advantages to being able to predict migration
performance of a given indirect additive in the presence of various
FSL. Obviously, resources can be saved by using short-term
migration studies instead of carrying out every study to
equilibrium, A less obvious advantage is that the mathematical
models and the supporting migration studies conducted by NBS, Arthur
D. Little, and the Indirect Additives Laboratory have given FDA a
solid foundation for evaluating the consistency and probable
reliability of submitted petition data. There is greater confidence
in the reliability of (a) short-term migration studies, 10 days at
120°F vs. 30 days, and (b) projections based on short-term data.
These kinds of studies have given the agency a sound scientific
basis for recommending the most expeditious migration studies to
meet the regulatory requirements for indirect food additive petition
approval.

Multiresidue Headspace Procedures Employing Computerized Data
Reduction

Just as computers have become a valuable asset in mathematical
modeling of migration studies, they have also become indispensable
in multiresidue methods for the measurement of food packaging-
derived volatiles in food and containers. For example, we have used
the computer and the method of standard additions to quantify
multiple residues in various aqueous foods including milk and infant
formula (7, McNeal, T. P.; Hollifield, H. C., in preparation). The
procedure combines the sensitivity and repeatability of automated
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headspace sampling, the resolving power of capillary gas
chromatography, and the speed of automated data reduction to handle
the many replicate measurements required. A typical analysis of a
given sample may require up to 10 chromatograms, including controls
and duplicates.

This procedure is most useful in screening large numbers of
laboratory samples for several components at once. For example, to
screen milk for potential contamination during collection,
processing, or storage, aliquots are screened for possible
contaminants. Based on the relative amounts of each contaminant
found in the screening procedure, standards are prepared for the
components of interest and are used to fortify test samples. Flame
ionization detection (FID) chromatograms of milk and fortified milk
are shown in Figure 3, illustrating the screening for acetone,
methyl ethyl ketone (MEK), benzene, and toluene. Quantitative
results are obtained from a linear regression plot of peak data
obtained following standard additions. Acetone, MEK, hexane,
benzene, trichloroethylene, perchloroethylene, cyclohexane, and
heptane were some of the analytes used to test the procedure. Most
of the analytes tested have retention indexes between 500 and 800.

For this analysis we have typically employed 10-mL sample
aliquots in septum-sealed headspace vials heated at 90°C for 30 min
in a Perkin-Elmer Model F-42 or Model HS100 headspace analyzer and
Perkin-Elmer Sigma 2000 gas chromatograph equipped with a capillary
injection system and a DB-1 nonpolar column. Raw and reduced data
are collected by an IBM Model 9000 computer with the IBM
Chromatography Applications Package software. A custom BASIC
computer linear-regression program plots the chromatographic peak
responses of selected components vs. fortification levels for the
determination of their concentrations.

In addition to the concentration of each component, a
statistical evaluation of the data is also given. The correlation
coefficient, standard deviation, 957 confidence interval, and lower
limit of reliable measurement are calculated for each set of data.
These factors provide an indication of the precision and reliability
of the determination. Raw data are archived on filoppy computer
discs for future use.

The method has been successfully tested with selected chemicals
on both normal bore (0.2 mm id) and wide bore (0.5 mm id) capillary
columns. A comparison of the relative responses of several of these
analytes on both columns is given in Table II. Note that the ratio
of the relative responses on the wide bore column to those on the
normal bore column increases from 19:1 for acrylonitrile to 32:1 for
tetrahydrofuran and benzene. For greater sensitivity, the large
bore column is the better choice although some loss of resolution
occurs. The last column of the table gives the lower limits of
reliable quantitation on large bore capillary columns for our
headspace system using FID. It is expected that sensitivities for
some of the analytes can be improved further by altering headspace
parameters and using selective detectors.

In addition to the static headspace technique described above,
we also use other dynamic headspace sampling methods. For some
time, we have relied on a research purge and trap headspace approach
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Figure 3. FID chromatograms obtained by screening milk samples
for selected chemicals. Fortification levels in ng/mL were
acetone (450), methyl ethyl ketone (450), benzene (16), and
toluene (16). A = unfortified milk; B = fortified milk.
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Table II. Comparison of Normal Bore and Megabore FSOT
Normalized Relative Response Factor Ratios, Using
the F-42 Automated Headspace Analyzer

Relative LRM~ Milk
Compound Response Ratio? (Megabore) (ppb)
Acrylonitrile 19:1 2
Methylene chloride 28:1 -
Vinylidene chloride 18:1 4
Methyl ethyl ketone 26:1 3
Chloroform 29:1 7
Tetrahydrofuran 32:1 2
Benzene 32:1 1
Toluene 27:1 -

aResponse factors (RF) represent microvolts response/ppb analyte
added to 2 mL deionized water. Relative response factor ratio =
b(RF megabore/RF normal bore).
LRM = Limit of reliable measurement; at the 957 confidence level,
it is approximately 1.96 sigma (standard error of the regression
line).

to monitor vinyl chloride in polyvinyl choloride polymers at low
parts per billion levels (8). Although this approach has parts per
trillion sensitivity, it is cumbersome, tedious, and slow. It is
not desirable as a routine method for monitoring or quality control.

There is considerable interest in having an automated, easy to
use, quality control method that is reliable for the vinyl chloride
monomer. Method D4443-84 of the American Society for Testing and
Materials is a static headspace method which is relatively easy to
use; it can be automated and has a sensitivity approaching this
level (9). A statistical evaluation of the existing data supporting
this method raises some questions as to its reliability at the low
parts per billion range. The method sensitivity appears to vary
with the polymer matrix analyzed. This method is presently under
reevaluation using various polyvinyl chloride (PVC) polymers to
unambiguously determine its sensitivity and reliability.

In spite of this apparent move away from dynamic headspace
procedures for polymeric residues and migrants, purge and trap
methods are the most promising approach when very low quantitative
limits are desired. One such example is the determination of
benzene in polypropylene. Headspace analysis of the trapping
solutions on large bore capillary columns using FID has a
demonstrated sensitivity down to 20 ppb benzene.

Another recent advance in the determination of migrants used in
our laboratory has been the use of SEC for cleanup and isolation of
polymeric residues. We first used SEC to separate phthalates and
adipates from solvent extracts of PVC films collected for market
surveys. In this analysis, the analytes are extracted from PVC
films with toluene, and the extract is subsequently chromatographed
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on a suitable SEC column using a refractive index detector.
Fractions containing plasticizers are collected and determined by
gas chromatography using external standards for quantitation.

Similar approaches have been used with HPLC procedures for the
separation and quantitation of styrene in polystyrene and for
dimethyl terephthalate and terephthalic acid residues in
polyethylene terephthalate polymers. Concentration steps may be
included following SEC to achieve increased sensitivity.

In conclusion, the explosive growth of plastics technology
provides fertile soil for many possible chemical interactions
between foods and new polymeric food packaging materials. The rapid
growth of new retortable, ovenable, and microwavable packages
reflects the need for studies in high temperature applications in
addition to continued efforts to detail lower temperature
food-package interactions. The analytical challenges this offers
are formidable and exciting. It will call for our continued best
efforts to develop new and innovative advances in analytical methods
for the determination of migrants.
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Chapter 12

Migration and Formation
of N-Nitrosamines
from Food Contact Materials

Nrisinha P. Sen

Food Research Division, Bureau of Chemical Safety, Food Directorate,
Health Protection Branch, Ottawa, Ontario K1A 0L2, Canada

Recent research has focused our attention on the
occurrence of N-nitrosamines, many of which are potent
carcinogens, and secondary amines, in food contact
materials. In addition to the possibility of migration
of these chemicals to foods, there is also the possi-
bility that the migrated amines, after ingestion, may
form additional amounts of nitrosamines, either in vivo
in the human stomach, or during processing or cooking
of foods containing nitrite as an additive (e.g., cured
meats). This paper reviews the topic with particular
emphasis on paper-, wax-, and rubber-based food contact
materials. The available evidence indicates that
certain nitrosamines may migrate to or form in foods
which come in contact with rubber based products such
as baby bottle rubber nipples and elastic rubber
nettings.

N-Nitrosamines are a group of envirommental carcinogens that have
been detected in a wide variety of consumer products such as
pesticide formulations; cigarette and other tobacco products;
cosmetics; rubber products; and in various foods and beverages,
especially fried bacon, cured meats and beer. In foods, these
compounds are formed mainly as a result of the interaction of
naturally occurring amines in the foods, and nitrite additives (e.g.,
in bacon) or nitrogen oxide gases (e.g., in hot flue gases used for
drying malt) used in the processing of the products. Since most of
the nitrosamines detected in foods are potent carcinogens, these
findings have aroused a great deal of concern among health officials
and consumers throughout the world. Details of these findings have
been published in several recent reviews (1-3).

Recent research has shown that some of the nitrosamines detected
in foods may originate or form from various food contact materials
such as packaging papers, waxed containers, and elastic rubber
nettings. In these cases, the food contact materials, not the foods,

0097-6156/88/0365-0146$06.00/0
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are the source of the nitrosatable amines or amine derivatives. The
concern, here, appears to be three-fold. First, the nitrosamines
from these products can migrate to foods that come in contact with
them for a prolonged period. Secondly, the amines, which are usually
present in much higher concentrations than the corresponding nitros-
amines, can also migrate to foods and form additional amounts of
nitrosamines during processing or cooking. And thirdly, the migrated
amines, after ingestion, can also form nitrosamines in vivo in the
acidic environment of the human stomach due to interaction with
salivary or ingested (e.g., through cured meats) nitrite.

Table I summarizes the type of food contact materials that have
been implicated in the contamination of foods with nitrosamines and
nitrosatable amines. The available evidence suggests that N-nitroso-
morpholine (NMOR) and morpholine (MOR) are present as contaminants in
paper-based packaging materials and liquid waxes, whereas rubber-

Table I. Food Contact Materials Reported to Contain N-Nitrosamines

Type Use pattern Nitrosamines detected
Paper-based Used for packaging NMOR
products including dry as well as moist
waxed papers foods
Liquid waxes As a coating on NMOR

fruits and vegetables

Rubber-based Baby bottle rubber N-Nitrosodimethylamine

products nipples (NDMA)
N-Nitrosodiethylamine
(NDEA)
N-Nitrosodi-n-butylamine
(NDBA)
N-Nitrosopiperidine
(NPIP)
NMOR
N-Nitrosomethylphenyl-
amine (NMPhA)
N-Nitrosoethylphenyl-
amine (NEPhA)
N-Nitrosodiphenylamine

(NDPhA)

Elastic rubber NDEA

nettings used for NPIP

packaging cured NDBA

meats N-Nitrosodibenzylamine
(NDBzA)

American Chemical Society
Library
1155 15th St., N.W.
Washington, D.C. 20026
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based products contain a variety of nitrosamines and the correspon-
ding amine derivatives. Although only limited information is avail-
able, some interesting observations have been made. An attempt will
be made, in this review, to summarize these findings and discuss
their significance with regard to the possible health hazard to man.

N-Nitrosamines and Precursor Amines in Paper-Based Food
Contact Materials

The first evidence of the presence of NMOR in paper-based packaging
materials was reported independently by Hoffmann et al. (4) and
Hotchkiss and Vecchio (5). While investigating the origin of NMOR in
snuff, Hoffmann et al. “(4) observed that the wax coating used on the
snuff containers was the source of the NMOR contamination. Since MOR
is widely used as a solvent in most wax formulations and since most
commercial MOR is contaminated with NMOR (6), the finding of NMOR in
the wax-coated snuff containers was not entirely unexpected. The
above researchers (4) also analyzed a variety of waxed containers
commonly used for packaging dairy products for the presence of both
NMOR and MOR (Table II). Fairly high levels of MOR and traces of
NMOR were detected in such containers. The respective dairy
products, packaged in these containers, also contained significant
levels of MOR and traces of NMOR (Table II).

On careful examination of the data (Table II) it appears that
the concentration of NMOR in six of the dairy foods was higher than
that present in the corresponding containers. If NMOR in these foods
had solely originated from the containers the reverse should have
been true as in the case for MOR, which was present in much higher
concentrations in the containers than in the respective foods. The

Table IT. NMOR and MOR in Food and Food Containers (ppb)

Sample Food Container

NMOR MOR NMOR MOR
Butter 3.2 58 1.9 220
Cream cheese 0.9 77 Na 680
Yogurt N 38 N 3,060
Cottage cheese 0.4 44 5.4 17,200
Frozen peas and carrots N 26 3.1 57
Cheese (semi-soft)b 3.3 8.7 N 26
Cheese (semi-soft)b 3.1 9.7 1.6 25
Cheese (semi-soft)b 0.7 4.9 1.2 22
Cheese (semi-soft)b 1.4 8.0 N 132
Gouda 1.6 5 N 35

28 N = None detected (<0.2 ppb)

Each was from a different country
(Source: Reproduced with permission from ref. 4. Copyright 1982 Cold Spring
Harbor Laboratory.)
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reason for finding higher levels of NMOR in some of the foods is not
clear.

Since MOR is widely used as a corrosion inhibitor in boiler feed
water and since large amounts of steam and water are used in the
manufacture of paper and paperboard packagings, there is a
possibility of finding both MOR and NMOR as contaminants in such
products (5). This led Hotchkiss and Vecchio (5) to analyze a
variety of food grade paper and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>