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Foreword 

The ACS S Y M P O S I U M S E R I E S 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 A D V A N C E S 
IN C H E M I S T R Y S E R I E S 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 A N D 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 initiate 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 s i g n i f i c a n t changes i n both food processing and 
food packaging technologies over the l a s t 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 i n the area of p l a s t i c s than any other. For 
example, there has been a large increase i n the use of p l a s t i c 
bottles for food packaging (Figure 1). P l a s t i c s which were once 
perceived as undesirable by food processors and consumers are now 
often seen as the best form of packaging available. Nearly a l l 
types of food packaging use p l a s t i c s as part of t h e i r 
construction. 

Change has also occurred i n food processing over the l a s t few 
years. The US Food and Drug Administration's 1981 approval of 
hydrogen peroxide to s t e r i l i z e packages p r i o r to f i l l i n g was a 
watershed i n food packaging development. The commercial success 
of t h i s packaging process demonstrated that the US consumer was 
ready to accept packaging innovations i f they provided a useful 
benefit. Soon aft e r the success of aseptic packaging became 
apparent, development of new packages such as microwavable 
containers, retortable p l a s t i c cans, and selective/high b a r r i e r 
films were under development. 

0097-6156/88/0365-0001$06.00/0 
© 1988 American Chemical Society 
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2 F O O D A N D P A C K A G I N G I N T E R A C T I O N S 

TABLE I- Dollar value and market share 
of materials used to manufacture packaging 

(data from Rauch, 1986)a 

Material Year 

1984 1985 1990k 

Paperboard/pulp 18,842 (35) 19,340 (35) 24,580 (34) 
Metal 14,638 (27) 15,052 (27) 18,600 (26) 
P l a s t i c s 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) 
Te x t i l e 574 ( i ) 570 ( 1) 622 ( 1) 

Total 53,798 55,833 72,610 

a. m i l l i o n s of dollars (percent market share) 
b. estimated 

Innovations i n 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 i n 
r i g i d p l a s t i c cans has led to the development of multi-layered 
p l a s t i c materials that maintain t h e i r barriers even a f t e r being 
thermally processed i n steam (1). Because these p l a s t i c 
containers w i l l most l i k e l y have f l e x i b l e f i l m closures instead of 
r i g i d double seamed closures, heat sealing technology has also 
become of c r i t i c a l importance. 

These and other innovations are driven by economic and 
marketplace forces. Food manufactures have found that packaging 
can give them a competitive edge i n 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 t o food 
manufactures by developing new packages that promise to o f f e r 
either reduced packaging costs or increased sales because of 
added package convenience. One of the most discussed examples 
i s the introduction of high barrier p l a s t i c bottles for oxygen 
sensitive food products (2). Ketchup i n t h i s container was 
reported to capture increased market share during i t s i n i t i a l 
introduction even though i t sold for more money. 

This introductory overview w i l l discuss some examples of the 
most recent changes i n food processing and packaging technologies 
and w i l l point out how these changes have resulted i n new problems 
and opportunities for food manufactures. The individual papers 
presented i n t h i s symposium deal i n d e t a i l with the consequences 
and/or needs created by these changing technologies. Research 
into the interactions between foods and food packaging has lagged 
we l l behind the development of new packages, but as t h i s symposium 
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H O T C H K I S S An Overview of Food & Food Packaging Interactions 

0-1 1 1 1 
1970 1975 1980 1985 

YEAR 

Figure 1. Growth i n the production of p l a s t i c bottles f o r foods 
from 192 χ 10 6 lbs i n 1974 to 835 χ 10 6 lbs i n 1985 
(Data from Rauch, 1986) 
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4 F O O D A N D P A C K A G I N G I N T E R A C T I O N S 

shows, i s an area of growing research interest. Many foods that 
were formerly packaged i n nearly in e r t metal or glass containers 
are now being packaged i n less i n e r t p l a s t i c s and foods that were 
once thought too sensitive f or f l e x i b l e films are now packaged i n 
high b a r r i e r f l e x i b l e 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 i n e r t 
materials, p a r t i c u l a r l y p l a s t i c s . 

Changes i n Food Processing Technology 

Recently, consumers have shown a willingness to pay more f o r foods 
that are perceived as fresher, higher quality, or of greater 
value. Meeting t h i s demand while maintaining adequate 
d i s t r i b u t i o n time has necessitated new technologies designed to 
extend shelf l i f e without s a c r i f i c i n g quality. Because of the 
negative connotations of food additives, many shelf l i f e extension 
technologies are based on packaging. 

One of the most discussed methods to extend the shelf l i f e of 
refrigerated, perishable foods i s modified atmosphere packaging 
(MAP) (3). In t h i s technology, the gases within a package are 
altered to something other than a i r . This has two consequences. 
F i r s t , changing the atmosphere changes the balance of 
microorganisms. This can result i n considerable 
extension of shelf l i f e f o r those products whose major mode of 
deterioration i s mediated through microorganisms. Secondly, the 
respiration rate of f r u i t s and vegetables can be reduced by a 
change i n atmosphere. This can greatly extend shelf l i f e and may 
re s u l t i n the brand labeling of many products that are now 
marketed as commodities. 

In order for MAP to be commercially successful, f i l m 
manufacturers w i l l have to develop a wider range of selective 
b a r r i e r films. For example, a f i l m i n which the permeation rate 
of carbon dioxide was as low as that of oxygen would be useful i n 
maintaining internal atmospheres. Food manufacturers w i l l have to 
ca r e f u l l y determine what mixtures of gases successfully extend the 
shelf l i f e of t h e i r products 

The wide spread use of the home microwave oven has also meant 
substantial changes i n food packaging. Several major food 
processors have converted t h e i r packages from metal to microwave 
transparent packaging. Glass and many p l a s t i c s are microwave 
transparent and new packages made from each material have been 
developed. Some packages incorporate a microwave absorbing 
material i n order to a i d i n the transfer of heat to a food. The 
use of the microwave oven has also meant that higher temperature 
p l a s t i c s such as c r y s t a l l i z e d 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 Risen and 
Reineccius i n t h i s volume. 

Food i r r a d i a t i o n i s controversial and i t s not clear i f the 
public i s ready to accept irradiated foods. What i s clear, i s 
that not enough i s known about the effects of ionizing radiation 
on some of the most useful packaging materials. As Thayer points 
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1. H O T C H K I S S An Overview of Food & Food Packaging Interactions 5 

out i n t h i s volume, t h i s i s especially true f o r multilayered 
structures. The problems of polymer scission verses cxosslinking, 
increases i n the levels of potential migrants, and loss of 
strength or seal i n t e g r i t y have not been f u l l y addressed. While 
there appear to be some materials available which w i l l perform 
s a t i s f a c t o r i l y under i r r a d i a t i o n , these materials may not have the 
desired b a r r i e r 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 i s to f i r s t package the food i n a 
hermetically sealed container followed by batch s t e r i l i z a t i o n 
(Figure 2). In aseptic packaging, the package and the food are 
s t e r i l i z e d separately, usually by different methods. The food 
undergoes some type of continuous heating i n a heat exchanger 
while the package may undergo chemical, thermal, or radiation 
treatments. The s t e r i l i z e d food and package are brought together 
and aseptically f i l l e d and sealed (Figure 2). Neither the food 
process nor the package s t e r i l i z a t i o n would be of use alone. In 
aseptic packaging, s t e r i l i z a t i o n techniques that would not be 
suitable f o r foods could be used for the package; with hydrogen 
peroxide, f o r example. I t also means that the package need not 
withstand the same s t e r i l i z a t i o n process as the food. Cheaper, 
paper-based materials can be used when other materials could be 
p r o h i b i t i v e l y expensive. 

The commercial success of the i n i t i a l paperboard based 
aseptically packaged juices and related products has lead t o 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 
f l e x i b l e l i d material (4). 

I t i s l i k e l y that there w i l l be an even greater increase 
aseptic packaging as the technology to commercially s t e r i l i z e 
foods containing particulate matter becomes available. This may 
mean new forms of packaging. Low acid foods i n aseptic packages 
w i l l present unique problems because the safety of these packages 
w i l l depend on the r e l i a b i l i t y of the heat seals. More r e l i a b l e 
and secure heat sealing polymers that s t i l l can be opened e a s i l y 
w i l l need to be developed as w i l l better inspection systems and 
t e s t methods for seal strength and in t e g r i t y . 

The examples given above are only a few of the changes i n 
food processing. More changes are on the horizon. Many of these 
innovations w i l l involve packaging. The d i s t i n c t i o n between food 
processing and food packaging w i l l become increasingly blurred as 
the technologies merge. 

Changes i n Packaging Technology 

The food industry and the packaging industry are economically 
closely a l l i e d . Nearly 53% of the packaging industry's sales are 
to the food industry (5). In recent years t h i s a l l i a n c e has gone 
beyond economics to j o i n t R&D e f f o r t s to develop improved food 
packages. The packaging industry i s now investigating how 
s p e c i f i c packaging materials interact with foods and the food 
industry i s becoming more involved i n the d i r e c t development of 
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6 F O O D A N D P A C K A G I N G I N T E R A C T I O N S 

ASEPTIC CONVENTIONAL 

A S E P T I C 

P A C K A G E 

RAW 

P R O D U C T 

RAW 

P R O D U C T 

C O N V E N T I O N A L 

P A C K A G E 

CONTINUOUS 

STERILIZATION 

( H 2 0 2 , H E A T ) 

CONTINUOUS 

T H E R M A L 

STERIL IZATION 

FILL 

S E A L 

T H E R M A L L Y 

P R O C E S S 

S H E L F 

S T A B L E 

P R O D U C T 

Figure 2. Comparison of conventional and aseptic processing 
systems for the production of shelf stable foods. In 
conventional processing the food i s hermetically sealed 
i n the package p r i o r to processing. In aseptic 
processing the food and package are independently 
œmmercially s t e r i l i z e d p r i o r to f i l l i n g and sealing. 
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1. H O T C H K I S S An Overview of Food & Food Packaging Interactions 7 

packaging. Some food companies have established t h e i r own p i l o t 
plant sized polymer processing f a c i l i t i e s and nearly a l l 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 d i s s i m i l a r p l a s t i c s into sheets or parisons from which 
food containers can be formed. This has meant that high b a r r i e r 
polymers such as ethylenevinyl alcohol (EVOH) or poly (vinyl idine 
dichloride) (PVDC) can be incorporated into a r i g i d 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 
r i g i d p l a s t i c "cans" that can withstand retorting at 121 C without 
losing t h e i r b a r r i e r properties. Several new food products have 
recently been introduced i n these containers including soups, 
stews, and other entree items (7). The use of p l a s t i c containers 
for h o t - f i l l e d and retorted foods can be expected to increase (8). 

The food and packaging industries are also combining R&D 
eff o r t s to make use of the dynamics of the interactions between 
food products and packages made from films. Two areas are 
emerging. F i r s t i s the prediction of shelf l i f e based on the 
b a r r i e r properties of the package and the rate and mode of 
deterioration of the food. By modeling these interactions, i t i s 
possible to predict shelf l i f e and to optimize the package fo r the 
shelf l i f e required by the product. This can r e s u l t i n reduced 
packaging costs. Several models for these interactions are being 
proposed and improved (See papers by Chao and R i z v i , and Taoukis 
and Labuza i n t h i s volume for a detailed discussion). 

The packaging industry i s also coming closer t o being able to 
engineer desired permeability into films. This development may 
mean that respiring produce can be packaged i n bags i n which the 
internal atmosphere w i l l quickly come to equilibrium. By 
selecting the proper package permeability, an internal atmosphere 
can be selected which w i l l decrease the respiration rate of the 
produce. This w i l l be si m i l a r to the controlled atmosphere 
storage of apples that has been practiced for several years. 

Developments have not been r e s t r i c t e d to the use of p l a s t i c s , 
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 i n developing new product-package combinations. The 
glass industry has also improved the way that glass containers are 
manufactured i n order to reduce the cost of glass. The p r i n c i p a l 
developments have been i n making glass containers l i g h t e r i n 
weight. 

Metal can manufacture has substantially changed over the l a s t 
few years. Metal cans are no longer manufactured by tin-coated, 
three-piece, side soldered techniques. A majority of cans 
produced i n the US are now made without lead solder or t i n . 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 i n t h i s volume, t h i s has necessitated the 
development of improved can i n t e r i o r coatings. 
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8 F O O D A N D P A C K A G I N G I N T E R A C T I O N S 

Food and Food Packaging Interactions 

Changes i n food packaging have meant that the ways foods interact 
with packaging have likewise changed. Interactions between foods 
and packaging can be c l a s s i f i e d 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 tox i c o l o g i c a l significance. Very often, the components that 
migrate from p l a s t i c s are odor active and can adversely affect the 
flavor of foods. This i s especially a problem when foods are 
heated i n p l a s t i c containers, as i n a microwave oven (See Risen 
and Reiniccius i n t h i s volume). Migration may also r e s u l t i n the 
transfer of potentially t o x i c substances to foods. There has been 
considerable research i n t h i s area i n recent years, yet a l l the 
concerns have not been f u l l y addressed (9). For example, there i s 
s t i l l concern about the transfer of v i n y l chloride monomer (VCM) 
to foods packaged i n polyvinyl chloride (PVC). Migration of 
po t e n t i a l l y t o x i c components becomes a regulatory concern and at 
least two papers (Breder, and H o l l i f i e l d and Fazio) i n t h i s 
symposium address the issues surrounding regulation of migrants. 
The theoretical aspects of migration are addressed by Chang and 
Smith i n t h i s volume. 

In recent years, migration has been used to transfer desired 
additives to foods. At least one can manufacturer has developed a 
system i n which metal ions that w i l l help s t a b i l i z e the green 
color of chlorophyll are incorporated into the can i n t e r i o r 
coating. The desire to have antioxidants migrate from packaging 
to foods during storage i s also addressed i n t h i s volume (see 
Harte et a l ) . 

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 p l a s t i c s or t h i n f o i l s . While a l l 
p l a s t i c s are permeable to some degree, permeation rates vary over 
three orders of magnitude (10). Considerable work has been 
undertaken i n the area of predicting the effects of package 
permeation on the shelf l i f e of individual products. This work i s 
of considerable economic importance as the s h i f t to p l a s t i c 
packaging continues. In nearly a l l cases, higher b a r r i e r films 
are much more expensive. The ideal s i t u a t i o n i s to package 
products i n materials which w i l l protect foods only for the 
maximum shelf l i f e desired or found i n the marketplace. 
Protecting foods for longer periods than necessary i s a form of 
over-packaging (See Taoukis and Labuza i n t h i s volume f o r a 
discussion). 

The objective of modeling shelf l i f e work i s t o understand 
how s p e c i f i c barriers influence the quality of individual foods. 
There are at least three ways to approach t h i s problem. F i r s t 
i s to package the food i n several containers and t o determine the 
shelf l i f e of each under actual d i s t r i b u t i o n conditions. While the 
data from such a t e s t i s good, t h i s i s not a p r a c t i c a l solution 
because of the time necessary to conduct the t e s t on foods that 
may have a shelf l i f e of several months. The second method i s to 
place the packages i n storage under elevated temperature and 
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1. H O T C H K I S S An Overview of Food & Food Packaging Interactions 9 

r e l a t i v e humidity conditions. This t e s t i s commonly conducted at 
100 F and 90% r e l a t i v e humidity. This method decreases the time 
necessary for the t e s t but problems occur when t r y i n g t o relate 
the accelerated conditions to actual use conditions. 

The t h i r d method i s to combine the ba r r i e r properties of the 
package with the s t a b i l i t y of the food i n an appropriate 
mathematical model. This technique allows the shelf l i f e to be 
predicted given any type of barrier and storage conditions. 
Several models have been proposed and several are reviewed by Chao 
and R i z v i i n t h i s volume. 

Sorption and/or Permeation by Organic Vapors. Continuous polymer 
films are permeable to organic vapors i n a s i m i l a r manner to fixed 
gases (10). Transfer of organic vapors across polymeric food 
packaging could have two adverse consequences. F i r s t , packaged 
foods that are exposed to undesirable v o l a t i l e odors during 
storage or shipment might pickup the odor. The c l a s s i c a l 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 p a r t i c u l a r food are diminished 
by being sorbed into or permeated through the package. This 
l a t t e r problem has only recently became an area of research 
interest. Several papers i n t h i s volume deal d i r e c t l y with t h i s 
area. While the data are not complete, a couple of 
generalizations can be made. F i r s t i s that some p l a s t i c s can sorb 
or transfer s u f f i c i e n t aroma compound to be detected by human 
senses. The second generalization i s that just as differ e n t 
polymers vary greatly i n t h e i r permeation rates for fixed gases, 
they also vary over orders of magnitude i n t h e i r permeation rates 
for organic vapors. This means that foods that are sensitive to 
changes i n t h e i r aromatic flavor can be protected by switching to 
higher aroma ba r r i e r films. Several papers i n t h i s symposium deal 
with t h i s problem. 

The Forth Interaction Between Foods and Food Packaging Results 
From the Transparency of Many Food Packages to Light. Light, 
p a r t i c u l a r l y i n the shorter wave lengths, can catalyze adverse 
reactions such as oxidation i n foods. This may lead to 
discoloration, loss of nutrients, or the development of o f f -
odors. 

Conclusions 

The acceleration i n the switch from nearly ine r t packaging to more 
interactive synthetic polymers has brought forth a new interest i n 
the interaction between foods and food packaging. In the l a s t few 
years research i n t h i s area has begun to gain momentum. The major 
problems i n studying these interactions are the lack of standard 
methodology, agreed upon models, and data concerning the actual 
changes i n food quality. 
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10 FOOD AND PACKAGING INTERACTIONS 
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Chapter 2 

Transport of Apple Aromas 
in Polymer Films 

P. T. DeLassus1, J . C. Tou1, M . A. Babinec1, D. C. Rulf1, 
Β. K. Karp2, and B. A. Howell2 

1Dow Chemical U.S.A., Midland, MI 48674 
2Department 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 
i t se l f 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 wi l l discuss some recent advances in this area. A 
new experimental technique wi l l 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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12 F O O D A N D P A C K A G I N G I N T E R A C T I O N S 

Framework f o r Experiments 
Aromas. Apple aromas were chosen f o r these experiments f o r s e v e r a l 
reasons. Only a few compounds dominate the aroma o f a p p l e . These 
compounds are a v a i l a b l e from chemical supply houses. 
These compounds have e a s i l y d i s t i n g u i s h a b l e mass spectrograms. 
F i n a l l y , apple i s being packaged i n r i g i d p l a s t i c packaging f o r 
p o p u l a r consumption. The s p e c i f i c compounds f o r t h i s study were 
tr a n s - 2 - h e x e n a l , hexanal, and e t h y l - 2 - m e t h y l b u t y r a t e . 
F i l m s . Three f i l m s were i n c l u d e d i n t h i s study. Low d e n s i t y 
p o l y e t h y l e n e (LDPE) was i n c l u d e d as a r e p r e s e n t a t i v e p o l y o l e f i n . I t 
i s not c o n s i d e r e d t o be a b a r r i e r polymer. I t has p e r m e a b i l i t i e s to 
s e l e c t e d aroma compounds s l i g h t l y g r e a t e r than the p e r m e a b i l i t i e s o f 
p o l y p r o p y l e n e and high d e n s i t y p o l y e t h y l e n e ( 1 ) . A v i n y l i d e n e 
c h l o r i d e (VDC) copolymer f i l m was i n c l u d e d as an example o f a 
b a r r i e r t h a t i s u s e f u l i n both dry and humid c o n d i t i o n s . The f i l m 
was made from Dow experimental r e s i n XU32024.13 which i s a new 
ma t e r i a l designed f o r r i g i d a p p l i c a t i o n s . A hyd r o l y z e d e t h y l e n e -
v i n y l a c e t a t e (EVOH) copolymer f i l m was i n c l u d e d as an example o f a 
b a r r i e r f i l m t h a t i s humidity s e n s i t i v e . The polymer was 44 mole % 
et h y l e n e . 

These f i l m s were t e s t e d as monolayers about 2.5 χ lO'^m (=lmil) 
t h i c k . They would t y p i c a l l y be used i n m u l t i l a y e r s t r u c t u r e s ; 
however, the i n d i v i d u a l p e r m e a b i l i t i e s can be combined to p r e d i c t 
the b e h a v i o r o f m u l t i l a y e r s . 

Instrument. A new instrument was designed and b u i l t f o r s t u d y i n g 
the t r a n s p o r t o f aromas i n polymer f i l m s ( 2 ) . The instrument i s 
d e s c r i b e d s c h e m a t i c a l l y i n F i g u r e 1. The gas h a n d l i n g s e c t i o n o f 
the instrument c o n t a i n s the plumbing, aroma c o n t a i n e r s , and the 
experimental f i l m . T h i s e n c l o s u r e i s i n s u l a t e d , and the temperature 
can be c o n t r o l l e d , + 1 *C, up to about 150*C. 

Gas 
Handling 

F i g u r e 1. Schematic of Instrument 
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2. DELASSUS ET AL. Transport of Apple Aromas in Polymer Films 13 

The d e t e c t o r was a Hewlett-Packard 5970 mass spectrometer. T h i s 
instrument was used i n two general ways. F i r s t , with each new 
compound, a t o t a l i o n chromatogram was measured t o i d e n t i f y the most 
populous and unique i o n fragments. Second, f o r a c t u a l permeation 
experiments, the instrument was programmed t o monitor s e l e c t e d i o n 
fragments, t y p i c a l l y t h r e e , f o r each o f the aromas i n v o l v e d . When a 
s i n g l e permeant was used, the t h r e e most populous i o n fragments 
c o u l d be chosen. However, when mixed permeants were used, 
s i g n i f i c a n t d egeneracies were avoided. The response o f the 
instrument was determined t o be l i n e a r i n the o p e r a t i n g range and 
beyond, both a t h i g h e r and lower c o n c e n t r a t i o n s . 

In a l l experiments, the f o l l o w i n g sequence was used. F i r s t , a 
c a l i b r a t i o n experiment was completed by p r e p a r i n g a very d i l u t e 
s o l u t i o n o f the permeant i n n i t r o g e n i n the one l i t e r f l a s k and 
i n t r o d u c i n g some o f the gaseous s o l u t i o n d i r e c t l y t o the mass 
spectrometer v i a a s p e c i a l l y designed i n t e r f a c e . A known 
c o n c e n t r a t i o n and a measured response y i e l d a c a l i b r a t i o n c o n s t a n t . 

Then a permeation experiment was completed by p r e p a r i n g a d i l u t e 
s o l u t i o n o f the permeant i n n i t r o g e n i n the t h r e e l i t e r f l a s k and 
r o u t i n g the gaseous s o l u t i o n p a s t the purged, experimental f i l m . 
The d e t e c t o r response was recorded as a f u n c t i o n o f time f o r 
subsequent a n a l y s i s . 

The computer was used to program and c o n t r o l the mass 
spectrometer and t o c o l l e c t and analyze the d a t a . The computer was 
equipped with a CRT and a p r i n t e r . 

Other techniques have been used t o measure f l a v o r and aroma 
permation i n polymer f i l m s . G i l b e r t (3) developed and s t i l l uses a 
q u a s i - s t a t i c t e chnique based upon a s p e c i a l f i l m h o l d e r and gas 
chromatography. G i a c i n (4) uses a s i m i l i a r t echnique and an 
improved i s o s t a t i c method with a flame i o n i z a t i o n d e t e c t o r . Murray 
(5) a l s o uses a flame i o n i z a t i o n d e t e c t o r i n h i s q u a s i - i s o s t a t i c 
method. Zobel (6) a l s o d e s c r i b e s a technique based upon a flame 
i o n i z a t i o n d e t e c t o r . C a l d e c o u r t and Tou (7) developed i s o s t a t i c 
t e c h n i q u e s u s i n g e i t h e r a p h o t o - i o n i z a t i o n d e t e c t o r o r atomospheric 
p r e s s u r e i o n i z a t i o n / m a s s s p e c t r o s c o p y . Each o f these techniques has 
a l i m i t a t i o n e i t h e r i n d e t e c t o r s e n s i t i v i t y , r e q u i r i n g dry 
c o n d i t i o n s , o r a l l o w i n g o n l y one permeant at a time o r high c o s t . 
V a r i a b l e s . The experimental v a r i a b l e s were chosen to make 
a p p l i c a t i o n t o the r e a l w o r ld. Temperature was chosen because 
packaged food encounters a v a r i e t y o f temperatures d u r i n g the s h e l f 
l i f e . While some packaged foods are r e f r i g e r a t e d and some are 
s t o r e d at room temperature, many see unscheduled extremes i n 
u n c o n t r o l l e d warehouses and unusual weather d u r i n g t r a n s i t , s t o r a g e , 
and n e g l e c t . U s u a l l y e l e v a t e d temperatures were used t o enable 
t i m e l y completion o f experiments and to o b t a i n l a r g e r responses. 
E x t r a p o l a t i o n s w i l l be d i s c u s s e d l a t e r . 

R e l a t i v e humidity was i n c l u d e d as an experimental v a r i a b l e 
because i t i s a f a c t with food packaging. The package w i l l be 
exposed t o moisture from both the food and the environment. I f a 
polymer i s m o i s t u r e s e n s i t i v e , the r e l a t i v e humidity can make 
important c o n t r i b u t i o n s t o performance. 

The c o n c e n t r a t i o n o f the permeant i s important because a h i g h e r 
c o n c e n t r a t i o n o f permeant can l e a d t o a hi g h e r s o r p t i o n by the 
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14 F O O D A N D P A C K A G I N G I N T E R A C T I O N S 

package. A high c o n c e n t r a t i o n o f permeant c o u l d l e a d t o 
p l a s t i c i z a t i o n and high permeation f o r c e r t a i n permeant/polymer 
combinations. Such e f f e c t s have been r e p o r t e d (4,6). 

A combination o f permeants was i n c l u d e d f o r s e v e r a l reasons. I t 
i s r e a l i s t i c . Food aromas are r a r e l y b u i l t on a s i n g l e compound. A 
combination t e s t s t o see i f one compound e i t h e r a i d s o r h i n d e r s the 
permeation o f another. I t a l s o p r o v i d e s another i n d i r e c t t e s t o f 
p l a s t i c i z a t i o n . 
Framework f o r a n a l y s i s 
For a thorough a n a l y s i s o f aroma t r a n s p o r t i n food packaging, the 
p e r m e a b i l i t y (P) and i t s component p a r t s - the s o l u b i l i t y 
c o e f f i c i e n t (S) and the d i f f u s i o n c o e f f i c i e n t o r d i f f u s i v i t y (D) are 
needed. These t h r e e parameters are r e l a t e d as shown i n Equation 1. 

Ρ = D χ S (1) 
The p e r m e a b i l i t y i s u s e f u l f o r d e s c r i b i n g the t r a n s p o r t r a t e a t 
steady s t a t e . The s o l u b i l i t y c o e f f i c i e n t i s u s e f u l f o r d e s c r i b i n g 
the amount o f aroma t h a t w i l l be absorbed by the package w a l l . The 
d i f f u s i o n c o e f f i c i e n t i s u s e f u l f o r d e s c r i b i n g how q u i c k l y the 
permeant aroma molecules move i n the f i l m and how much time i s 
r e q u i r e d t o reach steady s t a t e . 

Equation 2 d e s c r i b e s steady s t a t e permeation where ΔΜχ i s the 
ΔΜχ = Ρ A Ap y (2) 
At L 

q u a n t i t y o f permeant χ t h a t goes through a f i l m o f area A and 
t h i c k n e s s L i n a time i n t e r v a l A t . The d r i v i n g f o r c e f o r the 
permeation i s g i v e n as the p r e s s u r e d i f f e r e n c e o f the permeant 
a c r o s s the b a r r i e r , Δρχ. In an experiment, ΔΜχ/At i s measured at 
steady s t a t e w h i l e A and L are known and Apx i s e i t h e r measured o r 
c a l c u l a t e d s e p a r a t e l y . 

The d i f f u s i o n c o e f f i c i e n t can be determined from the t r a n s i e n t 
p o r t i o n o f a complete permeation experiment. F i g u r e 2 shows how the 
t r a n s p o r t r a t e o r d e t e c t o r response v a r i e s with time d u r i n g a 
complete experiment. At the b e g i n n i n g o f an experiment, t=0, a 
cl e a n f i l m i s exposed t o the permeant on the upstream s i d e . 
I n i t i a l l y , the permeation r a t e i s e f f e c t i v e l y z e r o . Then "break 
through" o c c u r s , and the t r a n s p o r t r a t e r i s e s t o steady s t a t e . The 
d i f f u s i o n c o e f f i c i e n t can be c a l c u l a t e d i n e i t h e r o f two ways. 
Equation 3 uses t i / 2 , the time t o reach a t r a n s p o r t r a t e t h a t i s 
o n e - h a l f o f the steady s t a t e r a t e ( 8 ) . 

D = ( 3 ) 7.2 t 1 / 2 

Equation 4 uses the s l o p e i n the t r a n s i e n t p a r t o f the curve and the 
D = 0.176 L2 (slope) (4) 

Rss 
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2. DELASSUS ET AL. Transport of Apple Aromas in Polymer Films 15 

Time 

F i g u r e 2. R e l a t i v e T r a n s p o r t Rate as a Func t i o n of Time 

steady s t a t e response Rss ( 9 ) . A f t e r Ρ 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 s e t s o f u n i t s are used t o r e p o r t the p e r m e a b i l i t y i n the 
l i t e r a t u r e . T h i s paper w i l l use SI u n i t s i n the f o l l o w i n g way. For 
Equation 2 to be v a l i d , the p e r m e a b i l i t y must have dimensions o f 
q u a n t i t y o f gas times t h i c k n e s s d i v i d e d by a r e a - t i m e - p r e s s u r e . I f 
the k i l o g r a m i s used t o d e s c r i b e the q u a n t i t y o f gas and the p a s c a l 
i s used as the u n i t o f p r e s s u r e , then u n i t s o f p e r m e a b i l i t y are 
kg«m/m2«s*Pa. T h i s u n i t i s very l a r g e and a cumbersome exponent 
o f t e n r e s u l t s . A more convenient u n i t , the M o d i f i e d Zobel U n i t , (1 
MZU = 1 0 ~ 2 0 kg»m/m 2»s»Pa), was developed f o r f l a v o r permeation. 
Zobel proposed a s i m i l a r u n i t e a r l i e r ( 6 ) . The u n i t s o f the 
d i f f u s i o n c o e f f i c i e n t are m 2/s. The u n i t s o f the s o l u b i l i t y 
c o e f f i c i e n t are kg/m 3Pa. 

For most simple cases, P, D, and S are simple f u n c t i o n s o f 
temperature as g i v e n i n Equations 5, 6, and 7. 

Ρ (Τ) = P 0 exp (-Ep/RT) (5) 
D (T) = D 0 exp (-E D/RT) (6) 
S (Τ) = S 0 exp (-AHS/RT) (7) 

where, P 0, D 0, and S 0 are c o n s t a n t s , Τ i s the a b s o l u t e temperature, 
and R i s the gas c o n s t a n t . En i s the a c t i v a t i o n energy f o r 
permeation. Ep i s the a c t i v a t i o n energy f o r d i f f u s i o n , and AH S i s 
the heat o f s o l u t i o n . I f l o g Ρ data are p l o t t e d on the v e r t i c a l 
a x i s o f a graph and T ~ l i s p l o t t e d on the h o r i z o n t a l a x i s , a 
s t r a i g h t l i n e w i l l r e s u l t . The s l o p e w i l l be -0.43 E p/R. The d i f f u s i o n c o e f f i c i e n t and s o l u b i l i t y c o e f f i c i e n t behave s i m i l a r l y . 
Equations 1, 5, 6, and 7 can be manipulated to y i e l d equation 8 
which r e l a t e s the a c t i v a t i o n e n e r g i e s and the heat o f s o l u t i o n . 
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16 F O O D A N D P A C K A G I N G I N T E R A C T I O N S 

E P = E D + AH S (8) 
Equations 1-7 were developed f o r gas permeation through rubbery 

polymers. They must be used with c a u t i o n with g l a s s y polymers 
and/or o r g a n i c vapors t h a t i n t e r a c t s t r o n g l y with the b a r r i e r . 

Equations 5, 6, and 7 are v a l i d above and below the g l a s s 
t r a n s i t i o n temperature o f the polymer, Tg, but not a t Tg. F i g u r e 3 
shows a change i n s l o p e at Tg. S t r a i g h t l i n e e x t r a p o l a t i o n s can not 
be made through Tg. For these s t u d i e s o f l a r g e permeant molecules 
i n b a r r i e r f i l m s , Ρ and D were very low at room temperature. T h i s 
means t h a t o n l y a very low s i g n a l would r e s u l t a f t e r many weeks. 
T h i s was unacceptable. 

T y p i c a l l y , experiments were done at s e v e r a l warm temperatures, 
and e x t r a p o l a t i o n s were made to room temperature. T h i s was no 
problem f o r the v i n y l i d e n e c h l o r i d e copolymer f i l m (co-VDC f i l m ) 
s i n c e Tg i s about 0*C. However, the EVOH f i l m has a Tg at about 
55*C. E x t r a p o l a t i o n f o r t h i s f i l m was not allo w e d . The f o l l o w i n g 
procedure was used t o estimate Ρ and D below Tg. F i r s t , a simple 
e x t r a p o l a t i o n t o room temperature o f the high temperature data i s 
made. T h i s i s shown as the lower dashed l i n e i n F i g u r e 3. T h i s 
y i e l d s a value f o r Ρ or D which i s almost c e r t a i n l y lower than the 
t r u t h . Second, an e x t r a p o l a t i o n down to Tg f o l l o w e d by a h o r i z o n t a l 
t r a n s l a t i o n i s made. T h i s i s shown as the upper dashed l i n e i n 
F i g u r e 3. S i n c e Ep and EQ. are p o s i t i v e q u a n t i t i e s , t h i s should 
y i e l d a valu e f o r Ρ o r D which i s almost c e r t a i n l y h i g h e r than the 
t r u t h . The geometric average o f the two e x t r a p o l a t i o n s w i l l be 
re p o r t e d as an a r b i t r a r y e s t i m ate o f the t r a n s p o r t parameters below 
Tg. 

Temperature 
1/T, K _ 1 

F i g u r e 3. Temperature Dependence of P e r m e a b i l i t y , E x t r a p o l a t i n g 
Below Tg 
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2. DELASSUS ET AL. Transport of Apple Aromas in Polymer Films 17 

Experiments and D i s c u s s i o n 
T y p i c a l experiment. F i g u r e 4 shows the r e s u l t s o f a t y p i c a l 
experiment with the co-VDC f i l m . The permeant was t r a n s - 2 - h e x e n a l . 
The experiment was done at 110*C. T h i s warm temperature caused the 
experiment t o end q u i c k l y . Three ions - the m o l e c u l a r i o n m/z = 98 
and two fragment ions m/z = 55 and 69 - were monitored by the mass 
spectrometer. The t o t a l i o n i n t e n s i t y o f these t h r e e i o n s was 
d i s p l a y e d . The f i r s t response i s due to the c a l i b r a t i o n . Here 
2.6 μ] o f a 0.5% s o l u t i o n o f trans-2-hexenal i n methylene c h l o r i d e 
was i n j e c t e d i n t o the 1 l i t e r f l a s k , d i l u t e d with n i t r o g e n , and the 
r e s u l t i n g gaseous s o l u t i o n was in t r o d u c e d i n t o the mass spectrometer 
v i a the i n t e r f a c e . 

Figure 4. Permeation Experiment f o r Trans-2-hexenal i n a 
Vinylidene Chloride Copolymer Film at 110 °C. 

A f t e r the b a s e l i n e was obt a i n e d a g a i n , a t 34 minutes i n t o the 
run, the permeation experiment began. Here 3.0 /*1 o f t r a n s - 2 -
hexenal had been i n j e c t e d i n t o the 3 l i t e r f l a s k and d i l u t e d with 
n i t r o g e n b e f o r e being c i r c u l a t e d past the upstream s i d e o f the f i l m . 
Breakthrough o c c u r r e d a t about 40 minutes, and steady s t a t e was 
reached a t 80 t o 100 min. 

F i g u r e 5 i s a subset o f the data from F i g u r e 4. In F i g u r e 5 
onl y the data f o r the i o n a t m/z 55 i s shown f o r c a l i b r a t i o n and 
permeation. U s u a l l y , the data f o r each i o n are analyzed s e p a r a t e l y 
then averaged. A n a l y z i n g each ion s e p a r a t e l y i s an i n t e r n a l check 
f o r c o n s i s t e n c y . Each i o n should g i v e the same r e s u l t . 
C o n c e n t r a t i o n E f f e c t . Some r e s e a r c h e r s have r e p o r t e d t h a t the 
p e r m e a b i l i t y o f aromas i n polymer f i l m s i s dependent on the p a r t i a l 
p r e s s u r e o f the permeant (4,6). One experiment was done here t o 
t e s t f o r t h i s e f f e c t . Table I shows the r e s u l t o f t h i s experiment. 
The permeant c o n c e n t r a t i o n o f the upstream s i d e o f the p o l y e t h y l e n e 
f i l m i s g i v e n i n t h r e e ways. The f i r s t column i s a r e c i p e f o r the 
q u a n t i t y o f trans-2-hexenal i n j e c t e d i n t o the 3 l i t e r f l a s k . The 
second and t h i r d columns express the c o n c e n t r a t i o n more 
t r a d i t i o n a l l y as p a r t s per m i l l i o n on a molar b a s i s and the p a r t i a l 
p r e s s u r e o f aroma i n P a s c a l s . Both were c a l c u l a t e d with the i d e a l 
gas law. 

In the case s t u d i e d , the p e r m e a b i l i t y was observed t o be 
con s t a n t over t h i s range o f p r e s s u r e s . Experiments, i n p r o g r e s s , 
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18 F O O D A N D P A C K A G I N G I N T E R A C T I O N S 

Ion 55.00 amu . from DRTR-.0310R.D 

3 . 0E4 
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-Ω 
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1 0000 

20 40 B0 80 100 120 140 
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Figure 5. Permeation Experiment for Ion 55 of Trans-2-hexenal 

in a Vinylidene Chloride Copolymer Film at 110°C. 

Table I 

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

Permeant C o n c e n t r a t i o n 
/xl/31 ppm Pa 

1 72 

144 

216 

288 

7.2 

14.4 

21.6 

28.8 

P e r m e a b i l i t y 
MZU 

1.17 χ 10 6 

1.16 χ 10 6 

1.53 χ 10 6 

1.18 χ 10 6 

1 MZU = Ι Ο " 2 0 kg»m/m 2»s»Pa 
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2. DELASSUS ET AL. Transport of Apple Aromas in Polymer Films 19 

with trans-2-hexenal i n a p o l a r f i l m are more l i k e l y t o show a 
co n c e n t r a t i o n e f f e c t . 
T r a n s p o r t i n a V i n y l i d e n e C h l o r i d e Copolymer F i l m . F i g u r e s 6 and 7 
show the r e s u l t s o f permeation experiments o f trans-2-hexenal i n the 
co-VDC f i l m . The high temperatures were r e q u i r e d t o speed the 
experiments. Experiments a t lower temperatures would have needed a 
much l o n g e r time. Each experiment used about 2 μ] o f permeant i n 
the 3 l i t e r f l a s k . Table II c o n t a i n s the a c t i v a t i o n e n e r g i e s f o r 
these data i n Equations 5, 6, and 7. Table I I I c o n t a i n s 
e x t r a p o l a t e d p e r m e a b i l i t i e s a t s e l e c t e d temperatures. 

100000-

Q, 

3 

H 

10000+ 

100 °c 75 I 

t I lOOOH . . . . 
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 i n a 
Vinylidene Chloride Copolymer. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 9
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
36

5.
ch

00
2



20 F O O D A N D P A C K A G I N G I N T E R A C T I O N S 

Figure 7. Diffusivity and Solubility Coefficient of Trans-2-hexenal 
in a Vinylidene Chloride Copolymer Film. 
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2. DELASSUS ET AL. Transport of Apple Aromas in Polymer Films 21 

Table II 

MASS TRANSPORT OF TRANS-2-HEXENAL IN BARRIER FILMS 

V i n y l i d e n e E p = 17.1 kcal/mole 
C h l o r i d e Ep = 26.1 kcal/mole 
Copolymer AH S = -9.0 kcal/mole 

EVOH (dry) E p = 17.0 kcal/mole 
Ep = 23.7 kcal/mole 

AH S = -6.7 kcal/mole 

Table I I I 

EXTRAPOLATED* VALUES FOR TRANS-2-HEXENAL IN BARRIER FILMS 

Temperature Ρ D S 
Fi l m »C MZU m 2/s kg/m 3 Pa 

V i n y l i d e n e 75 4500 4.4 χ 1 0 " 1 5 0.01 
C h l o r i d e 28 100 1.2 χ ΙΟ"" 1 7 0.08 
Copolymer 

EVOH (dry) 75 2200 3.7 χ 1 0 " 1 5 0.006 
28 150 9.1 χ 1 0 ' 1 7 0.02 

* a l l v a l u e s are the r e s u l t o f c u r v e - f i t t i n g 
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22 F O O D A N D P A C K A G I N G I N T E R A C T I O N S 

T r a n s p o r t i n a Dry EVOH F i l m . F i g u r e s 8 and 9 show the r e s u l t s o f 
permeation experiments o f trans-2-hexenal i n the dry EVOH f i l m . 
Again high temperatures were r e q u i r e d t o speed the experiments. 
Each experiment used about 2 μ] o f permeant i n the 3 l i t e r f l a s k . 
T a b l e II c o n t a i n s the a c t i v a t i o n e n e r g i e s f o r these data above Tg. 
Table I I I c o n t a i n s e x t r a p o l a t e d p e r m e a b i l i t i e s a t s e l e c t e d 
temperatures. 

100000-

10000+ 

100 c 75 C 

1000- 2.90 2.60 2.65 2.70 0 2.75 
1/T X lOSCK"1) 

2.80 2.85 

F i g u r e 8. P e r m e a b i l i t y of Trans-2-hexenal i n EVOH, Dry. 
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DELASSUSET A L . Transport of Apple Aromas in Polymer Films 23 

igure 9. Diffusivity and Solubility Coefficient of Trans-2-hexenal 
in EVOH, Dry. 
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24 F O O D A N D P A C K A G I N G I N T E R A C T I O N S 

Humidity E f f e c t . For these experiments about 5 ml o f a s a t u r a t e d 
s o l u t i o n o f ZnS04«7 H2O was put i n t o the 3 l i t e r f l a s k . T h i s h e l d 
about 90% R.H. a t the experimental temperatures (10). T h i s humid 
n i t r o g e n was c i r c u l a t e d p a s t the upstream s i d e o f the experimental 
f i l m w h i l e dry n i t r o g e n was routed p a s t the downstream s i d e o f the 
f i l m . A f t e r the f i l m had e q u i l i b r a t e d with the humidity f o r s e v e r a l 
hours, the permeation experiment was s t a r t e d . 

The f i r s t humid experiment was done with trans-2-hexenal i n the 
EVOH f i l m a t 75*C. The r e s u l t s are g i v e n i n Table IV and are 
compared t o the e a r l i e r dry d a t a . Both the p e r m e a b i l i t y and the 
d i f f u s i o n c o e f f i c i e n t i n c r e a s e d by a f a c t o r o f 45 wh i l e the 
s o l u b i l i t y c o e f f i c i e n t remained r e a s o n a b l y c o n s t a n t c o n s i d e r i n g the 
experimental u n c e r t a i n t y when the f i l m was h u m i d i f i e d . T h i s i m p l i e s 
a simple p l a s t i c i z i n g e f f e c t when the polymer i s above Tg. 

The second humid experiment was done with trans-2-hexenal i n the 
EVOH f i l m a t 45*C. T h i s experiment became p o s s i b l e because an 
in c r e a s e d d i f f u s i o n c o e f f i c i e n t shortened the experimental time and 
an i n c r e a s e d p e r m e a b i l i t y i n c r e a s e d the s i g n a l s t r e n g t h . The 
r e s u l t s i n T a b l e IV are compared t o an e x t r a p o l a t i o n o f h i g h e r 
temperature d a t a a t dry c o n d i t i o n s . At 45*C, which i s below Tg, the 

Table IV 

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

Dry 
0/0 RH 

Moist 
EVOH 90/0 RH 

P e r m e a b i l i t y , 75*C 
D i f f u s i v i t y , 75*C 

2200 MZU 
1.6 χ 1 0 " 1 4 m 2/s 

97000 MZU 
7.2 χ 1 0 " 1 3 m 2/s 

P e r m e a b i l i t y , 45*C 
D i f f u s i v i t y , 45*C 

330 MZU* 
2.6 χ 1 0 " 1 6 m 2/s* 

19000 MZU 
3.6 χ 1 0 " 1 4 m 2/s 

V i n y l i d e n e C h l o r i d e Copolymer 

P e r m e a b i l i t y , 75*C 
D i f f u s i v i t y , 75 #C 

4500 MZU 
4.4 χ 1 0 " 1 5 m 2/s 

4200 MZU 
3.9 χ 1 0 " 1 5 m 2/s 

* e x t r a p o l a t e d , a l l o t h e r s are d i r e c t experimental data 
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2. DELASSUS ET AL. Transport of Apple Aromas in Polymer Films 25 

p e r m e a b i l i t y i n c r e a s e d by a f a c t o r o f 60 w h i l e the d i f f u s i o n 
c o e f f i c i e n t i n c r e a s e d by a f a c t o r o f 140. Hence the s o l u b i l i t y 
c o e f f i c i e n t decreased by a f a c t o r o f 2. T h i s i m p l i e s a s t r o n g 
p l a s t i c i z i n g e f f e c t from the moisture and p o s s i b l y some c o m p e t i t i o n 
f o r s o r p t i o n s i t e s when the polymer i s below Tg. W i t h i n the 
framework o f dual-mode s o r p t i o n theory (11), the water molecules may 
compete f o r the Langmuir s o r p t i o n s i t e s b e t t e r than the t r a n s - 2 -
hexenal can compete i n t h i s h y d r o p h i l i c polymer. Whenever the 
permeant i s excluded, the s o l u b i l i t y c o e f f i c i e n t d e c r e a s e s . T h i s 
i n t e r p r e t a t i o n must be tempered by b a s i c experimental u n c e r t a i n t y 
p l u s the unproven e x t r a p o l a t i o n t e c h n i q u e . However, one f a c t i s 
s o l i d . The p e r m e a b i l i t y o f t h i s f l a v o r molecule i n EVOH i n c r e a s e s 
g r e a t l y under humid c o n d i t i o n s . 

The t h i r d humid experiment was done with trans-2-hexenal i n the 
co-VDC f i l m a t 75*C. Table IV c o n t a i n s a comparison o f the humid 
and dry experiments. W i t h i n experimental u n c e r t a i n t y , no d i f f e r e n c e 
was observed. T h i s i s c o n s i s t e n t with o t h e r e x p e r i e n c e with f i l m s 
o f Saran copolymers.(Saran i s a trademark o f The Dow Chemical 
Company). Many experiments i n t h i s l a b o r a t o r y have shown t h a t the 
oxygen p e r m e a b i l i t y i n Saran copolymers i s not a f f e c t e d by humidity. 
M u l t i p l e Component Permeation. One experiment i n f o u r p a r t s was 
done t o t e s t how t h r e e aromas might i n t e r a c t i n permeation i n 
p o l y e t h y l e n e . Table V summarizes the r e s u l t s . F i r s t , a s e r i e s o f 
t h r e e t e s t s was done. In each t e s t a s i n g l e aroma component was 
used a t 2 μ] i n the 3 l i t e r f l a s k . The p e r m e a b i l i t i e s were 
determined. Then, 2 μΐ o f each o f the t h r e e aroma components were 
put i n t o the 3 l i t e r f l a s k , and a permeation t e s t was completed. 
The p e r m e a b i l i t i e s o f each o f the t h r e e aromas were determined. 
Table V shows t h a t two o f the aroma compounds i n c r e a s e d i n 
p e r m e a b i l i t y i n the m u l t i p l e aroma t e s t . One aroma compound 
decreased i n p e r m e a b i l i t y . The experiments proceeded too q u i c k l y to 
a n a l y z e the f u l l t r a n s m i s s i o n curve f o r anomalies. However, 
c e r t a i n l y t h e r e were no l a r g e i n t e r a c t i o n s e i t h e r by c o m p e t i t i o n o r 
p l a s t i c i z a t i o n . Other systems would need separate experiments. For 
t h i s system, i t appears t h a t m u l t i p l e component performance can be 
modeled with s i n g l e component d a t a . 

Table V 

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

Component 

P e r m e a b i l i t y 
Alone 
MZU 

P e r m e a b i l i t y 
Together 

MZU 

Trans-2-hexenal 
Hexanal 
Ethyl-2-methy1butyrate 

1.2 χ 10 6 

1.8 χ 10 5 

2.5 χ 10 5 

1.9 χ 10 6 

3.4 χ 10 5 

1.8 χ 10 5 
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26 FOOD AND PACKAGING INTERACTIONS 

T h i s exper iment shows how a f l a v o r imbalance c o u l d d e v e l o p . The 
t r a n s - 2 - h e x e n a l permeates n e a r l y t en t imes f a s t e r than the hexanal 
and the e t h y l - 2 - m e t h y l b u t y r a t e . Permeat ion d u r i n g s t o r a g e would 
cause the a c t u a l c o n c e n t r a t i o n o f a l l t h r e e aromas t o d e c r e a s e ; 
however, the r e l a t i v e c o n c e n t r a t i o n o f t r a n s - 2 - h e x e n a l would 
d e c r e a s e f a s t e r . The r e s i d u a l aroma i n the food would be weak i n 
one component. T h i s might be u n s a t i s f a c t o r y even i f the t o t a l l o s s 
o f aroma was w i t h i n a c c e p t a b l e bounds . 

SUMMARY 

1. T a b l e VI c o n t a i n s the b e s t e s t i m a t e s o f the p e r m e a b i l i t y o f 
t r a n s - 2 - h e x e n a l i n p o l y e t h y l e n e , EVOH, and a v i n y l i d e n e c h l o r i d e 
copo lymer f i l m . The p a r e n t h e s i s denote e x t r a p o l a t i o n s o f 
e x p e r i m e n t a l d a t a . 

T a b l e VI 

PERMEABILITY OF TRANS-2-HEXENAL AT 2 8 ° C 

P(MZU) 

LDPE 1.2 Χ 1 0 6 

EVOH, Dry (150) 
EVOH, M o i s t (>7000) 
V i n y l i d e n e C h l o r i d e (100) 
Copolymer F i l m 

2 . Low d e n s i t y p o l y e t h y l e n e i s not a good b a r r i e r t o a p p l e aromas. 
3 . Dry EVOH i s a good b a r r i e r t o t r a n s - 2 - h e x e n a l . 
4 . M o i s t u r e p l a s t i c i z e s EVOH g r e a t l y . 
5 . A v i n y l i d e n e c h l o r i d e copo lymer f i l m , wet o r d r y , i s a good 

b a r r i e r t o t r a n s - 2 - h e x e n a l . 
6 . The p l a s t i c i z i n g e f f e c t o f aromas i s not c l e a r . 
7 . The p e r m e a b i l i t y , d i f f u s i v i t y , and s o l u b i l i t y c o e f f i c i e n t are 

s t r o n g f u n c t i o n s o f t e m p e r a t u r e . Smal l t emp era t u re changes can 
make l a r g e per formance changes . 
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Chapter 3 

Sorption of d-Limonene by Sealant 
Films and Effect 

on Mechanical Properties 

K. Hirose1, B. R. Harte1, J. R. Giacin1, J. Miltz2,3, 
and C. Stine2 

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 (J_). Most aseptically f i l l e d juices are 
packed into laminated carton packs, like the Brik Pak or Block Pak 
(Combibloc)· 

Danielsson (2) reported that Tetra Pak worldwide produced 35 
b i l l i o n packages using 580,000 metric tons of paperboard, 150,000 
metric tons of polyethylene, and 30,000 metric tons of aluminum 
f o i l in 1985. Sales of aseptic juice and juice drink now exceed 
$250 million at r e t a i l (1) and are estimated to be $450 million by 
the year 2000. Consumption is projected to increase to 3.9 
b i l l i o n 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 

0097-6156/88/0365-0028$06.00/0 
© 1988 American Chemical Society 
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3. H I R O S E E T A L . Sorption of ά-Limonene by Sealant Films 29 

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 w i l l 
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 c r i t i c a l factors, packaging being one. Most 
aseptically f i l l e d 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 l i f e 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 component 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 i t possible to 
select the more suitable packaging material. The adjectives of 
this study were to investigate: 

1. The absorption 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 METHODS 
The Absorption of d-liaouene by Carton Material: in Contact With 
Aseptically Packed Orange Juice 
Aseptically packed orange juice in laminated carton 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-limoaene was done 
according to the Scott and Veldhuls titration method (8). 

To determine percent recovery,, a known amount of d-limonene 
was weighed into a d i s t i l l a t i o n flask and dissolved with 25 ml 
isopropanol. 25 ml of water was then added. The contents were 
then d i s t i l l e d (8) to determine the amount of d-limonene 
recovered. 

To determine the amount of d-limonene in the carton material, 
the whole carton (1 χ 0.5 cm pieces) was cut up after the juice 
was removed and the carton rinsed with d i s t i l l e d water. The 
carton pieces were then placed into a d i s t i l l a t i o n flask. 70 ml 
isopropanol was added so that the sample was completely 
immersed. The sample/isopropanol mixture was allowed to s i t for 
approximately 24 hr. Several extraction times weare used to 
determine recoveries of d-limonene from' carton stocks 70 ml of 
water was then added and1 the sample distilled' as before. 
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30 F O O D AND P A C K A G I N G I N T E R A C T I O N S 

Effect of d-limonene Absorption on Mechanical Properties of 
Polymer Filas 
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 χ 10~2 mm thick) was 
obtained from Dow Chemical Co., while Surlyn S-1601 (sodium type; 
5.1 χ 10"2 mm thick) and Surlyn S-1652 (zinc type; 7.6 χ 10~2 mm 
thick) were obtained from DuPont. The samples were cut into 
strips, 2.54 cm χ 12.7 cm, and immersed into juice (7 samples per 
250 ml bottle) which had been f i l l e d 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 χ 10""2 mm) and Surlyn S-
1652 (7.6 χ 10~2 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. 
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3. H I R O S E E T A L . Sorption of ά-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-liaonene Between Juice and Carton 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 1. 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 i n i t i a l 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 stockx w a g A ^ O U T Q.65 

equlibriura content of d-liraonene in juice 
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 a l l studies with sealant 
films. 

From work described previously, i t 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 s t a t i s t i c a l l y 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, a l l of the 
polymers films had rapidly absorbed d-limonene. After 3 days, the 
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3. H I R O S E E T A L . Sorption of à-Limonent by Sealant Films 33 

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 cm2 for Surlyn (sodium type), 5.3 
mg/100 cm2 for LDPE, and 3.3 mg/100 cm2 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 cm2 in films. 
The results are the means of triplicates. 
S-1601: Surlyn sodium type 
S-1652: Surlyn zinc type 

Modulus of E l a s t i c i t y 
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 s t a t i s t i c a l 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 i n i t i a l 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 
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H I R O S E E T A L . Sorption of ά-Limonene by Sealant Films 

Figure 1. Relationship between d-limonene content and modulus 
of e l a s t i c i t y f o r te s t f i l m s . 

Figure 2. Relationship between d-limonene content and t e n s i l e 
strength f o r the te s t f i l m s . 
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H I R O S E E T A L . Sorption of ά-Limonene by Sealant Films 

Ol ! I I 
0 2 4 6 

Amount of d-limonene absorbed (mg/100 cm2) 

Figure 3· Relationship between d-limonene content and percent 
elongation at break for the te s t f i l m s . 

Figure 4. Relationship between d-limonene content and seal 
strength f o r the te s t f i l m s . 
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40 FOOD AND PACKAGING INTERACTIONS 

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 e last ic i ty (59% - 66%). 

Ζ 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 plast icizer 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 surl in 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 f i lm, the dart caused a s l i t 
to tear the fi lm, whereas in the Surlyn film i t 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 · mm/ m2 · 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 a l (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 alcohol (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 i n the use of barrier p l a s t i c s f o r packaging food 
products that were previously packaged i n glass or metal 
containers has caused an increased interest i n the interaction 
between p l a s t i c s and flavors and aromas. Unlike glass or metal, 
p l a s t i c s can interact with foods and a l t e r t h e i r o r i g i n a l flavor 
and aroma. Flavor deterioration may occur by the ingress of 
foreign odors, the migration of p l a s t i c components into the food, 
or by the permeation and/or absorption of desirable aromas into 
the container walls. 

Most studies on the permeability of p l a s t i c films to organic 
compounds have been performed using saturated vapors. The results 
obtained with t h i s method may not be d i r e c t l y applicable to the 
permeation of the flavor and aroma components i n foods, since they 
are present at very low concentrations and vapor pressures. The 
object of t h i s work was to study the effect of permeant molecular 
weight, r e l a t i v e humidity, and permeant concentration on the 
permeability of organic vapors through a high b a r r i e r polymer. 

0097-6156/88/0365-0042$06.00/0 
© 1988 American Chemical Society 
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4. LANDOIS—GARZA & HOTCHKISS Permeation of Films by Ethyl Esters 43 

THEORY. 
Permeability (P) depends on both the s o l u b i l i t y and the rate at 
which permeant molecules diffuse through the polymer, and i s a 
product of d i f f u s i o n (D) and s o l u b i l i t y (S). Hence, i f any of two 
coeffi c i e n t s are known, the t h i r d may be obtained by: 

Ρ = D S (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 i t , and the dominant parameter i s the s o l u b i l i t y . At l a t e r 
stages, d i f f u s i o n controls the process (1). Applying Henry's and 
Fick's laws t o the permeation process shows that Ρ can be 
calculated from the steady state permeation rate across a polymer 
sheet with the formula: 

F = -S£E_ (2) 

where F = the permeation rate, Δρ the pressure difference, 1 = the 
thickness of the sheet, and Ρ i s the co e f f i c i e n t of permeability 
(2). 

D can be estimated from the permeation rate curve by Ziegel 
et a l . ' s (3) modification of Barrer 1 s formula: 

l 2 

D = -=-5±r (3) 
7.2 t 1 / 2 

were t ^ 2 i s the time when one half the steady state permeation 
rate i s 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 
(114). 

In the case of vapors, the relationship between Ρ and 
permeant molecular weight w i l l depend on how D and S vary with 
t h i s parameter. D decreases with increasing permeant molecular 
weight (as molecular size increases) as given by the formula: 

D = Ka V~ n (4) 

where = proportionality constant, V = volume occupied by the 
molecules as given by V = ΤΓ a b 2 / 6 where a = length and b = mean 
root square width. Yi-Yan et a l . (5), working with polytetrafluoro-
ethylene (PTFE) and polyfluoroethylenepropylene (PFEP) and 
hydrocarbon gases from methane to isobutylene as permeants, found 
that d i f f u s i v i t y decreased as the number of carbons i n the chain 
of the penetrant molecule increased. I t was also found that 
branching had a more marked effect than chain length by i t s e l f i n 
decreasing d i f f u s i v i t y . At the same time, for low concentration 
vapors where interactions between permeant and b a r r i e r are 
negligible, S increases as the b o i l i n g point increases (with 
increasing molecular weight and s i z e ) , as given by: 
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44 F O O D A N D P A C K A G I N G I N T E R A C T I O N S 

S = S 0 e (Kg I t ) (5) 
where = b o i l i n g point (Κ), S 0 = proportionality constant and Kg 
i s a constant. Combining these equations Zobel (6) found that Ρ 
w i l l increase or decrease depending on the r e l a t i v e magnitude of 
the changes i n these parameters as given by the expression: 

MATERIALS AND METHODS 

The homologous series of the ethyl esters were chosen f o r these 
experiments because they are present i n the natural flavor and 
aroma of many foods, especially f r u i t s . Polyvinyl alcohol (PVOH) 
was chosen as the polymer to study because i t s b a r r i e r properties 
have been shown to be very sensitive t o r e l a t i v e humidity, a 
characteristic shared with the very s i m i l a r ethylene v i n y l alcohol 
(EVOH), a ba r r i e r polymer of growing importance i n food packaging. 

PVOH (100% hydrolyzed) of approximate molecular weight 
115,000 was obtained from S c i e n t i f i c Polymer Products, Inc. A 
solution of PVOH was made by dissolving the polymer i n dimethyl 
sulfoxide (EMSO) obtained from Fisher S c i e n t i f i c . The d i l u t e d 
solution was cast onto a glass plate with an adapted metal 
c i r c u l a r wall and evaporated at 65°C u n t i l dry. The resulting f i l m 
was cooled, removed from the glass plate, and degassed at 252 mm 
Hg and 50°C fo r 12 hs. The thickness of the films was measured 
with a Scherr Tumico d i a l thickness gage model 64-1210-02 on at 
least 10 differe n t places and the results averaged. 

The permeation system consisted of a sample dosing system, a 
humidifying system, a double sided permeability c e l l , a detector 
system, and a mixing system. The permeation apparatus i s shown i n 
figure 1. Throughout the system 1/8" copper tubing was used f o r 
a l l connections, except a f t e r the humidifying system and the 
sample dosing system, where 1/8" stainless s t e e l tubing was used.' 

The permeation c e l l , obtained from J . Harvey Instruments, 
consisted of three stainless s t e e l œampartments separated by two 
polymer films. The use of two films at the same time permitted an 
increase i n the s e n s i t i v i t y of the system, by e f f e c t i v e l y 
duplicating the permeated area, and consequently, the amount 
permeated into the downstream side at any time. The combined area 
was 44.2 cm2. The permeation c e l l was kept at a constant 
temperature i n a Fischer Iso-temp 200 series oven. The detector 
system consisted of a Hewlett-Packard 5790A series gas 
chromatograph equipped with 5706A dual d i f f e r e n t i a l electrometers 
for dual flame ionization detectors (FID). The detectors response 
was plotted with a Hewlett-Packard 3390A integrator. A flow of a i r 
containing the permeated compound was conducted from the 
downstream side of the permeation c e l l into the detector system. 
This flow was controlled with a fin e flow control valve model 
B-22RS2 from Whitey Co. (valve 5 i n figure 1). The sample dosing 
system consisted of a glass reservoir containing neat sample, and 
through which a stream of dry a i r was bubbled to produce a 
saturated vapor whose concentration was calculated from the 

log Ρ = log % + log S 0 + Kg Τ - η log V (6) 
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L A N D O I S - G A R Z A & H O T C H K I S S Permeation of Films by Ethyl Esters 

Figure 1.- Permeability system. Schematic diagram. 
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46 FOOD AND PACKAGING INTERACTIONS 

reported vapor pressure of each ethyl ester. The glass reservoir 
was kept at a constant temperature i n a refrigerated c i r c u l a t o r 
water bath (VWR 1145 from Polyscience Corp). The highest 
temperature u t i l i z e d to produce a saturated vapor was 22°C, three 
degrees below average room temperature, to prevent condensation of 
the sample i n the metal tubing. The humidifying system consisted 
of a glass reservoir containing d i s t i l l e d water, and through which 
a stream of dry a i r was bubbled to produce a stream of a i r of 
known r e l a t i v e humidity. The glass reservoir was kept at room 
temperature. Room temperature at a l l times was 25°C ± 2°C. The 
mixing system consisted of 4 flow control valves model 8744A from 
Brooks Instruments Division of Emerson E l e c t r i c Co., and 4 toggle 
valves model B-0GS2 from Whitey, Co. The incoming dry a i r was 
divided into 4 streams, each controlled by a flow control valve 
and a toggle valve. The f i r s t stream (valve 1 i n figure 1) went 
into the sample dosing system. The second stream (valve 2 i n 
figure 1) dil u t e d the f i r s t stream aft e r sample dosing i n order to 
achieve lower concentrations. The t h i r d stream (valve 3 i n figure 
1) went into the humidifying system and then joined the f i r s t two 
streams. The fourth stream (valve 4 i n figure 1) joined the rest 
of the streams and was used to lower the r e l a t i v e humidity or the 
sample concentration i n the f i n a l a i r mix, which was then 
conducted to the upstream side of the permeability c e l l . A l l flow 
rates were measured with a Hewlett-Packard 0101-0113 soap f i l m 
flowmeter and stopwatch. The compressed a i r was dried by passing 
i t through a cartridge f i l l e d with anhydrous CaS04. 

The films were conditioned by flowing dry a i r through both 
the downstream and the upstream sides of the membranes i n the 0% 
r e l a t i v e humidity (RH) experiments, or a stream of a i r of the 
desired RH through the downstream side for at least twelve hours 
to allow the f i l m to come to equilibrium. For the high r e l a t i v e 
humidity tests, the films were conditioned for as long as 48 hs. 
After conditioning, a stream of a i r containing the desired 
concentration of ethyl ester and the desired r e l a t i v e humidity was 
conducted from the mixing system into the upstream side of the 
permeation c e l l and released into the atmosphere. The ethyl ester 
permeated through the films into the center compartment of the 
c e l l (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 i n 6 hours. Flow rates 
were measured again aft e r the completion of the experiment to 
ensure that no s i g n i f i c a n t variations had occurred. 

RESUIITS 

The ef f e c t of permeant molecular weight on the permeability of 
polyvinyl alcohol (PVOH) was determined. Permeation rate 
measurements were carried on with f i v e homologous a l k y l esters: 
ethyl acetate, e. propionate, e. butyrate, e. valerate and e. 
caproate. Relative humidity was 0% and the permeant concentration 
was 50 flJM. f o r a l l cranpounds. The f i l m had average thickness of 
6.47 χ 10" 2 mm (2.55 mils). Ethyl esters of higher molecular 
weights were available, but t h e i r low vapor pressures resulted i n 
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4. LANDOIS-GARZA& HOTCHKISS Permeation of Films by Ethyl Esters 47 

permeabilities that were belcw the detection l e v e l of the system. 
The results are shown i n table 1 . The permeability coefficients 
are shown graphically i n figure 2 . The coefficients of s o l u b i l i t y 
and d i f f u s i o n are shown i n figure 3 . 

Table 1 

Transport coefficients of ethyl esters 
at 50J&M cxroentration through 

2.55 mils PVCH at 25°C 

E. Ester Mol. Wt. S.V.P. 

E.Acetate 8 8 . 1 1 
E.Propionate 1 0 2 . 1 3 
E.Butyrate 1 1 6 . 1 6 
E.Valerate 1 3 0 . 1 9 
E.Caproate 1 4 4 . 2 1 

0 . 9 4 
2 . 3 0 
5 . 5 8 

3 4 . 2 4 
5 0 . 2 0 

Permeability 3 D i f f u s i o n 3 S o l u b i l i t y 3 

(moles m/N s) (ité/s) (moles/ Ν m) 

8 . 6 4 2 8 6 
4 5 . 3 0 6 6 0 
1 2 . 3 2 9 9 0 
5 3 . 0 6 3 6 0 
5 0 . 6 3 3 3 0 

χ 1 0 ' - 1 7 

1 6 . 1 8 5 0 0 
2 1 . 1 1 0 9 0 
1 3 . 3 9 4 5 0 

7 . 7 6 8 8 0 
3 . 1 3 2 5 8 
χ 1 0 ' - 1 4 

5 . 3 4 0 0 4 
2 1 . 4 6 1 2 0 

9 . 2 0 5 2 0 
6 8 . 3 0 3 5 0 

1 6 1 . 6 3 5 0 0 
χ ΙΟ"4 

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 r e l a t i v e 
humidity on the bar r i e r parameters of PVOH. Permeation rates were 
determined at 0%, 25%, 50% and 75% RH. Ethyl propionate was used 
at a vapor concentration of 3 5 3 JJLM (16% of saturation) at a l l 
RH's. The polymer had an average thickness of 1 . 7 8 χ 1 0 ~ 2 mm ( 0 . 7 
m i l s ) . The results are shown i n table 2. The permeability 
coefficients are shown graphically i n figure 4 . Coefficients of 
dif f u s i o n and s o l u b i l i t y are shown i n figure 5 . 

Table 2 

Transport coefficients of ethyl propionate at 
353 jm cxxx^entration through 0.7 mils IM3H 
at 25°C and various relative humidities 

Relative Permeability 3 D i f f u s i o n 3 S o l u b i l i t y 3 

Humiditv (%) (moles m/ Ν s) (ité/s) (moles/Ν m) 
0 1 1 . 5 7 4 7 0 1 9 . 2 5 7 3 0 6 . 0 1 0 5 5 

2 5 1 1 . 5 8 4 1 0 1 9 . 2 5 7 3 0 6 . 0 1 5 4 3 
5 0 8 . 6 4 7 2 3 1 9 . 7 7 7 8 0 4 . 3 7 2 1 9 
7 5 2 . 4 3 3 7 4 9 . 7 5 7 0 5 2 . 4 9 4 3 4 

χ 1 0 ~ 1 7 Χ ΙΟ" 1 5 X 1 0 " 3 

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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FOOD AND PACKAGING INTERACTIONS 

Figure 2.- Ethyl ester permeability i n PVOH at 25°C. 

Ethyl Ethyl Ethyl Ethyl Ethyl 
Acetate Propionate Butyrate Valerate Caproate 

Ethyl Ester 

Figure 3.- Ethyl ester d i f f u s i v i t y and s o l u b i l i t y i n PVOH at 
25°C. 
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LANDOIS-GARZA& HOTCHKISS Permeation of Films by Ethyl Esters 

1.40e-16 

0 20 40 60 80 100 

Relative Humidity (%) 

Figure 4.- Permeation of ethyl propionate 3 5 3 t h r o u g h PVOH 
at 25°C and various r e l a t i v e humidities. 

Figure 5.- D i f f u s i v i t y and s o l u b i l i t y of ethyl propionate 
353 i n PVOH at 25°C and various r e l a t i v e humidities. 
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50 FOOD AND PACKAGING INTERACTIONS 

A t h i r d experiment was œnducted to determine the effect of 
ethyl propionate concentration. The average thickness of the films 
was 2.13 χ 10" 2 mm (0.84 mils). Relative humidity was maintained 
at 0%. The results are summarized i n table 3. The permeability 
co e f f i c i e n t s are shown graphically i n figure 6. Figure 7 shows the 
coeff i c i e n t s of di f f u s i o n and s o l u b i l i t y . 

Table 3 

Transport coefficients of ethyl propionate 
at various concentrations through 

0.84 mils PVCH at 25°C 

Concen
t r a t i o n 
( m 

% 
S.V.P. 

Permeability 
(moles m/N s) 

Diffusion 
(né/si 

S o l u b i l i t y 
(moles/N m) 

297 13.6 3.30468 2.61875 1.26193 
353 16.1 3.26189a 2.55487a 1.27673a 

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 10~ 1 7 X 10" 1 4 X 10~ 3 

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

DISCUSSION 

Effec t 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 si m i l a r trend. Stern et a l . (7) 
measured the permeability of low molecular weight gases and vapors 
through various s i l i c o n e 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 a l . 
(5) found decreasing permeability with increasing molecular weight 
for hydracarbons with molecular weights below 60 through 
polytetrafluoroethylene. Similar results were reported by A l l e n et 
a l . (8) for the permeation of gases through p o l y a c r y l o n i t r i l e . 
Zobel (6) stated that f o r 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 a l l cases, the determinant parameter appears 
to be the s o l u b i l i t y of the permeant i n the polymer. Zobel (6) 
also demonstrated that the permeability c o e f f i c i e n t w i l l change 
depending on the r e l a t i v e changes of the d i f f u s i o n and s o l u b i l i t y 
c o e f ficients. Figure 3 shows that, as molecular weight increased, 
the d i f f u s i o n c o e f f i c i e n t decreased at a lower rate than the 
s o l u b i l i t y c o e f f i c i e n t increased, with the overall r e s u l t being a 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 9
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
36

5.
ch

00
4



4. LANDOIS-GARZA& HOTCHKISS Permeation of Films by Ethyl Esters 51 

6.0e-17 

200 400 600 800 1000 1200 1400 

Permeant Concentration (μΜ) 

Figure 6.- Permeation of ethyl propionate at various 
concentrations through PVOH at 25°C. 

Permeant Concentration (μΜ) 

Figure 7.- Diffusion and s o l u b i l i t y of ethyl propionate at 
various concentrations through PVOH at 25°C. 
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52 F O O D A N D P A C K A G I N G I N T E R A C T I O N S 

s l i g h t increase i n permeability (figure 2). This trend has also 
been reported by Zobel (6), Stern et a l . (7), A l l e n et a l . (8) and 
Yi-Yan et a l . (5). An explanation for these observations might be 
that the d i f f u s i o n c o e f f i c i e n t decreased because the increase i n 
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 i s required 
for the d i f f u s i o n process to take place, and the probability of an 
ester molecule achieving that energy i s lower, so the average 
speed with which they move through the polymer decreases. The 
d i f f u s i o n values measured f o r ethyl acetate i n these experiments 
are close to those given by Zobel (6) for d i f f u s i o n through 
polypropylene, even though a much higher concentration was used 
than i n our measurements. This demonstrates that PVOH i s a better 
b a r r i e r than polypropylene f o r a l k y l esters. 

A good correlation was found between the logarithm of the 
d i f f u s i o n c o e f f i c i e n t and the molecular weight of the ethyl esters 
i n the form: 

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

where MW i s the molecular weight of the permeant. Our data f i t the 
equation given by Zobel (6), which relates a permeant1 s molecular 
volume to i t s d i f f u s i v i t y . Figure 8 shows the relationship between 
d i f f u s i v i t y and molecular weight i n our experiments. The values 
given by equation 7 have been plotted i n figure 8 as a continuous 
l i n e . 

The s o l u b i l i t y c oefficients increased as molecular weight and 
volume increased (figure 3). This trend was also reported by Stern 
et a l . (7), Yi-Yan et a l . (5) and Zobel (6). The s o l u b i l i t y 
measurements from these experiments for ethyl esters i n PVOH are 
two t o three orders of magnitude lower than those given by Zobel 
(6) f o r various esters through polypropylene and about the same 
order of magnitude as those given by DeLassus et a l . (this volume) 
for trans-2-hexenal through EVOH. This low s o l u b i l i t y of ethyl 
esters i n PVOH might be explained by the r e l a t i v e low a f f i n i t y 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 d i f f i c u l t y i n being absorbed. However, there i s a 
l i n e a r relationship between the logarithm of the s o l u b i l i t y 
c o e f f i c i e n t s and the b o i l i n g point of the permeant (9;6) as given 
i n equation 5. This equation, applied to the s o l u b i l i t y data from 
these experiments gives the relationship: 

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

where Τ i s the b o i l i n g point of the permeant i n K. These results 
are shown i n figure 9, where the values predicted by equation 8 
are plotted as a continuous l i n e . This explains the upward trend 
shown by the s o l u b i l i t y c oefficients i n figure 3. Combining 
equations 7 and 8 f o r s o l u b i l i t y and d i f f u s i v i t y , the permeability 
of any ethyl ester through PVOH can be calculated with: 
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L A N D O I S - G A R Z A & H O T C H K I S S Permeation of Films by Ethyl Esters 

Figure 9.- Relationship between permeant b o i l i n g point and 
s o l u b i l i t y i n PVOH at 25°C. 
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54 F O O D A N D P A C K A G I N G I N T E R A C T I O N S 

log Ρ = -20.07201 - 0.01327 MW + 0.05127 Τ (9) 

a modification of the equation given by Zobel (6). This equation 
combines the changes i n d i f f u s i v i t y and s o l u b i l i t y given by 
equations 7 and 8, and predicts how the permeability w i l l change. 
Equation 9 i s shown i n figure 2 as a continuous l i n e . Another 
explanation for increasing s o l u b i l i t y of the ethyl esters as the 
molecular weight increased i s that, i n order to t e s t a l l permeants 
at the same concentrations, the high molecular weight esters had 
to be tested at vapor pressures that were closer t o t h e i r 
saturation vapor pressure than those for the low molecular weight 
esters. As w i l l be described i n a l a t e r section, ethyl esters show 
a marked concentration effect at concentrations higher than 30% of 
the saturation vapor pressure, and t h i s results i n higher 
permeabilities. 

Since the molecular weight of a l l esters was larger than 60, 
as the molecular weight increases, the contribution of the 
increasing s o l u b i l i t y c o e f f i c i e n t outweighs the contribution of 
the decreasing d i f f u s i o n c o e f f i c i e n t , resulting i n an increasing 
permeability f o r 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. 

E f f e c t of Relative Hunridity. For reasons that w i l l be discussed 
i n the next section, i t was considered that the permeant 
concentrations at which the tests were run did not cause 
p l a s t i c i z a t i o n i n the polymer. 

Figure 4 shows a trend towards lower permeability values as 
the r e l a t i v e humidity increased. This was contrary t o what was 
expected. Theory predicted that the p l a s t i c i zing effect of water 
vapor on an hydrophilic polymer l i k e PVOH would increase the 
permeability c o e f f i c i e n t by increasing the d i f f u s i v i t y due to the 
higher mobility acquired by the polymer network. Results by Ito 
(10) showed that t h i s holds f o r the permeation of C0 2 through 
PVOH. Work by DeLassus et a l . (this volume) on transport of 
trans-2-hexenal trough EVOH, a polymer s i m i l a r t o PVOH, also 
agreed with theory and showed an increased permeability at higher 
r e l a t i v e humidities. Data by Hatzidimitriu et a l . (11) for the 
transport of various organic vapors through various multilayered 
films showed that f o r some of them the permeability increases at 
higher r e l a t i v e humidities, while for others the opposite 
occurred. 

Analysis of d i f f u s i o n and s o l u b i l i t y data from our 
experiments, (figure 5), explains why the permeability decreased 
as r e l a t i v e humidity increased. Diffusion coefficients remained 
constant and showed a s l i g h t downward trend only at high r e l a t i v e 
humidities. S o l u b i l i t y coefficients showed a clear trend towards 
lower s o l u b i l i t i e s at higher r e l a t i v e humidities. Thus, the 
decrease i n permeability was mainly a r e s u l t of the lowering of 
the s o l u b i l i t y as r e l a t i v e humidity increased. 

The decrease i n s o l u b i l i t y may be explained by a competition 
effect between the water molecules and the ethyl ester molecules. 
The highly polar water molecules were able t o compete more 
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4. LANDOIS-GARZA & HOTCHKISS Permeation of Films by Ethyl Esters 55 

e f f e c t i v e l y than the non-polar ethyl ester molecules f o r the 
absorption s i t e s of the also polar PVOH, establishing a s o l u b i l i t y 
p a r t i t i o n c o e f f i c i e n t unfavorable for the organic permeant. I f the 
s o l u b i l i t y of the permeant i n the polymer i s lowered, when a l l 
other parameters are constant, then the permeability w i l l also 
decrease. The same idea was suggested by DeLassus et a l . (this 
volume) f o r the permeation of trans-2-hexenal through EVOH below 
i t s Ta e 

The presence of water molecules i n the polymer matrix, 
occupying holes that otherwise would be available f o r the 
d i f f u s i o n of permeant molecules, e f f e c t i v e l y increased the length 
of the viable d i f f u s i o n paths, dimirdshing the d i f f u s i v i t y . 
Furthermore, water molecules present throughout the polymer 
represented a lipophobic b a r r i e r to non-polar molecules. These two 
phenomena, combined with the fact that ethyl esters are immiscible 
with water, seemed to increase the resistance t o d i f f u s i o n j u s t 
enough to counteract the relaxation of the polymer network brought 
about by the p l a s t i c i z a t i o n with water. 

Regression analysis of the relationship between permeability 
and s o l u b i l i t y coefficients with r e l a t i v e humidity presented i n 
figures 4 and 5, showed these relationships to be l i n e a r , 
following the forms: 

S = S 0 + Kg RH (10) 

and 

Ρ = P 0 + K P RH (11) 
where S 0 and P 0 are the s o l u b i l i t y and permeability co e f f i c i e n t s 
of the b a r r i e r at 0% r e l a t i v e humidity, Kg and Kp are constants, 
and RH i s the r e l a t i v e humidity. The parameters f o r equations 10 
and 11 are shown i n table 4. 

Table 4 
Relationship between permeability and diffusivity 

coefficients and relative humidity. 
Τ linear equation parameters 

E. Ester PQ Kp r S 0 Kg r 

E.Propionate 1.311 -1.214 -0.91 6.552 -4.887 -0.94 
χ ΙΟ" 1 6 χ ΙΟ" 1 8 χ ΙΟ"3 χ 10" 5 

P 0 and S 0 i n moles m / Ν s 

Eff e c t of Permeant Concentration. Figure 6 shows that the 
permeability appeared l i n e a r 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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56 FOOD AND PACKAGING INTERACTIONS 

was seen, and the permeability increased non-1 inearly. Zobel (6) 
found the same phenomenon fo r the permeation of d-limonene through 
polypropylene, although the onset of non-linearity c>ccurred around 
15% of saturation vapor pressure. The fact that ethyl propionate 
and polyvinyl alcohol are more chemically d i s s i m i l a r than limonene 
and polypropylene, may explain why the non-lineal concentration 
ef f e c t appeared at a higher percentage of saturation vapor 
pressure f o r the ethyl propionate / PVOH pair. 

The fact that the permeability of organic vapors at low vapor 
concentrations follows a l i n e a r relationship supports Zobel 1s (6) 
claim that the transport of these compounds at low concentrations 
follows Fickian behavior. Since most of the experiments of t h i s 
work were performed at vapor pressures well below saturation 
(except where otherwise noted), t h i s fact also validates the use 
of equations 1, 2 and 3, derived from assumptions of Fickian 
behavior, to calculate the coefficients of permeability 
d i f f u s i v i t y and s o l u b i l i t y . 

The d i f f u s i o n c o e f f i c i e n t decreased l i n e a r l y as the 
concentration increased, while at the same time, the s o l u b i l i t y 
c o e f f i c i e n t f i r s t increased l i n e a r l y and, at 30% saturation vapor 
pressure, increased non-1 inearly as the concentration increased. 
The combination of the l i n e a r l y increasing s o l u b i l i t y and the 
l i n e a r l y decreasing d i f f u s i v i t y at low permeant concentrations 
combined to r e s u l t i n the l i n e a r portion of the permeability curve 
(figure 6). At higher concentrations the s o l u b i l i t y increased much 
more rapidly than the d i f f u s i o n decreased, and t h i s combination 
resulted i n an increasing permeability at higher concentrations. 

The fact that the s o l u b i l i t y c o e f f i c i e n t increased 
non-1 inearly at high concentrations suggests that the polymer 
became p l a s t i c i z e d . Theory predicted that a p l a s t i c i z e d polymer 
would have increased permeability, and our results conform to 
theory. Similar results were found by Zobel (6) for d-limonene 
through polypropylene, and by Baner et a l . (12) for toluene 
through polypropylene and Saran (PVDC). On the contrary, DeLassus 
et a l . (this volume) reported finding no permeant concentration 
ef f e c t f o r the transport of trans-2-hexenal through LDPE. Theory 
predicted (13 ;9) that the increased permeability would be a re s u l t 
of both an increase i n s o l u b i l i t y and an increase i n d i f f u s i v i t y . 
Our results conformed to theory i n showing an increased 
s o l u b i l i t y , but also showed that, i n the case of d i f f u s i v i t y , 
exactly the opposite phenomenon occurred than what was predicted 
(figure 7). 

CPNC1I3SI0NS 

The permeability of PVOH to a l k y l esters i s extremely low. The 
higher molecular weight a l k y l esters are more soluble and more 
permeable than the lower molecular weight esters. This may mean 
that the polymer w i l l absorb and transport some flavor components 
more than others. In t h i s way, given long storage times, the food 
would no longer contain the same proportions of each compound i t 
o r i g i n a l l y had. A "flavor imbalance" could develop and be 
detectable when consumed. This problem may be present when EVOH i s 
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4. LANDOIS-GARZA& HOTCHKISS Permeation of Films by Ethyl Esters 57 

u t i l i z e d i n r e t o r t applications, as well as i n polymer packaged 
f r u i t concentrates and juices. 

Higher r e l a t i v e humidities enhanced the b a r r i e r properties of 
PVOH against low molecular weight a l k y l esters. This appears to 
res u l t from lipophobicities of the polymer and the water. I t i s 
l i k e l y that the amount of water i n the polymer i s more important 
for t h i s effect, than the r e l a t i v e humidity of the atmosphere. 
The study of the effect of ethyl ester concentration on i t s 
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 w i l l not be d i r e c t l y 
applicable t o food packaging situations. Permeabilities measured 
at saturation vapor pressures w i l l l i e i n the non-linear part of 
the permeation curve, whereas the vapor pressure of the food 
components l i k e l y t o permeate w i l l be very low, and t h e i r 
permeability w i l l l i e i n the l i n e a r part of the permeation curve, 
where transport behaves i n a Fickian manner. Materials reported as 
inappropriate for food packaging applications on the basis of 
permeability tests at saturation vapor pressures may actually 
o f f e r s u f f i c i e n t 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 r e s u l t of a food with 
modified flavor character, where the high molecular weight aromas 
have been diminished while the low molecular weight components 
have suffered l i t t l e or no change. 

Further studies should be performed to determine i f the onset 
of non-linearity occurs at the same point f o r a l l ethyl esters. I t 
i s conceivable that high molecular weight esters, with t h e i r 
higher s o l u b i l i t i e s , may p l a s t i c i z e the membrane at lower vapor 
pressures, causing a non-linear concentration effect at lower 
percentages of the saturation vapor pressure. Our work i s 
currently attempting t o develop predictive equations f o r the loss 
of aroma quality i n given food package applications. 
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Chapter 5 

Flavor—Polymer Interactions 
Coffee Aroma Alteration 

Ann L. Hriciga and Donald J. Stadelman 

Polymer Products Department, Ε. I. 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 
t r a d i t i o n a l glass and metal containers with p l a s t i c ones has 
focussed a t t e n t i o n on the i n t e r a c t i o n s between aromas or f l a v o r s 
and the polymers used i n these new s t r u c t u r e s . In order f o r these 
p l a s t i c packages to gain widespread acceptance by the consumer, 
foods packaged i n p l a s t i c s must continue to smell and taste as they 
did i n t h e i r former packaging. 

Polymers may i n t e r f e r e with those aromas i n se v e r a l ways. 
Adsorption or absorption by the p l a s t i c may simply reduce the t o t a l 
v o l a t i l e content of the packaged m a t e r i a l , r e s u l t i n g i n a loss of 
odor. A l t e r n a t i v e l y , the polymer may a l t e r the c h a r a c t e r i s t i c 
aroma of a food by s e l e c t i v e l y absorbing one or more key compounds 
which make up the c h a r a c t e r i s t i c aroma of a food. Off-smells may 
be produced i f the polymer acts to chemically change a component of 

0097-6156/88/0365-0059$06.00/0 
© 1988 American Chemical Society 
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60 FOOD AND PACKAGING INTERACTIONS 

the food: enhanced degradation i s an example of t h i s . Polymeric 
materials themselves can contribute aromas from such things as 
r e s i d u a l monomers, solvents or processing a d d i t i v e s . 

The most r e l i a b l e method of evaluating a polymer's impact on 
a packaged food i s sensory evaluation of the food by a human panel. 
A container must be f a b r i c a t e d , the food sealed i n s i d e and the 
e n t i r e package incubated to simulate s h e l f storage before panel 
t e s t i n g can be done. This process may cost thousands of d o l l a r s 
for each polymer and food tested. In a d d i t i o n , the incubation 
period b u i l d s an inherent delay into the evaluation process. The 
number of samples that can be evaluated for aroma by a s i n g l e panel 
l i m i t s throughput. 

The development of acceptable p l a s t i c s for food containers 
could be quickened i f an a l t e r n a t e sensory evaluation test could 
be designed. Many more materials can be tested with a r e l a t i v e l y 
short, inexpensive, a n a l y t i c a l method. Such a test does not 
replace or eliminate sensory evaluation, but rather acts as a 
prescreening so that only the most promising p l a s t i c s are used i n 
candidate packages. These packages would then undergo the same 
rigorous aroma/flavor evaluation that i s now being used p r i o r to 
consumer marketing. 

The goal of our work was to e s t a b l i s h such a t e s t . We had to 
choose a source of f l a v o r s ( r e a l food versus odorous compounds), 
some type of packaging material and construction, and an a n a l y t i c a l 
technique. Any method developed had to be v a l i d a t e d by comparing 
i t s r e s u l t s to those from a sensory evaluation of the same f l a v o r -
package combination. 

To s i m p l i f y our t e s t , we decided to s t a r t by looking at 
a l t e r a t i o n s i n aroma, l e a v i n g taste for future study. Our choice 
of technique then became rather straightforward - anything which i s 
v o l a t i l e enough to be smelled i s v o l a t i l e enough to be analyzed by 
gas chromatography (GC). We recognize the inherent l i m i t a t i o n s of 
t h i s technique, though. A gas chromatograph cannot detect a l l 
aroma components with the same s e n s i t i v i t y as the human nose. 
Consequently, our technique may not see a l t e r a t i o n s i n concentra
tions of a component which i s key to the aroma, but present only at 
an extremely low l e v e l . Another benefit of GC i s that a d d i t i o n of 
components from the polymer, such as r e s i d u a l solvents, can a l s o be 
detected although, again, extremely low l e v e l s may e i t h e r be below 
the d e t e c t i o n l i m i t of the GC or be obscured by components of the 
aroma. 

In order to make our system as r e a l i s t i c as p o s s i b l e , we 
decided not to use model compounds for development of t h i s method, 
but rather a r e a l food. Actual food aromas are often very complex 
mixtures and i t i s not n e c e s s a r i l y p o s s i b l e to p r e d i c t which 
components of the mixture w i l l be most a f f e c t e d by the polymeric 
packaging m a t e r i a l . However, a strong food aroma often has a high 
concentration of v o l a t i l e components which can then be analyzed by 
GC. Thus, we w i l l be more apt to detect changes i n t h i s w e l l -
defined aroma p r o f i l e . The i d e a l material i s a food whose strong 
aroma i s p o s i t i v e l y perceived by the consumer. 

This thought process made the choice of food r e l a t i v e l y 
s t r a i ghtforward. One food whose aroma i s very important to i t s 
consumer appeal i s ground cof f e e . To most coffee drinkers, the 
smell of a newly opened container of coffee i s pure perfume. I f 
coffee i s packaged i n a way that a l t e r s that aroma s i g n i f i c a n t l y , 
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5. HRICIGA & STADELMAN Flavor-Polymer Interactions 61 

the consumer w i l l not buy i t more than once. In the past f i v e 
years, we have seen the i n t r o d u c t i o n of new types of coffee 
packages on supermarket shelves, so we know the coffee industry i s 
evaluating new packaging materials. Consequently, ground coffee 
seemed a very good choice as the food to be evaluated. As an added 
be n e f i t , i t i s a s o l i d material and i s e a s i l y handled. 

With the choice of coffee as food and the knowledge that the 
new coffee packages are f l e x i b l e , i t was n a t u r a l to choose polymer 
f i l m s as the materials to evaluate. Two DuPont f i l m s (Film A and 
Film B) had already been evaluated by a sensory panel for t h e i r 
impact on coffee aroma; they became the f i r s t materials we 
examined. Indeed, the r e s u l t s of that panel provided us with the 
means of comparing our laboratory method with a r e a l sensory 
evaluation. 

Methodology 

The panel tested ground coffee which had been stored for s i x months 
i n pouches made from polymer film/aluminum f o i l laminates. The 
aluminum f o i l outer layer acted as a moisture, oxygen and l i g h t 
b a r r i e r so that only the i n t e r a c t i o n between the coffee and the 
polymeric inner layer was being examined by the panel. The c o n t r o l 
was simply ground coffee packed in a metal can. In t h i s t e s t , 
coffee packed i n 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 Β was unacceptable. 

Simply put, our test involves evaluating the chromatographic 
p r o f i l e of coffee aroma i n the presence and absence of polymer 
f i l m s . This i s a comparative technique which e s t a b l i s h e s a ranking 
of the films tested, from most s i m i l a r to most d i s s i m i l a r to a 
s e n s o r i a l l y acceptable container. 

Because we didn't know ahead of time what the magnitude of the 
a l t e r a t i o n s i n the aroma would be, we used a very high r a t i o of 
polymer f i l m to ground coffee to increase our chances of seeing 
changes i n the aroma p r o f i l e . Although t h i s i s not the s i t u a t i o n 
i n a r e a l f l e x i b l e coffee package, the high r a t i o maximizes the 
i n t e r a c t i o n between the polymer and the coffee and should make any 
d i f f e r e n c e s i n the aroma more pronounced. 

We incubated roughly f i v e grams of ground coffee (from f r e s h l y 
opened cans of ground coffee) e i t h e r alone or i n the presence of a 
f i l m candidate. Films of the same thickness (-1.8 mil) and area 
(4" χ 5") were used so that both the volume and the surface area 
are the same from sample to sample. The coffee, with or without 
f i l m , was placed into a glass container (approximately 40 mL 
volume) which was then sealed with a Teflon®-faced septum and cap. 
This s e a l i n g system allowed us to p e r i o d i c a l l y sample the headspace 
of the v i a l 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 i t did not r e p l i c a t e storage 
at room temperature. (However, i t i s a temperature which packaged 
coffee might see i n s i d e u n r e f r i g e r a t e d v e h i c l e s while being 
transported i n the southern portions of the U. S. during the 
summer.) 

Analy s i s of the headspace, which i s simply the aroma of the 
coffee or the coffee plus polymer system, was done by gas chroma
tography. Previous work on the a n a l y s i s of coffee aroma by several 
workers (1,2) used narrow bore glass c a p i l l a r y columns with polar 
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62 FOOD AND PACKAGING INTERACTIONS 

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 s i l i c a capillary column coated with three microns of Carbowax 
20M (Quadrex Corp.). With this column, there was no need to s p l i t 
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 
was 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 v i a l , 0.5 mL of 
laboratory air was injected into the v i a l using the same syringe 
prior to each sampling. 

For the development of this method, a l l the samples (Films A 
and B) and the control (coffee alone) were prepared in triplicate. 
Each v i a l 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 
a l l 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 f i t t i n g 
the peak area ratios to a curve of either zero, f i r s t 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 i t s 
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 
s t a t i s t i c a l l y different from one another i f 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 f e l l 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 
s t a t i s t i c a l l y differently in the presence of Film A than i t did 
with Film Β comprised 23 components of the 49 which we examined. 
This category could be further divided into three subclasses: 
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HRICIGA & STADELMAN Flavor-Polymer Interactions 

0 5 10 15 20 25 30 35 40 
TIME (min) 

Figure 1: This i s a t y p i c a l chromatogram of the aroma of 
f r e s h l y ground coffee. The r i s e i n the baseline a f t e r 24 
minutes i s due to the temperature programming of the column 
i t s e l f and i s not due to components i n the aroma. 
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64 FOOD AND PACKAGING INTERACTIONS 

ο The component behaved the same i n glass alone and with Film 
A, but d i f f e r e n t l y with Film Β (13 components). See F i g . 2. 

ο The component behaved the same i n glass alone and with Film 
B, but d i f f e r e n t l y with Film A (no component i n the headspace 
f e l l i n t o t h i s s u b c l a s s ) . 

ο The component behaved d i f f e r e n t l y i n each of the three 
systems of incubation (10 components). 

This l a s t subclass can be f u r t h e r divided by ranking the com
ponent's behavior i n the three systems by r e l a t i v e concentration. 
For seven components, the component concentration was highest i n 
glass alone, next highest with Film A, and lowest with Film Β 
( F i g . 3). Only two components had the highest concentration i n 
glass alone, next highest with Film B, and lowest i n Film A. The 
remaining component i n t h i s subclass had a concentration i n glass 
alone that was intermediate between the values with Film A and Film 
B. 

A review of these r e s u l t s y i e l d s the f o l l o w i n g information. 
In 20 out of 23 components (SIX) where behavior i n the presence of 
Film A was d i f f e r e n t from that with Film B, Film A a l t e r e d the 
component's behavior l e s s than did Film B. In only three cases was 
the s i t u a t i o n d i f f e r e n t . We had been hoping to f i n d s e veral com
ponents which would show behavior for Film A that was intermediate 
between no f i l m and Film B; what we found was that i n 87% of the 
cases where there was a d i f f e r e n c e , the d i f f e r e n c e was i n exactly 
that d i r e c t i o n . We knew from the sensory panel t e s t i n g that coffee 
packaged with Film A had an acceptable aroma, although not as good 
as that of coffee packaged i n a t r a d i t i o n a l metal can. Coffee 
packaged with Film B, however, had an unacceptable aroma. So here 
we have a f i r s t ranking of packaging materials: Film Β i s 
unacceptable, Film A i s acceptable, but the metal can i s best of 
a l l . C l e a r l y our GC r e s u l t s echo the same pattern. 

Future Work 

How can t h i s method be used and improved? F i r s t , we have found 20 
peaks which seem to c o r r e l a t e with the sensory a n a l y s i s . We can 
reduce the number of components we track; t h i s w i l l reduce the time 
spent on s t a t i s t i c a l a n a l y s i s . Secondly, we can try to i d e n t i f y 
these 20 peaks. We might be able to assemble a s y n t h e t i c mixture 
of aroma components to be used i n t h i s t e s t , reducing the 
complexity of the chromatograms and providing us with a standard 
mixture which we can c o n t r o l . Such a mixture would eliminate the 
l o t - t o - l o t v a r i a t i o n which may be present i n the aromas of 
commercially obtained packaged coffee, and we could d i r e c t l y 
compare experiments done with d i f f e r e n t f i l m s at d i f f e r e n t times. 
Currently, we can only rank f i l m s which were tested with the same 
l o t and age of cof f e e . 

I d e n t i f i c a t i o n of these peaks, which we are working on by 
GC/MS, along with some knowledge of the chemical nature of these 
polymer f i l m s , should give us a better understanding of how the 
aroma i s i n t e r a c t i n g with the f i l m s . We would have more 
information on how to design or choose candidate packaging 
m a t e r i a l . 
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HRICIGA & STADELMAN Flavor-Polymer Interactions 

Figure 2: The behavior of Component 46 i s plotted as a 
function of time for each of the three systems. Three l i n e s 
are associated with each system: the middle l i n e of a set i s 
the best f i t to the data and the upper and lower l i n e s are the 
95% confidence l e v e l l i m i t s associated with that f i t . Symbols 
used are as follows: x, Coffee alone; Δ, Coffee 
with Film A; •, Coffee with Film B. Component 46 
e x h i b i t s the same behavior i n the presence of the glass v i a l 
alone as i t does i n the presence of Film A. Film B, however, 
reduces the r e l a t i v e concentration of this component in the 
headspace by at least a factor of four. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 9
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
36

5.
ch

00
5



FOOD AND PACKAGING INTERACTIONS 

•. 5-1 1 ! 1 1 
1G 25 40 55 70 

HOURS AT 50* C 

Figure 3: The behavior of Component 26 i s plotted as a 
function of time for each of the three systems. Three l i n e s 
are associated with each system: the middle l i n e of a set i s 
the best f i t to the data and the upper and lower l i n e s are the 
95% confidence l e v e l l i m i t s associated with that f i t . Symbols 
used are as follows: x, Coffee alone; Δ, Coffee 
with Film A; •, Coffee with Film B. Component 26 behaves 
d i f f e r e n t l y i n each of the three cases, with i t s highest 
r e l a t i v e concentration in the glass v i a l alone. Film A reduces 
t h i s component's l e v e l to 75% of the r e l a t i v e concentration in 
the glass v i a l alone, but Film Β has an even greater e f f e c t , 
diminishing Component 26 to 40% of i t s r e l a t i v e concentration 
i n the glass v i a l alone. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 9
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
36

5.
ch

00
5



5. HRICIGA & STADELMAN Flavor-Polymer Interactions 67 

Acknowledgment 

The help of s t a t i s t i c i a n Mary Dunleavy is gratefully acknowledged. 

References 

1. Vitzthum, O. G.; Werkhoff, P. In Analysis of Food and 
Beverages; Charalambous, G., Ed.; Academic:New York, 1978; 
pp 115-133. 

2. Tressl, R.; Silwar, R. Agric. Food Chem. 1981, 29, 
1078-1082. 

3. Stoffelsma, J.; Sipma, G.; Kettenes, D. K.; Pypker, J. 
J. Agric. Food Chem. 1968, 1000-1004. 

RECEIVED September 24, 1987 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 9
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
36

5.
ch

00
5



Chapter 6 

Interaction Between Aseptically 
Filled Citrus Products 

and Laminated Structures 

C. H. Mannheim1, J. Miltz1,2, and N. Passy1 

1Department 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. In 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 v i a b l e i n Europe f o r 
several decades. In the U.S.A. aseptic packaging has become one 
of the f a s t e s t growing areas of food packaging since the Food and 
Drug Administration (FDA) approval,in 1981, of the use of hydrogen 
peroxide f o r s t e r i l i z i n g polyethylene (PE) contact surfaces (1_) . 
Approval was l a t e r extended to include o l e f i n polymers, EVA 
copolymers and polyethylene phthalate polymers (2̂ ) . 

F r u i t j u i c e s i n general and c i t r u s j u i c e s i n p a r t i c u l a r are 
at present extensively packed a s e p t i c a l l y Π ) . Most of these 
products are packed today i n sem i - r i g i d b r i c k shaped laminated 

2Current address: Pillsbury Company, Research and Development Laboratories, 
Minneapolis, MN 55402 

0097-6156/88/0365-0068$06.00/0 
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6. MANNHEIM ET AL. Aseptically Filled Products & Laminated Structures 

PE/carboard/ aluminum f o i l / P E packages. Another popular packaging 
system f o r j u i c e s and concentrates i s the "bag-in-the-box" ranging 
i n s i z e from 2 to 1200 l i t e r s . The s t r u c t u r e of the bag i s 
g e n e r a l l y a laminate made of PE/metalized polyester/PE with an 
inner PE l i n e r . The m e t a l l i z e d p o l y e s t e r may be replaced by a non 
m e t a l l i z e d high b a r r i e r f i l m . A r i g i d coextruded m u l t i l a y e r high 
b a r r i e r container made on f o r m - f i l l - s e a l l i n e s o f f e r s another 
choice of packaging f o r above products (£). 

Factors A f f e c t i n g S h e l f - L i f e of A s e p t i c a l l y Packed C i t r u s Products 

The s h e l f - l i f e of pasteurized, hot or a s e p t i c a l l y f i l l e d , j u i c e s 
or concentrates i s l i m i t e d by chemical reactions which are 
p r i m a r i l y influenced by storage temperature, as w e l l as oxygen and 
l i g h t . In p l a s t i c laminates, compared with g l a s s , gas permeation 
of the packaging ma t e r i a l as w e l l as absorption by the contact 
surface or migration of low molecular weight compounds may 
i n f l u e n c e s h e l f - l i f e (5,6). 

In storage studies of orange j u i c e i n T e t r a B r i c k and g l a s s 
b o t t l e s , Durr et. a l Ο ) reconfirmed that storage temperature was 
the main parameter a f f e c t i n g s h e l f - l i f e of orange j u i c e . In 
a d d i t i o n they found that orange o i l , expressed as d-limonene, was 
absorbed by the polyethylene contact l a y e r of the T e t r a Pack. 
These authors claimed that t h i s could be considered an advantage 
since limonene i s a precursor to o f f - f l a v o r components. Marshall 
e t . a l (£) a l s o reported absorption of d-limonene from orange j u i c e 
i n t o p o l y o l e f i n s . They found that the l o s s of d-limonene i n t o the 
contact l a y e r was d i r e c t l y r e l a t e d to the thickness of the 
p o l y o l e f i n l a y e r and not i t s oxygen permeability. Marshal et.al(£) 
a l s o q u a n t i f i e d the absorption of s e v e r a l terpenes and other 
f l a v o r i n g s from orange j u i c e i n t o low density polyethylene (LDPE). 
They found that the predominant compounds absorbed were the 
terpenes and sesquiterpenes. More than 60% of the d-limonene i n 
the j u i c e was absorbed by LDPE but only 45% by Surlyn. Other 
terpenes such as pinene and myrcene were absorbed to greater 
extents. I n f r a red spectra of LDPE showed that the terpenes were 
absorbed rat h e r than adsorbed. Thus since many d e s i r a b l e f l a v o r 
components i n c i t r u s j u i c e s are o i l soluble, t h e i r l o s s by 
absorbtion as mentioned above can adversly a f f e c t f l a v o r of 
j u i c e s . Furthermore, Scanning E l e c t r o n Microscope (SEM) p i c t u r e s 
of LDPE a f t e r exposure to orange j u i c e , showed s i g n i f i c a n t 
s welling of the polymer, i n f e r r i n g severe l o c a l i z e d i n t e r n a l 
stresses i n the polymer. These stresses i n d i c a t e d a p o s s i b l e cause 
f o r delamination problems o c c a s i o n a l l y encountered i n LDPE 
laminated board s t r u c t u r e s . The adhesion between LDPE and f o i l 
was much l e s s than between Surlyn and f o i l . The presence of 
d-limonene i n the polymer aided i n the absorption of other 
compounds, such as carotenoid pigments, thus reducing c o l o r of 
j u i c e (8_). Buchner (9) a l s o mentions reduction i n aroma bearing 
orange o i l i n t o the polyethylene contact l a y e r of the three piece 
ΗΥΡΑ S a s e p t i c package. 

Gherardi (H)) and Granzer (JJ_) a l s o i n v e s t i g a t e d q u a l i t y 
changes of f r u i t j u i c e s i n carton packs as compared with glass 
packages. Both found, separately, that j u i c e s and nectars 
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70 FOOD AND PACKAGING INTERACTIONS 

d e t e r i o r a t e d f a s t e r i n the carton packs than i n glass b o t t l e s . In 
products with low f r u i t content, such as f r u i t d r inks, the 
d i f f e r e n c e between packages was small. Gherardi (J!_0 ) , found high 
oxygen and low carbon dioxide contents i n the head space of carton 
packs versus low oxygen and high carbon dioxide i n g l a s s b o t t l e s . 
The C0 2 content was a t t r i b u t e d to ascorbic a c i d degradation. 
Therefore, Gherardi (10) concluded that the main cause f o r the 
d i f f e r e n c e i n keeping q u a l i t y between products i n carton packs and 
glass was due to higher oxygen t r a n s f e r rates i n t o the former 
package. Granzer (JJ_) a l s o claimed that the oxygen permeability 
of carton packs caused the f a s t e r d e t e r i o r a t i o n of j u i c e s packed 
i n them. Granzer (VU stated, without showing proof, that the 
source of the oxygen permeation i n t o the carton pack was the 22cm 
long side seam. I t i s known that since then T e t r a Pack improved 
the side seam by adding a s t r i p of PET at t h i s place. 

Koszinowski and P i r i n g e r (j_2) i n v e s t i g a t e d the o r i g i n of 
o f f - f l a v o r s i n various packages. They e s t a b l i s h e d gas 
chromatographic and mass spectra procedures coupled with sensory 
threshold odor a n a l y s i s f o r the determination of o f f - f l a v o r 
emanation from packaging m a t e r i a l s . They found r e a c t i o n products 
of raw materials as well as a combination of oxidation and 
p y r o l y t i c e l i m i n a t i o n r e a c t i o n s i n polyethylene or paperboard to 
be responsible f o r off-odors. 

Products packed i n "bag-in-the-box" packages., e s p e c i a l l y i n the 
l a r g e r s i z e s , apparently a l s o have a reduced s h e l f l i f e as 
compared to those packed i n conventional m e t a l l i c packages, due 
mainly to damage caused to the f i l m s during t r a n s p o r t a t i o n 
(13). The reduced s h e l f l i f e i n these packaging systems i s 
probably due to f l e x cracking which causes pinholes and even 
"windows" i n the m e t a l l i z e d laminate thus reducing the b a r r i e r 
p r o p e r t i e s . 

In our laboratory the i n t e r a c t i o n between polyethylene contact 
surfaces of carton laminates and "bag-in- the box" s t r u c t u r e s and 
c i t r u s products are being i n v e s t i g a t e d . Some r e s u l t s of these 
studies are presented here. 

Evaluation of Aseptic Packages and C i t r u s Products -
Experimental Results 

Carton Packages. Orange and g r a p e f r u i t j u i c e s were packed 
a s e p t i c a l l y on a commercial l i n e i n t o cartons and glass j a r s (14). 
The carton s t r u c t u r e was a laminate of polyethylene/carton/ 
aluminum/ polethylene made by PKL- Combibloc, Germany. The carton 
dimensions were 10x6x17 cm. Browning and ascorbic a c i d degradation 
of orange j u i c e s are presented i n Figures 1 and 2. In a l l cases 

the r a t e s of the d e t e r i o r a t i v e r e a c t i o n s were higher i n cartons as 
compared to g l a s s . Differences i n browning and ascorbic a c i d 
degradation between j u i c e s i n glass and cartons were i n i t i a l l y 
small and increased with storage time. I n i t i a l l y , j u i c e s i n glass 
and cartons had s i m i l a r d i s s o l v e d and headspace oxygen values 
which a f f e c t e d the above r e a c t i o n s i n the same fashion. Later on, 
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MANNHEIM ET AL. Aseptically Filled Products & Laminated Structures 

Figure 1. Ascorbic a c i d r e t e n t i o n i n orange j u i c e a s e p t i c a l l y 
packed i n t o glass jars and carton packs, stored at 25 C. 
(Reproduced with permission from Ref. 14. Copyright 1987 
Inst, of Food Technologists.) 

0.241 1 1 1 ι ι ι ι 

TIME ( d a y s ) 

Figure 2. Browning of a s e p t i c a l l y f i l l e d orange j u i c e i n glas 
jar s and carton packs, stored at 25 C. (Reproduced with 
permission from Ref. 14. Copyright 1987 Inst, of Food 
Technologists.) 
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72 FOOD AND PACKAGING INTERACTIONS 

the e f f e c t of the laminated package became more pronounced due to 
i t s oxygen t r a n s m i s s i b i l i t y as w e l l as due to product-package 
i n t e r a c t i o n . S i m i l a r r e s u l t s (not shown) were obtained with 
g r a p e f r u i t j u i c e . 

A r a p i d l o s s of d-limonene, from 70 to 50mg/l f o r orange j u i c e 
was observed i n carton packs with j u i c e s during the f i r s t days of 
ambient (25 C) storage (Figure 3). S i m i l a r r e s u l t s were obtained 
by others (7,8) who claimed absorption by the f i l m as the cause 
f o r t h i s phenomenon. I t can be compensated f o r , i f required, by 
i n c r e a s i n g the i n i t i a l d-limonene concentration. However, 
d-limonene oxidation may a l s o occur and i s a subject f o r f u r t h e r 
studies. 

T r i a n g l e taste comparisons showed that, f o r orange j u i c e a f t e r 
about 2.5 months storage at 25 C. there was a s i g n i f i c a n t (p< 
0.05) d i f f e r e n c e between j u i c e s i n cartons and glass containers 
(Fig. 4). In g r a p e f r u i t j u i c e s a s i g n i f i c a n t taste d i f f e r e n c e (p< 
0.05) was found a f t e r about 3 months (F i g . 4). The longer period 
to obtain a taste d i f f e r e n c e i n g r a p e f r u i t j u i c e i s due to the 
stronger f l a v o r of t h i s j u i c e which tends to mask small f l a v o r 
changes. Color d i f f e r e n c e s were noted e a s i e r i n g r a p e f r u i t 
j u i c e s than i n orange j u i c e s . In orange j u i c e , some carotenoids 
may be o x i d i z e d and have a bleaching e f f e c t which compensates f o r 
the change i n appearance due to browning, thus e x p l a i n i n g the 
c o l o r d i f f e r e n c e between the two j u i c e s (15). 

Carton S t r i p s . The i n t e r a c t i o n between carton packs and j u i c e s 
was evaluated by immersing s t r i p s of carton laminates i n j u i c e s 
stored i n h e r m e t i c a l l y sealed glass j a r s . Surface to volume r a t i o s 
of 4:1 and 6:1, as compared with the a c t u a l r a t i o i n 1 l i t e r 
packs, were used. The contact of orange and g r a p e f r u i t j u i c e s with 
the carton s t r i p s accelerated ascorbic a c i d l o s s and browning as 
compared to s i m i l a r j u i c e s stored i n glass without the laminate, 
at the same temperatures (Figures 5 and 6). A f t e r 14 days there 
was a l s o a s i g n i f i c a n t taste d i f f e r e n c e (p<0.05) between samples 
i n contact with carton s t r i p s and those without the s t r i p s . These 
r e s u l t s seem to i n d i c a t e that the polymeric surface had an 
a c c e l e r a t i n g e f f e c t on some of the r e a c t i o n s a f f e c t i n g s h e l f - l i f e 
of c i t r u s j u i c e s . In these experiments, the r a t i o of contacting 
surface to j u i c e volume was 4 to 6 times higher than that i n 1 
l i t e r containers. This means that i n 1 l i t e r containers the 
e f f e c t w i l l be somewhat delayed as compared to the above t e s t , but 
i n smaller packages ( i . e . 250 ml) the s h e l f l i f e would be shorter 
due to t h i s e f f e c t . 

Polyethylene f i l m s . In order to e l u c i d a t e the e f f e c t of the 
polyethylene contact surface, and separate any p o s s i b l e 
c o n t r i b u t i o n of the carton i t s e l f , untreated and corona treated 
(oxidized) polyethylene s t r i p s , made of LDPE of s i m i l a r properties 
to that used i n PKL cartons, were immersed i n model s o l u t i o n s . The 
model s o l u t i o n consisted of 10% sucrose, 0.5% c i t r i c a c i d , 0.1% 
ascorbic acid,, 0.05% e m u l s i f i e d commercial orange o i l and 0.1% 
potassium sorbate. The e f f e c t of the untreated and corona-treated 
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MANNHEIM ET AL. Aseptically Filled Products & Laminated Structures 73 

80 

201 1 
0 10 20 30 40 50 60 70 

TIME ( d a y s ) 

Figure 3. D-limonene concentration i n orange j u i c e a s e p t i c a l l y 
f i l l e d i n t o glass jars and carton packs.stored at 25 C. 
(Reproduced with permission from Ref. 14. Copyright 1987 
Inst, of Food Technologists.) 

Figure 4. T r i a n g l e ta s t e comparisons between j u i c e s a s e p t i c a l l y 
f i l l e d i n t o g l a s s jars and carton packs.stored at 25 C. 
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FOOD AND PACKAGING INTERACTIONS 

TIME ( w e e k s ) 

Figure 5. Ascorbic a c i d r e t e n t i o n of orange j u i c e stored at 35 C 
as e f f e c t e d by contact with carton s t r i p s . 

0.140) 

TIME ( w e e k s ) 

Figure 6. Browning of orange j u i c e stored at 25°C as a f f e c t e d by 
contact with carton s t r i p s . 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 9
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
36

5.
ch

00
6



6. MANNHEIM ET AL. Aseptically Filled Products & Laminated Structures 

LDPE s t r i p s on a s c o r b i c a c i d d e g r a d a t i o n i s shown i n F i g u r e 7. 
From t h e s e r e s u l t s i t becomes c l e a r t h a t t h e p o l e t h y l e n e c o n t a c t 
s u r f a c e a c c e l e r a t e d t h e r a t e o f a s c o r b i c a c i d d e g r a d a t i o n w i t h t h e 
o x i d i z e d f i l m h a v i n g a g r e a t e r e f f e c t . I n t h e model s o l u t i o n s a 
r a p i d r e d u c t i o n (40-60% w i t h i n a b o u t s i x h o u r s ) i n d - l i m o n e n e 
c o n t e n t t o o k p l a c e i n samples c o n t a i n i n g LDPE s t r i p s as compared 
t o a l o s s o f 10% i n t h e b l a n k s ( F i g u r e . 8 ) . A b s o r p t i o n o f 
d - l i m o n e n e by t h e LDPE a c c o u n t e d f o r t h i s l o s s . I n a t r i a n g l e 
t a s t e c o m p a r i s o n o f w a t e r w i t h and w i t h o u t LDPE s t r i p s , s t o r e d i n 
s e a l e d g l a s s j a r s a t 35 C f o r 48 h o u r s , a l l 12 t a s t e r s were a b l e 
t o d i s t i n g u i s h between t h e s a m p l e s , i n d i c a t i n g t h e p r e s e n c e o f a 
s t r o n g o f f - f l a v o r i n t h e w a t e r w h i c h had been i n c o n t a c t w i t h LDPE 
s t r i p s . 

S t r i p s o f LDPE, f r o m t h e i n n e r l i n e r o f t h e bag i n t h e box a t 
a s u r f a c e t o volume r a t i o d o u b l e t h e a c t u a l r a t i o i n a 6 g a l l o n 
bag, were i n s e r t e d i n t o g l a s s j a r s , w h i c h were h o t f i l l e d w i t h 
o r a n g e j u i c e and s t o r e d a t 35 C. I n c o n t r a s t t o t h e d e g r a d a t i v e 
e f f e c t o f t h e PE c o n t a c t l a y e r o f t h e c a r t o n s , no d e t r i m e n t a l 
e f f e c t on b r o w n i n g , a s c o r b i c a c i d and t a s t e , as compared t o j u i c e 
i n g l a s s , was f o u n d i n t h i s c a s e . However, d - l i m o n e n e c o n t e n t was 
r e d u c e d t o a b o u t h a l f t h e i n i t i a l c o n t e n t i n a s h o r t t i m e a l s o i n 
t h i s c a s e . 

These d i f f e r e n c e s may be a c c o u n t e d f o r by t h e d i f f e r e n t 
m a n u f a c t u r i n g t e c h n i q u e s o f t h e p o l y e t h y l e n e c o n t a c t s u r f a c e s . A 
h i g h e x t r u s i o n t e m p e r a t u r e , f o l l o w e d by c o r o n a t r e a t m e n t w h i c h 
c a u s e s o x i d a t i o n , was u s e d f o r t h e PE l a y e r o f t h e c a r t o n s , 
whereas t h e PE l i n e r f o r t h e b a g - i n - t h e - b o x i s a LDPE e x t r u d e d a t 
a l o w e r t e m p e r a t u r e and w i t h o u t c o r o n a t r e a t m e n t . T h i s i n d i c a t e s 
t h a t an o x i d i z e d p o l y m e r s u r f a c e may a c c e l e r a t e r e a c t i o n s 
r e s u l t i n g i n a r e d u c e d s h e l f - l i f e . T hese r e s u l t s were c o n f i r m e d 
by (6^) who p r e s e n t e d t h e e f f e c t o f h i g h t e m p e r a t u r e e x t r u s i o n 
l a m i n a t i o n o f an Ionomer on d e v e l o p m e n t o f o f f - f l a v o r s . 

Bag-In-The-Box. S h e l f - l i f e o f a s e p t i c a l l y f i l l e d o r a n g e j u i c e , i n 
b a g - i n - t h e box made f r o m v a r i o u s s t r u c t u r e s o f l a m i n a t e d p o l y m e r s , 
m e t a l l i z e d and u n m e t a l l i z e d w a s e v a l u a t e d . A f t e r f i l l i n g w i t h 
j u i c e , t h e bags were f l u s h e d w i t h n i t r o g e n and s e a l e d , t h e n p l a c e d 
i n b o xes and v i b r a t e d on a t r a n s p o r t s i m u l a t o r a t 270 rpm f o r 14 
min. T h i s s i m u l a t e d t r u c k t r a n s p o r t a t i o n o f a b o u t 1500 km. 
The s t r u c t u r e s t e s t e d were: 

1. PE/Met PET/ΡΕ f r o m v a r i o u s m a n u f a c t u r e r s . 
2. PE/ EVOH/PE 
3. Met PET/Met PET/PE 

S t r u c t u r e s 2 and 3 a r e c o n s i d e r e d as h a v i n g h i g h b a r r i e r 
p r o p e r t i e s . The s e c o n d one has EVOH as a b a r r i e r and t h e t h i r d i s 
a f a c e - t o - f a c e m e t a l l i z e d p o l y e s t e r . The l a t t e r s t r u c t u r e i s v e r y 
s t i f f due t o t h e f a c e - t o - f a c e l a m i n a t i o n o f t h e m e t a l l i z e d 
p o l y e s t e r , p e r m e a b i l i t i e s o f t h e p o l y m e r s t e s t e d a r e p r e s e n t e d i n 
T a b l e I . 
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FOOD AND PACKAGING INTERACTIONS 

Figure 8. The e f f e c t of polyethylene s t r i p s on r e s i d u a l 
D-limonene i n a model s o l u t i o n , stored at d i f f e r e n t temperatures. 
(Reproduced with permission from Ref. 14. Copyright 198"? 
Inst, of Food Technologists.) 
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6. MANNHEIM ET AL. Aseptically Filled Products & Laminated Structures 77 

Table I: Permeability values f o r d i f f e r e n t f i l m s 

Film 
Manufacturer 

Structure Thickness 
(micron) 

Permeability 
(cc/m .24hr.At) 

A 
B 
B 
C 
D 
D 
E 

Met PET/Met PET/PE 76 
105- 110 
106- 109 

0.2 
1 .9 
0.7 
1 .0 
0.3 
0.5 
0.8 

<0.05 E 

PE/Met PET/PE 
PE/Met PET/PE 
PE/Met PET/PE 
PE/Met PET/PE 
PE/Met PET/PE 
PE/Barrier/PE 
PE/Barrier/PE 

115 
76 
94 
82 
75 

The j u i c e s , a s e p t i c a l l y gacked i n the bag-in-box made from above 
f i l m s , were stored at 25 C. Results of p e r i o d i c t e s t s made on 
these j u i c e s , as compared to j u i c e s packed a s e p t i c a l l y i n glass 
j a r s , are presented i n Figures 9-11. The j u i c e i n the structure 
Met PET/Met PET/PE d e t e r i o r a t e d f a s t e s t as compared to the other 
s t r u c t u r e s . 

The oxygen t r a n s m i s s i b i l i t y increased s i g n i f i c a n t l y due to 
f l e x - cracking during t r a n s p o r t a t i o n simulation, r e s u l t i n g i n 
r a p i d ascorbic a c i d reduction. The t r a n s m i s s i b i l i t y of these bags 
increased from 1.6 to 16.8 cc/day/bag a f t e r the v i b r a t i o n t e s t . 
The j u i c e i n the other s t r u c t u r e s d e t e r i o r a t e d at a slower r a t e 
but s t i l l much higher than i n g l a s s . D-limonene i n a l l f i l m s was 
reduced by 50% during the f i r s t 10 days at 25 C and a f t e r 25 days 
at 15 C and then remained constant. 
These data conform with our previous r e s u l t s (14) as well as those 
from other i n v e s t i g a t o r s (7,8,11). The r e s u l t s show the combined 
e f f e c t of oxygen t r a n s m i s s i b i l i t y and the i n t e r a c t i o n with 
polyethylene on a reduced s h e l f - l i f e of c i t r u s products, i n 
a s e p t i c packages made of various laminates, as compared to same 
products i n g l a s s . 

Transport simulation. The a p p l i c a t i o n of dynamic t e s t i n g , which 
includes shock and v i b r a t i o n t e s t s simulating d i s t r i b u t i o n 
environments. i s very important i n evaluating package 
system-product performance. In packages used f o r a s e p t i c f i l l i n g 
of c i t r u s products, damages such as f l e x - c r a c k i n g , p i n h o l i n g , 
puncture and s e a l f a i l u r e may occur. Any one of these events may 
r e s u l t i n an a c c e l e r a t i o n of the d e t e r i o r a t i v e r e a c t i o n s , or even 
leakage, r e s u l t i n g i n t o t a l f a i l u r e of the system. 

For evaluating the e f f e c t of transport on the s h e l f - l i f e of 
products i n bag-in-the-box systems,two types of equipment were 
used : 
1. MTS 840 V i b r a t i o n Test System. The bags were v i b r a t e d at 0.7 g 

and 10Hz f o r d i f f e r e n t times. 
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FOOD AND PACKAGING INTERACTIONS 

Figure 9. Change of ascorbic 
j u i c e i n bag-in-the-box a f t e r 
at 25°C. 

ac i d i n a s e p t i c a l l y f i l l e d orange 
tr a n s p o r t a t i o n simulation, stored 

Figure 10. Change of browning i n a s e p t i c a l l y f i l l e d orange 
j u i c e i n bag-in-the-box a f t e r transport simulation, stored at 
25 C. 
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0.0201 · 1- • ' • " » 1 · · · — · — ι · r 

0 20 40 60 80 100 
TIME ( d a y s ) 

Figure 11 .Change of D-limonene content i n a s e p t i c a l l y f i l l e d 
orange j u i c e i n bag-in-the-box a f t e r transport simulation, 
stored at 25°C. 
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80 FOOD AND PACKAGING INTERACTIONS 

2. L.A.B. V i b r a t i o n Transportation Simulator operated at a 
v e r t i c a l - l i n e a r mode of 270 rpm, simulating t r a v e l l i n g of a 

truck. 
In these t e s t s we evaluated d i f f e r e n t s t r u c t u r e s of laminates 

intended f o r bag-in-the-box with c i t r i c a c i d (5 and 15%), with 
orange concentrate at 60 Bx and with water. Test conditions and 
r e s u l t s are summarized i n Table I I . 

Table I I . Transport simulation t e s t s of "Bag-in-the Box" 
(Vi b r a t i o n conditions: 1) 0.7g,10Hz. 2) 270 rpm) 

Structure iProduct iiiVolume j :|Time ; 
(min)i 

iResults 

8%EVA/Met PET/PE 

(30/12/50) 

;15% c i t . a c i d 1 i;;6gal. 

iwater 1 iii" " 

• 1 ;;;„ „ 
.Orange cone. ;;;" " 

Π90 

;;2 ; 

!;40 

;Many pinholes, 
iwindows, 
^leakage 
;Flex cracking, 
ijleakage 
iiFlex cracking, 
iileakage 

PE/Met PET/8%EVA 

(30/12/50) 

;15% c i t . acid^ 

Water 1 

1 

Orange con. 

;;6 g a l . 1:90 

:|40 
i;40 

i;Few pinholes 
iiupper part 
;;Flex cracking 

II II 

PE/Met PET/PE 

(50/12/50) 

iWater 1 

iOrange cone. 1 

;:'6 g a l . 

::ιι M 

;i40 

Π40 

iiFlex cracking, 
ii pinhole 
i;No damage 

PE/Met PET/PE 
(50/12/50) 

2 
;Water ;;2.5 1 ;;20 iiFlex cracking, 

iipinholes, 
iileakage 

PET/Saran/Surlyn 
(50/1 2/50) 

iWater 2 H;2.5 1 ;|20 Pinholes, 
leakage 

8%EVA/Met PET/8%EVA; 
(50/12/50) 

Water 2 U;2.5 1 i;20 Flex cracking, 
pinholes, 
leakage 

LLDPE/Met PET/LLDPEi 
(50/12/50) 

;5% c i t . a c i d 2 +2.5 1 ;:1 0 Flex cracking, 
no leakage 

PE/Met PET/PE 
(32/12/38) 

2 
;5% c i t . a c i d ;;;2.5 1 i;10 Flex cracking, 

no leakage 

A l l the 6 g a l l o n laminated bags, containing c i t r i c a c i d were 
leaking a f t e r 90 min on the v i b r a t i o n t e s t system. Also, large 
"windows", demonstrated by disappearance of the aluminum layer, 
appeared. Apparently these transport simulation conditions were 
too severe. In another simulation t e s t 6 g a l l o n bags containing 
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6. MANNHEIM ET AL. Aseptically Filled Products & Laminated Structures 

orange concentrate were v i b r a t e d f o r 40 minutes at 0.7g and 10Hz. 
These conditions simulated transport on a truck t r a v e l l i n g over a 
distance of 1000 km. A l l bags showed signs of f l e x - c r a c k i n g and 
three laminates had pinholes and were leaking. However, no 
"windows" appeared i n any of these bags. A f t e r t e s t i n g same type 
of bags on the simulator at 270 rpm f o r 20 min, simulating 
t r a v e l l i n g on a bumpy road f o r almost 2000 km, a l l bags leaked. 
These again are very harsh conditions, and probably when t e s t i n g 
one should consider the d i s t r i b u t i o n of a c c e l e r a t i o n amplitude (g) 
and frequencies as created during t r a n s p o r t a t i o n . A f t e r f i l l i n g 
the bags the f l a p s are fo l d e d causing f l e x i n g i n the upper p a r t of 
the bag. In a d d i t i o n during v i b r a t i o n f l e x - c r a c k i n g occurs 
r e s u l t i n g i n formation of pinholes i n the i n t e r n a l PE l i n e r and 
also i n the outer laminated bag. The a c i d medium creeps between 
the l a y e r s , d i s s o l v e s the aluminum c r e a t i n g the "window" 
phenomenon i n the bag. When the pinhole penetrates through the 
outer l a y e r , the bag s t a r t s to leak. This phenomenon was reduced 
to some extent i n bags containing viscous materials such as 
concentrates, but when the medium was j u i c e or c i t r i c a c i d , i t was 
very pronounced. 

Summary 

S h e l f - l i f e of a s e p t i c a l l y f i l l e d j u i c e s i n f l e x i b l e and s e m i - r i g i d 
p l a s t i c containers i s l i m i t e d by chemical r e a c t i o n s , which are 
p r i m a r i l y influenced by storage temperature, as well as oxygen and 
l i g h t . Absorption of o i l soluble f l a v o r s by the contact l a y e r and 
accelerated d e t e r i o r a t i v e r e a c t i o n s caused by oxid i z e d 
polyethylene surfaces may also e f f e c t s h e l f - l i f e . Results of 
studies, r e l a t i n g to i n t e r a c t i o n s of a s e p t i c a l l y f i l l e d c i t r u s 
j u i c e s with various types of packages.are presented i n t h i s 
paper. Reactions, such as ascorbic a c i d degradation and browning, 
were accelerated i n laminated cartons and i n bag-in-the-box 
systems as compared with g l a s s j a r s . Also d-limonene 
concentration was reduced to about h a l f of i t s i n i t i a l value 
s h o r t l y a f t e r packaging i n a l l laminates. Simulating 
tr a n s p o r t a t i o n , by dynamic t e s t i n g , showed the damaging e f f e c t of 
transport to the package r e s u l t i n g i n reduced s h e l f - l i f e . 
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Chapter 7 

Loss of Antioxidants 
from High-Density Polyethylene 
Its Effect on Oatmeal Cereal Oxidation 

J. Miltz1,2, P. Hoojjat1, J. K. Han1, J. R. Giacin1, B. R. Harte1, 
and I. J. Gray1 

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

The loss of the antioxidants ΒHA and ΒHT 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 a d d i t i v e s to r e t a r d oxidation 
of l i p i d s and degradation of other components. Normally, the 
antioxidants are incorporated d i r e c t l y i n t o the food. T h i s has 
proven to be a very s u c c e s s f u l and inexpensive method f o r p r o t e c t 
ing oxygen s e n s i t i v e foods. 

Antioxidants are also incorporated i n t o p l a s t i c f i l m s i n 
order to p r o t e c t them from degradation (1-2). I t i s w e l l 
e s t a b l i s h e d that antioxidants are l o s t from polymeric f i l m s and 
sheets during storage (3-4). A r e l a t i v e l y small amount of t h i s 
a n t i o x i d a n t i s l o s t through decomposition reactions ( i f not exposed 
to the outdoors environment) while the bulk of i t i s l o s t by what 
i s commonly assumed to be a d i f f u s i o n c o n t r o l l e d process. The 
ac t u a l l o s s mode i s , however, more complicated. For an ant i o x i d a n t 
to be l o s t from a polymeric f i l m (or sheet) i t has to d i f f u s e 
through the bulk of the polymer towards i t s 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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84 FOOD AND PACKAGING INTERACTIONS 

evaporate from the surface i n t o the surroundings. Depending on the 
nature and s t r u c t u r e of the polymer and on the p r o p e r t i e s of the 
a d d i t i v e , to include i t s d i f f u s i v i t y and v o l a t i l i t y , the l o s s process 
can be c o n t r o l l e d e i t h e r by d i f f u s i o n or by v o l a t i l i z a t i o n or by a 
combination of the two. 

The process of the p h y s i c a l l o s s of an a d d i t i v e which i s soluble 
i n the polymer thus involves two d i s t i n c t processes: (i) the removal 
of a d d i t i v e from the surface by evaporation; and ( i i ) the replacement 
of a d d i t i v e i n the surface l a y e r by d i f f u s i o n from the bulk polymer. 
A mathematical model d e s c r i b i n g the l o s s of an a d d i t i v e from the 
polymer to a i r requires therefore two parameters: a mass t r a n s f e r 
c o e f f i c i e n t c h a r a c t e r i z i n g t r a n s f e r across the boundary of polymer 
s u r f a c e - a i r i n t e r f a c e and a parameter c h a r a c t e r i z i n g mass t r a n s f e r 
within the polymer bulk phase. 

Crank (3) has described a mathematical expression f o r a f i l m 
from which a d d i t i v e i s l o s t by surface evaporation with f i n i t e 
boundary co n d i t i o n s . According to t h i s model, the t o t a l amount of 
a d d i t i v e l e a v i n g the polymer i n time (t) i s e x p r e s s i b l e as a f r a c t i o n 
of the corresponding amount l o s t a f t e r i n f i n i t e time by: 

M t - 2L 2 exp <-β*τ) 
1 n=l 3^(3* + L 2 + L) U ) 

where: M t = amount of a d d i t i v e l e a v i n g the polymer i n time = t 
= amount of a d d i t i v e l e a v i n g at i n f i n i t e time 

Τ = Dt/λ 2 (2) 
L = £a/D (3) 
& = h a l f of f i l m thickness 
t = time 
D = d i f f u s i o n c o e f f i c i e n t of a d d i t i v e i n polymer 
α = v o l a t i l i z a t i o n mass t r a n s f e r c o e f f i c i e n t of a d d i t i v e 

from polymer surface 

3 n values are the p o s i t i v e roots of the equation. 

3 tan 3 = L (4) η η 

C a l v e r t and B i l l i n g h a m (4) have analyzed the rate of l o s s of a 
simple low molecular weight moiety, such as the antioxidant 3,5-di-
tertiary-butyl-4-hydroxy toluene (BHT), from t h i c k slabs and/or bulk 
s o l i d s as well as from t h i n f i l m s and f i b e r s . They were i n t e r e s t e d 
i n polymer s t a b i l i z a t i o n and assumed that polymer degradation w i l l 
proceed r a p i d l y to sample f a i l u r e when the average concentration of 
a d d i t i v e f a l l s to 10%, namely when Mt/Moo =0.9. Ignoring terms 
other than n=l i n Equation 1, they have suggested the f o l l o w i n g 
f a i l u r e c r i t e r i o n : 

2L 2exp (-32T) 
}2 ,<R2+I/+L) 0.1 (5) 

C a l v e r t and Billingham (4) p l o t t e d the values of L as a func
t i o n of Τ and concluded that at high values of L (thick f i l m , r a p i d 
evaporation and low d i f f u s i o n rate) the f a i l u r e time i s given by: 
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7. MILTZ ET AL. Loss of Antioxidants from High-Density Polyethylene 85 

t = 0.87 l2/O L>10 (6) 

and i s d i f f u s i o n dominated and independent of α (or the r a t e of 
evaporation). At low values of L (thin f i l m s , slow evaporation and 
f a s t d i f f u s i o n rates) they obtained a l i n e represented by: 

LogL + LogT = 0.383 (7) 

leading to the f a i l u r e time given by: 

t = 2.42 H/OL L<0.6 (8) 

According to Equation 8, the d i f f u s i o n rate i s unimportant at L 
values lower than 0.6 and the f a i l u r e time i s dominated by surface 
evaporation. They concluded that the rate of l o s s of low molecular 
compounds from a t h i c k polymeric slab i s determined by bulk phase 
d i f f u s i o n , while the l o s s from t h i n f i l m s i s dominated by the rate 
of surface evaporation. 

The method of C a l v e r t and B i l l i n g h a m (4) does not, however, 
enable one to determine the v o l a t i l i z a t i o n and d i f f u s i o n c o e f f i c i e n t s 
separately as the parameters L and Τ i n Equation 7 are i n t e r r e l a t e d . 
Han e t a l . (5) have extended the t h e o r e t i c a l work of C a l v e r t and 
B i l l i n g h a m and described a method to determine the two c o e f f i c i e n t s 
simultaneously from sorption or desorption data. 

The present paper deals with the l o s s 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) 
f i l m and the e f f e c t of the l a t t e r on the s h e l f l i f e of oatmeal c e r e a l 
packaged i n f l e x i b l e pouches f a b r i c a t e d from the t e s t f i l m . 

Experimental 

M a t e r i a l s . The HDPE f i l m s (density 0.959 g/cc thickness - 66 \im) 
were provided by Crown Zellerbach, F i l m Production D i v i s i o n 
(Greensburg, Indiana). The f i l m s contained 0.14% (W/W) BHA and 0.32% 
(high l e v e l ) and 0.022% (low l e v e l ) of BHT. The f i l m s with the two 
l e v e l s of BHT were used to prepare 18 χ 19 cm pouches i n which s h e l f 
l i f e studies of the oatmeal c e r e a l were c a r r i e d out. 

Oatmeal C e r e a l . Fresh oat f l a k e s c e r e a l were obtained from the 
Gerber Product Company (Freemont, Michigan). 

Methods 

Antioxidant Determination. The l e v e l s of BHA and BHT i n the t e s t 
f i l m was determined by e x t r a c t i o n followed by high pressure l i q u i d 
chromatography (HPLC) a n a l y s i s . The l e v e l of BHT was also determined 
by UV Spectrophotometry (Perkin Elmer Lambda 3B U V / v i s i b l e with an 
i n t e g r a t i n g sphere) and by monitoring the change i n f i l m weight with 
time using a Cahn electrobalance. 

For the antioxidant e x t r a c t i o n , 5 g. of the f i l m were cut i n t o 
small pieces and extracted with 150 ml of a c e t o n i t r i l e i n a Soxhlet 
e x t r a c t i o n apparatus f o r 12 hours. The e x t r a c t s were then f i l t e r e d 
and d i l u t e d with the solvent to a constant volume of 200 ml. The 
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86 FOOD AND PACKAGING INTERACTIONS 

HPLC system c o n s i s t e d of a Perkin Elmer S e r i e s 3B Solvent D e l i v e r y 
System and a LC-1000 Column Oven with a Perkin Elmer LC-85 Spectro
photometry Detector. The detector was i n t e r f a c e d to a Spectra 
Physics/SP4200 Computing Integrator f o r q u a n t i t a t i o n . The chromato
graphic conditions were as follows: 

Column a 0.24 χ 25 cm ODS-HS s i l - x - 1 s t a i n l e s s s t e e l (Perkin 
Elmer) 

Solvent 60% a c e t o n i t r i l e / 4 0 % d i s t i l l e d water (v/v) 
Flow Rate 1 ml/minute 
Detector Wavelength 291 nm f o r BHA and 280 nm f o r BHT 
I n j e c t o r 10 μΐ Hamilton M i c r o l i t e r #701-N Syringe 

Peak areas and r e t e n t i o n times were determined by the use of a com
puting i n t e g r a t o r . The concentration of BHA and BHT i n the f i l m 
samples was determined from standard graphs constructed by analyzing 
pure BHA and BHT samples i n a c e t o n i t r i l e . 

T h i o b a r b i t u r i c A c i d A n a l y s i s (TBA). The r a t e of l i p i d o x i d a tion i n 
the c e r e a l was measured according to the modified method of Caldwell 
and Grogg (6). 20 g. of c e r e a l were extracted overnight at room 
temperature with 100 ml of hexane. The extracted l i p i d was f i l t e r e d 
using a g l a s s suction funnel with an a s p i r a t o r . The f i l t r a t i o n was 
then slowly evaporated i n 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 i n 100 ml of d i s t i l l e d 
water and 100 ml of g l a c i a l A c e t i c Acid) were added to i t . The 
sample was then vigorously shaken for four minutes and c e n t r i f u g e a 
f o r 15 minutes; the top l a y e r (benzene) was removed and the aqueous 
lay e r t r a n s f e r r e d to a screw capped g l a s s t e s t tube and b o i l e d f o r 
30 minutes. The sample was then cooled before passing i t through a 
g l a s s tube packed with c e l l u l o s e powder that was used as a chromato
graphic column. Sample a l i q u o t s of 7.0 ml were forced through the 
chromatographic column (by applying an a i r pressure of 10 psig) f o r 
the separation of yellow and red components. The column was then 
washed with 5 ml of d i s t i l l e d water to remove the yellow c o l o r . The 
absorbed red f r a c t i o n , a ssociated with the o x i d i z e d components, was 
t h e r e a f t e r e l u t e d with 10 ml of aqueous p y r i d i n e (20%) and c o l l e c t e d 
i n a volumetric f l a s k . The o p t i c a l density at 532 nm was read 
against a blank and converted (calculated) to a 1 g. sample b a s i s . 

UV Spectrophotometer. A Perkin Elmer Lambda 3B U V / v i s i b l e spectro
photometer with an i n t e g r a t i n g sphere was used to measure BHT 
content of the f i l m s at d i f f e r e n t time i n t e r v a l s . F i l m samples were 
mounted d i r e c t l y i n the sample holder of the i n t e g r a t i n g sphere and 
the absorbance (O.D. units) a t 280 nm was recorded. The r e l a t i v e 
concentration of BHT i n the f i l m was obtained by the expression 

R e l a t i v e % BH = ^ \ *100 O.D. (o) 

where the parameter i n parenthesis i s time. 

Procedures 

Studies of antioxidant d e p l e t i o n from the t e s t f i l m s were c a r r i e d 
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7. MILTZ ET AL. Loss of Antioxidants from High-Density Polyethylene 87 

out on the BHA and high l e v e l BHT impregnated f i l m s . The f i l m 
samples were stored at d i f f e r e n t temperatures and the l e v e l of re
t a i n e d antioxidant determined as a f u n c t i o n of time. At d i f f e r e n t 
times, f i l m samples were e i t h e r extracted f o r BHA or BHT a n a l y s i s by 
HPLC or analyzed d i r e c t l y by the UV spectrophotometry procedure. 
Unless otherwise stated, the f i l m samples were stored i n open a i r . 
For weight l o s s studies c a r r i e d out with the electrobalance, the 
samples hang i n s i d e a tube which was continuously purged with 
ni t r o g e n . The e f f e c t of BHT o r i g i n a l l y i n the f i l m on the rate of 
c e r e a l o x i d a t i o n was c a r r i e d out by analyzing the pouch and the 
c e r e a l f o r BHT content and extent of oxidation (TBA analysis) a f t e r 
d i f f e r e n t storage p e r i o d at 30 + 1°C and 45% RH. 

Results and Discussion 

In f i g u r e s 1 and 2, the l o s s of BHA and BHT from the HDPE f i l m i s 
shown as a function of time and temperature, r e s p e c t i v e l y . The 
s t r a i g h t l i n e s i n t h i s semilogarithmic p l o t s suggest t h a t the l o s s 
of these antioxidants f o l l o w a f i r s t order or p s e u d o - f i r s t order 
rate expression: 

in = -Kt (9) 
c o 

where C Q and C are the i n i t i a l and time Τ concentrations of a n t i 
oxidant i n the f i l m samples (percent wt/wt) r e s p e c t i v e l y ; Κ i s the 
rate constant and t i s the time i n t e r v a l . From f i g u r e 1 i t can be 
seen that nearly a l l of the BHA (greater than 95%) was l o s t within 
one day at 50°C, within 3 days at 40°C and within 7 days a t 30°C. 

The rate constants determined from Equation 1 f o r BHA are sum
marized i n Table 1. 

Table I. Rate Constants f o r the Loss of BHA from HDPE 
F i l m and the A c t i v a t i o n Energy 

Temperature 
(°C) 

The Rate Loss Constant 
Κ χ 10 3 (1/hr) 

10 4.0 
22 9.6 
30 19.6 
40 46.6 
50 121.8 

To determine the BHT concentration i n one of the HDPE f i l m s , 
three d i f f e r e n t methods were used. These methods were: (1) BHT 
e x t r a c t i o n from the f i l m followed by an HPLC a n a l y s i s ; (2) UV ab
sorpt i o n of the f i l m measured at 280 nm; and (3) d i r e c t measurement 
of the f i l m sample weight change with time. A l i n e a r r e l a t i o n s h i p 
between the r e s u l t s of the f i r s t two methods was found. In f i g u r e 
3, the l o s s of BHT as a f u n c t i o n of time as measured by HPLC and UV 
i s shown at two d i f f e r e n t representative temperatures. I t can be 
seen that both methods give comparable r e s u l t s . The l o s s of BHT 
from the f i l m , as measured by d i r e c t l y weighing the f i l m on a Cahn 
electrobalance, i s shown i n f i g u r e 4 f o r a t h i r d temperature. 
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Figure 1. Loss of BHA from HDPE f i l m during storage at d i f f e r e n t 
temperatures. 

(Reproduced with permission from ref. 5. Copyright 1987 Society of 
Plastics Engineers.) 
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L O S S O F B H T F R O M H D P E F I L M D U R I N G S T O R A G E 

Figure 2. Loss of BHT from HDPE f i l m during storage at d i f f e r e n t 
temperatures. 
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S t o r a g e T i m e (days) 

Figure 3. Loss of BHT from HDPE f i l m as measured by HPLC and UV 
a n a l y s i s . 
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Figure 4. Loss of BHT from HDPE f i l m : Comparison between UV and 
electrobalance r e s u l t s . 
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90 FOOD AND PACKAGING INTERACTIONS 

Comparable r e s u l t s to those obtained by UV spectroscopy were found 
and thus a l l three methods can be used f o r BHT content determina
t i o n . 

The d i f f u s i o n and v o l a t i l i z a t i o n mass t r a n s f e r c o e f f i c i e n t s 
determined according to the method o u t l i n e d i n a previous p u b l i c a 
t i o n (5) are summarized i n Table II f o r BHA and Table I I I f o r BHT. 

Table I I . Mass Transfer and D i f f u s i o n C o e f f i c i e n t s f o r 
BHA i n HDPE F i l m 

Mass Transfer D i f f u s i o n 
Temperature C o e f f i c i e n t C o e f f i c i e n t s 

(°C) axlO (cm/sec) DxlO (cm 2/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 I I I . ] Mass Transfer and D i f f u s i o n C o e f f i c i e n t s of 
BHT i n HDPE F i l m 

Mass Tran s f e r D i f f u s i o n 
Temperature C o e f f i c i e n t C o e f f i c i e n t s 

(°C) axlO (cm/sec) DxlO (cm 2/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 r e f . 5. Copyright 1987 Society of 
P l a s t i c s Engineers.) 

Figure 5 i s a representative p l o t of the t h e o r e t i c a l and 
experimental rate l o s s curves f o r BHA and i t can be seen that very 
good agreement i s obtained. S i m i l a r curves were obtained f o r BHT 
a t d i f f e r e n t temperatures. 

No data f o r d i f f u s i o n of BHA i n HDPE were found i n the l i t e r a 
t u r e . 

Braun et a l (7) measured the d i f f u s i o n c o e f f i c i e n t of BHA i n 
molten low density polyethylene (LDPE) by Inverse Gas Chromatography. 
Although LDPE i s d i f f e r e n t than HDPE and the a c t i v a t i o n energy f o r 
d i f f u s i o n i n a molten polymer i s d i f f e r e n t than that i n the s o l i d , 
i t was i n t e r e s t i n g to compare the c a l c u l a t e d values f o r our e x p e r i 
ments to those measured by Braun e t a l . I t was expected that at 
l e a s t the order of magnitude would be the same. I t was assumed that 
the melting point of LDPE i s 108°C. Using an a c t i v a t i o n energy of 
15.2 Kcal/mole up to 108°C and the value of 10 Kcal/mole reported by 
Braun et a l f o r the molten polymer, a d i f f u s i o n c o e f f i c i e n t of 
3.5 χ 10~ 7 cm 2/sec at 136.8°C was c a l c u l a t e d . T h i s value i s 4.7 
times higher than the values of 7.4 χ 10""8 reported by Braun et a l 
f o r the same temperature. Taking i n t o c o n s i d e r a t i o n our assumption 
that BHA has the same d i f f u s i o n c o e f f i c i e n t i n LDPE as i n HDPE and 
the same a c t i v a t i o n energy i n the two polymers when i n the s o l i d 
state, the agreement between the r e s u l t s i s quite good. 

Also f o r BHT, no d i f f u s i o n c o e f f i c i e n t s i n HDPE at room 
temperature were found i n the l i t e r a t u r e . Very rec e n t l y Comyn et a l 
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Figure 5. Comparison between t h e o r e t i c a l l y c a l c u l a t e d and 
experimentally determined r e s u l t s f o r l o s s of BHA from HDPE f i l m . 

- • - L o w BHT Impregnated Fi lm, 0 . 0 2 % (w/w) 
_ - 0 - H i g h BHT Impregnated Fi lm, 0 . 3 2 % ± 0 . 0 2 % (w/w)| 

2 3 4 5 6 
Storage Time (weeks) 

Figure 6. Oxidation r e s u l t s of oatmeal c e r e a l packaged i n high 
and low l e v e l s of impregnated BHT i n HDPE f i l m . 
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92 FOOD AND PACKAGING INTERACTIONS 

(8) reported a value of 12 χ 10~ 8 cm 2/sec f o r the d i f f u s i o n 
c o e f f i c i e n t of 2,6-di-t-butyl-4-methyl phenol (BHT) i n HDPE at 100°C. 
Although BHT and BHA are d i f f e r e n t a d d i t i v e s , they are q u ite s i m i l a r 
i n s t r u c t u r e and are therefore assumed to have s i m i l a r d i f f u s i o n co
e f f i c i e n t s i n HDPE or at l e a s t i n the same order of magnitude. Using 
the value of 15.2 Kcal/mole determined from our studies f o r the 
a c t i v a t i o n energy f o r d i f f u s i o n of BHA i n HDPE, a value of 8.9 χ 10 
cm 2/sec was c a l c u l a t e d f o r the d i f f u s i o n c o e f f i c i e n t a t 100°C. This 
value i s of the same order of magnitude as reported by Comyn et a l 
f o r BHT. Using an a c t i v a t i o n energy f o r BHT d i f f u s i o n i n HDPE of 
12.6 Kcal/mole (determined from our r e s u l t s ) , a value of 10.3 χ 10" 
cm /sec was c a l c u l a t e d , which i s i n good agreement with the r e s u l t s 
of Comyn e t a l . No data f o r comparison of the v o l a t i l i z a t i o n mass 
t r a n s f e r c o e f f i c i e n t s were found i n the l i t e r a t u r e . 

To e s t a b l i s h the v a l i d i t y of the evaporation/sorption mechanism, 
storage studies were c a r r i e d out with product containing tocopherol 
and the product analyzed f o r BHT content. Table IV summarizes our 
storage s t u d i e s . 

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

Time g BHT/g In In Lost to 
(Weeks) Cereal χ 100 Pouches Cereal Environment 

0 .0000 100 — — 1 .0019 5 25 70 
3 .0014 2 18 80 
6 .0015 — 19 81 

I t can be seen that a f t e r one week of storage only 5% of 
BHT remained i n the pouch. A f t e r 6 weeks of storage, no BHT could 
be detected i n the pouch but 19% of the BHT o r i g i n a l l y present i n 
the pouch was found i n the c e r e a l . 

In Figure 6, the extent of c e r e a l oxidation i s shown f o r the 
two l e v e l s of antioxidants o r i g i n a l l y present i n the pouches. The 
c e r e a l contained i n pouches with the higher BHT l e v e l was more 
st a b l e than i t s counterpart stored i n pouches with low BHT content. 
The BHT that was l o s t from the high BHT concentration pouches and 
which had adsorbed on the c e r e a l increased i t s s t a b i l i t y . 

To conclude, i t was found that the l o s s of BHA antioxidants 
from HDPE followed a f i r s t order rate expression. The c o n t r o l l i n g 
parameter f o r mass t r a n s f e r was found to be v o l a t i l i z a t i o n . The 
c a l c u l a t e d d i f f u s i o n c o e f f i c i e n t s were compared to those reported 
f o r BHT at 100°C and f o r BHA i n molten LDPE and were found to be of 
the same order of magnitude. The c e r e a l contained i n HDPE pouches 
impregnated with the high l e v e l of BHT had lower oxidation l e v e l s as 
a r e s u l t of the migrated antioxidant from the package that had ad
sorbed on the c e r e a l . 

Literature Cited 
1. Ram, A.; Meir, T.; Miltz, J. Intern. J. Polym. Mater. 1980, 8, 

323. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 9
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
36

5.
ch

00
7



7. MILTZ ET AL. Loss of Antioxidants from High-Density Polyethylene 93 

2. Waters Associates Inc. Oxidation of High Density Polyethylene 
by Weathering, bulletin No. 82276, 1981. 

3. Crank, J. "The Mathematics of Diffusion". Claredon Press, 
Oxford, 1975, 2nd Ed. 

4. Calvert, P. D.; Billingham, H. C. J. Appl. Polym. Sci. 1977, 24,
 
357. 

5. Han, J. K.; Miltz, J.; Harte, B. R.; Giacin, J. R.; Gray, J. I. 
"Loss of 2-Tertiary-Butyl-4-Methoxy Phenol (BHA) From High 
Density Polyethylene Film". Polym. Eng. & Sci., In press. 

6. Caldwell, Ε. F.; Grogg, Β. Food Technology 1954, 185. 
7. Braun, J. M.; Poos, S.; Guillet, J. E. Polym. Letters. 1976, 14, 

257. 
8. Comyn, J. Diffusion in Polymers, Plastics and Rubber Conference, 

1986, 8-9 January, London. 
RECEIVED October 27, 1987 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 9
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
36

5.
ch

00
7



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 liquid hydrogen peroxide and high intensity ultraviolet radiation has also been demonstrated. Dry heat as hot air or superheated steam is suitable for sterilizing packages for low acid 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 acid 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-line with aseptic packaging systems. 
Requirements for Sterilization and Regulations on use of Chemical 
Sterilants 

Sterilization of packaging materials is a c r i t i c a l step in the 
aseptic processing and packaging operation. Although i t is 

0097-6156/88/0365-0094$06.00/0 
© 1988 American Chemical Society 
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8. TOLEDO Sterilization Methods for Aseptic Packaging Materials 95 

p o s s i b l e to p r e - s t e r i l i z e packaging materials using g e n e r a l l y mild 
conditions f o r long times, t h i s p r a c t i c e may expose the 
p r e - s t e r i l i z e d packages to p o s s i b l e re-contamination when they are 
introduced i n t o the aseptic packaging machine and therefore a 
second s t e r i l i z a t i o n step i s required j u s t p r i o r to use. Thus, 
i n - l i n e s t e r i l i z a t i o n i s p r e f e r r e d . Toledo (1) summarized the 
c h a r a c t e r i s t i c s of s t e r i l a n t s s u i t a b l e f o r i n - l i n e s t e r i l i z a t i o n 
of packaging m a t e r i a l s . The most important are: r a p i d 
m i c r o b i c i d a l a c t i v i t y to enable high speed packaging; s u i t a b i l i t y 
f o r maintenance and c o n t r o l of parameters a f f e c t i n g m i c r o b i c i d a l 
a c t i v i t y ; c o m p a t i b i l i t y with packaging m a t e r i a l and equipment 
r e l a t i v e to corrosiveness and method f o r e f f e c t i v e a p p l i c a t i o n ; 
ease of removal from treated surfaces; no adverse e f f e c t on 
product q u a l i t y ; and no h e a l t h hazards to workers around the 
packaging equipment or to consumers of food which may contain 
residues of the s t e r i l a n t . 

When using s t e r i l a n t s that do not leave any residue on the 
food contact surface, the Food and Drug Administration (FDA) 

consider s t e r i l i z a t i o n as a process which i s regulated only when 
used on low a c i d foods (2). However, when p l a s t i c packaging 
materials and chemical s t e r i l a n t s are used, the process i s 
regulated as an i n d i r e c t a d d i t i v e to food (3). The process of 
obtaining FDA approval f o r the use of chemical s t e r i l a n t s i n food 
packaging has eased considerably since the concept was introduced 
i n the e a r l y 70 fs. FDA's p o l i c y i s s t i l l "show me" as expressed 
by R e i s t e r (4) and s c i e n t i f i c evidence f o r process adequacy must 
be f i l e d by processors before a system i s placed i n t o commercial 
operation. However, experience over the past 15 years has 
e s t a b l i s h e d the type of data that must be submitted and the 
procedures f o r obtaining these data have been well developed, 
therefore the process of obtaining FDA sanction f o r the process i s 
not as cumbersome as i t was before. As more data are developed on 
the spoilage patterns observed on commercially operating asep t i c 
packaging systems, the c r i t e r i a f o r s t e r i l i z a t i o n w i l l be more 
c l e a r l y defined and parameters f o r process adequacy can be 
e f f e c t i v e l y designed i n t o a system. For example, t r a d i t i o n a l 
safety f a c t o r s can be eliminated and target s t e r i l i z a t i o n values 
can be reduced i f u n c e r t a i n t i e s i n the i n t e r - r e l a t i o n s h i p s between 
the processing parameters and incidence of spoilage can be 
e s t a b l i s h e d . In a d d i t i o n , f o r aseptic packaging material 
s t e r i l i z a t i o n , the t r a d i t i o n a l target s t e r i l i z i n g value equivalent 
to a "12 D process" should take i n t o consideration the f a c t that 
good manufacturing p r a c t i c e s i n production and handling r e s u l t s i n 
very low m i c r o b i a l contamination l e v e l s i n packaging m a t e r i a l s . 
The 12 D concept o r i g i n a t e d from e a r l i e r work (5) which 
e s t a b l i s h e d that m u l t i p l y i n g by 12 the decimal reduction time (D) 
of C l o s t r i d i u m botulinum spores i n d i l u t e suspensions w i l l be 
equivalent to the treatment time when no s u r v i v o r s can be 
recovered from 60 b i l l i o n spores. Stumbo's (6) i n t e r p r e t a t i o n of 

-12 
"12 D" as a s u r v i v a l p r o b a b i l i t y of 10 f o r a pathogen i n a 
processed food i s much too s t r i n g e n t . A widely 
accepted i n t e r p r e t a t i o n of the 12 D concept (7) involves s e t t i n g 
an_uj>per l i m i t to the p r o b a b i l i t y of spoilage from a pathogen at 
10 per container. Thus an exposure time of 6D w i l l be 
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96 FOOD AND PACKAGING INTERACTIONS 

equivalent to a 12D process in_|erms of product safety 
(probability of survival is 10 ) _ j ^ t n e 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, i t 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 d i s t i l l e d water assayed immediately after packaging 
under production conditions. I n i t i a l l y , 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 a l l polyolefins in March 1984 (10), and in 
1985 approval was extended to include polystyrene, modified 
polystyrene, ionomeric resins, ethylene methyl aerylate 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 w i l l discuss currently used practices for 
in-line s t e r i l i z a t i o n of aseptic packaging materials, c r i t i c a l l y 
analyze newly developed procedures mentioned in the scient i f i c and 
patent literature that have potential, and discuss the influence 
of the process used on product quality, storage sta b i l i t y and 
properties of the packaging material. 

Sterilization by Heat 

Microbial inactivation in food preservation processes has 
traditionally been accomplished by heating. Moist heat i s 
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, i t 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 c i t r i c acid at a pH of 3.45 has been shown to 
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8. TOLEDO Sterilization Methods for Aseptic Packaging Materials 97 

effectively eliminate cells of Lactobacillus plantarum and 
Leuconostoc mesgnteroides on f i l t e r paper strips after 90 s of 
exposure at 100 C using an i n i t i a l inoculum of 1 χ 10 c e l l s . q 

Saccharomyces cerevisiae required only 15 s of exposure at 80 C 
for complete inactivation. Lactobacillus plantarum cells on 
polyethylene 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 
f i l t e r 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 fe a s i b i l i t y of c i t r i c acid solution to pasteurize 
packages for acid foods, the necessity of operating at the boiling 
point w i l l require containment of vapors generated by the 
sterilant solution in order that effective use can be made on an 
aseptic packaging system. Sterilant residue w i l l not be a problem 
i f 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 w i l l 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 c r i t i c a l . 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 equivalent 12D 
process based on an i n i t i a l contamination leve^ of 10 per 
container and a probability of spoilage of 10 which could be 
attained within a treatment time of 1 min w i l l 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 st e r i l i z a t i o n . 

When s t e r i l i z i n g by hot air or superheated steam, there is no 
effect on product quality. Furthermore, the temperature within 
the entire aseptic f i l l i n g 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 l i f e . 

Sporicidal properties of moist heat is much stronger than dry 
heat, but cost of constructing a pressurized sterilization system 
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98 FOOD AND PACKAGING INTERACTIONS 

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 i t is possible to generate vapor from these 
solutions at temperatures higher than 120 C at atmospheric 
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 showed 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 a l . (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 latte r forms yellow colonies 
which eventually darkens as the culture ages, making i t an ideal 
organism for testing the capability of systems u t i l i z i n g hydrogen 
peroxide as a sterilant to achieve commercial s t e r i l i t y . Cerny 
(17) reported a strain of B. stearothermophilus which was very 
resistant to inactivation by hydrogen peroxide. This organism had 
a decimal reduction time of 21.8 min in 30% hydrogen peroxide at 
23 C compared to 5 min for a strain of B. sub t i l i s . In 
comparison, decimal reduction time in 35% hydrogen peroxide at 
23 C calculated from our data (18) for B. subtilis A, is 6.4 min. 
Since s t e r i l i z a t i o n 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 i t can be 
placed in commercial production. The test organism must have a 
resistance greater than spores of Clostridium botul inuni 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. botulj.num 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 inability^to 
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 application. 
Inactivation of microorganisms occurs when adequate exposure time 
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8. TOLEDO Sterilization Methods for Aseptic Packaging Materials 99 

i s provided at the hydrogen peroxide concentration and temperature 
at the surface, p r i o r to removal of the peroxide form the surface. 
Thus, although the exposure time i s e a s i l y e s t a b l i s h e d i n the 
laboratory when spores are d i r e c t l y added to hydrogen peroxide 
s o l u t i o n , the r e a l i t y of not being able to d i r e c t l y monitor the 
presence of and concentration of hydrogen peroxide on a packaging 
mat e r i a l surface once the material leaves the dip tank prevents 
d i r e c t e x t r a p o l a t i o n of laboratory data to commercial p r a c t i c e . 

In commercial asep t i c packaging equipment which uses r o l l 
stock, the packaging material i s immersed i n hydrogen peroxide 
s o l u t i o n followed by heating to vaporize the peroxide before the 
packages are f i l l e d . One make of aseptic packaging machine i s 
designed to apply the hydrogen peroxide s o l u t i o n by contact with a 
wetted r o l l . Contact time with the s o l u t i o n which contains a 
wetting agent, i s often l e s s than one minute. The wetting agent 
i s added to the s o l u t i o n to enable the material surface to r e t a i n 
a f i l m of hydrogen peroxide. As heat i s applied to dry the surface 
the temperature of the hydrogen peroxide f i l m i s elevated 
promoting the m i c r o b i c i d a l e f f e c t . Heat i s applied using radiant 
e l e c t r i c a l r e s i s t a n c e heaters, a stream of hot s t e r i l e a i r , or by 
contact with a heated s t a i n l e s s s t e e l r o l l . When ac i d foods are 
packaged the s o l u t i o n i s maintained at ambient temperature. An 
elevated s o l u t i o n temperature may be used f o r low-acid foods. 
Cerny fs (17) and Toledo et a l ' s (16) data show that 1 min i n 30% 
hydrogen peroxide at ambient temperature produced only 2.5 decimal 
reductions of mold spores and b a c t e r i a l spores were not a f f e c t e d 
at a l l . Thus, i n current commercial p r a c t i c e , the m i c r o b i c i d a l 
a c t i o n i s p r i m a r i l y due to the heated f i l m of hydrogen peroxide at 
the s t a r t of the drying phase of the s t e r i l i z a t i o n process. For 
t h i s reason, wetting of the packaging material and the presence of 
a uniform f i l m of l i q u i d on the material surface are c r i t i c a l 
f a c t o r s . 

Since there i s no r e l i a b l e system f o r d i r e c t l y monitoring the 
presence of a uniform f l u i d f i l m on the surface of a packaging 
m a t e r i a l , the rate of consumption of hydrogen peroxide i s 
monitored instead. This method does not ensure that a uniform 
f i l m i s always present but i t i s based on the premise that i f the 
system c o n t i n u a l l y passed the m i c r o b i a l challenge t e s t s f o r 
process v a l i d a t i o n on a measured rate of hydrogen peroxide 
consumption, then maintenance of that rate would be i n d i c a t i v e of 
adequate l e v e l s of hydrogen peroxide on the packaging ma t e r i a l to 
provide the s t e r i l i z i n g e f f e c t . 

Hydrogen peroxide s t e r i l i z e d a s e p t i c packaging systems which 
have been approved f o r commercial packaging of low-acid foods have 
been proven to produce an acceptable l e v e l of residues. However, 
o c c a s i o n a l l y inadequate drying r e s u l t s i n residues exceeding the 
0.1 ug/mL (8) tolerance and adversely a f f e c t product q u a l i t y » An 
improperly designed system may r e s u l t i n more incidence of 
non-compliance with re g u l a t i o n s p e r t a i n i n g to residues. 
Stefanovic and Dickerson (21) observed that removal of hydrogen 
peroxide from packaging m a t e r i a l became more d i f f i c u l t as the 
temperature of the s o l u t i o n and immersion time increased. They 
postulated that more of the s o l u t i o n was adsorbed on the surface 
at high temperatures and the higher concentration of hydrogen 
peroxide vapor i n a i r contacting the surface during the drying 
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100 FOOD AND PACKAGING INTERACTIONS 

process prevented adequate removal of residues to meet the 
tolerance. Prolonged contact between liquid hydrogen peroxide and 
the packaging material also increased the d i f f i c u l t y of removing 
residues. 

When s t e r i l i z i n g 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 i f the 
vapors generated are not displaced by dry sterile a i r . 

Increasing the extent of microbial inactivation by increasing 
hydrogen peroxide concentration, temperature, or time of immersion 
may make residue reduction d i f f i c u l t 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 s t e r i l i t y can be achieved. 
For acid food products, the relatively low microbial lethality 
required makes i t 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 
c r i t e r i a of commercial s t e r i l i t y 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 a l . (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, i t 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 o i l s 
and pigments, although no quantitative data is available for 
these effects. The concentration of residual hydrogen peroxide in 
the product determines 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 
st a b i l i t y is not affected, indicating that i f hydrogen peroxide is 
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8. TOLEDO Sterilization Methods for Aseptic Packaging Materials 101 

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 addition of 3000 
g/mL of hydrogen peroxide to milk and holding at 30 C for 24 h 
(26). There have been no studies on storage s t a b i l i t y of egg or 
dairy products containing residual hydrogen peroxide. 

Hydrogen Peroxide Vapor 

It is d i f f i c u l t to maintain a record of a l l c r i t i c a l control 
parameters during packaging material st e r i l i z a t i o n 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 i r r i t a n t 
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 i f 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 w i l l 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, i t is d i f f i c u l t to 
control the amount of hydrogen peroxide vapor in the air since a 
high hydrogen peroxide vapor concentration fac i l i t a t e s 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 s t e r i l i z a t i o n 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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102 FOOD AND PACKAGING INTERACTIONS 

constant composition of hydrogen peroxide vapor in air and 
conditions in the treatment chamber necessary to prevent 
condensation can easily be determined since the condensation 
temperature of the vapors in a i r 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 s t e r i l i z i n g aseptic packaging 
material. Maunder (36) suggested the use of high intensity UV for 
aseptic packaging material s t e r i l i z a t i o n 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. su b t i l i s . Conidia of A. niger were the 
most resistant requiring 8 ε to achieve 5 decimal reduction. 
However, when very high level of inocula were used, a tailin g 
effect was found and f i r s t order inactivation rate was observed 
only for the f i r s t 1 to 2 s of exposure. Survivors were recovered 
from a l l 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 i f 
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 w i l l 
provide adequate sporicidal activity to relatively low 
concentrations of hydrogen peroxide in solution, minimizing the 
problem of removal of residues after s t e r i l i z a t i o n . No aseptic 
packaging machine suitable for use on low acid foods which 
uti l i z e s the hydrogen peroxide-UV s t e r i l i z a t i o n 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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8. TOLEDO Sterilization Methods for Aseptic Packaging Materials 103 

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 f i l l ing spout of an aseptic f i l l ing 
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 liquid and vapor has been suggested (44, 45). 
However, ethanol is effective only against vegetative cells and 
not against fungal conidia or bacterial spores therefore its use 
in packaging of foods is limited to extension of shelf l i fe 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 solution 
of peracetic acid induced 5 decimal reductions of spores of B. 
thermoacidurans within 1 min and 5 decimal 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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104 FOOD AND PACKAGING INTERACTIONS 

therefore a system that u t i l i z e s 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 i s 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 i t s 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 s t e r i l i z a t i o n exist apart from the now FDA-
approved heat s t e r i l i z a t i o n and hydrogen peroxide s t e r i l i z a t i o n 
techniques. However, these other processes require more costly 
systems to i n s t a l l and maintain, or regulatory approval is 
required to establish safety as an indirect food additive. 
Hydrogen peroxide is s t i l l 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 s t e r i l i t y 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. Sanchez1, 
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. In 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, i t s 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 w i l l 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 

1Current address: Aluminum Company of America, Alcoa Center, PA 15069 

This chapter not subject to U.S. copyright 
Published 1988 American Chemical Society 
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9. CHANG ET AL. Aspects of Migration of Package Components to Food 107 

models o f t h e d i f f u s i o n o f m i g r a n t f r o m f o o d p a c k a g i n g m a t e r i a l : t h e 
s i m p l e F i c k i a n d i f f u s i o n w i t h f i x e d b o u n d a r y c o n d i t i o n s , d i f f u s i o n 
i n a m a t e r i a l w h i c h i s s w e l l i n g , t h e e f f e c t o f s t a g n a n t l a y e r due t o 
low s o l u b i l i t y o f m i g r a n t i n t o f o o d o r f o o d s i m u l a n t , and q u i e s c e n t 
m i g r a t i o n i n t o u n s t i r r e d o r v i s c o u s medium. 

S o l u t i o n f o r a n o r m a l F i c k i a n d i f f u s i o n p r o c e s s w i t h s i m p l e 
b o u n d a r y c o n d i t i o n s , as t h e m i g r a n t m i g r a t e s f r o m a p l a n e s h e e t i n t o 
a s t i r r e d l i q u i d , was s o l v e d l o n g ago [1]. The n u m e r i c a l e v a l u a t i o n 
o f t h e s o l u t i o n g e n e r a l l y depends on s e r i e s e x p a n s i o n s and c o n v e r g e s 
v e r y s l o w l y f o r e a r l y t i m e s o r s m a l l amounts o f m a t e r i a l m i g r a t i n g . 
To s i m p l i f y t h e c o m p u t a t i o n a l p r o c e d u r e , v a r i o u s s p e c i a l c a s e s were 
s e t u p w i t h l i m i t e d r a n g e s o f a p p l i c a b i l i t y . W i t h t h e r e a d y 
a v a i l a b i l i t y o f p e r s o n a l c o m p u t e r s , i t i s a l m o s t as c o n v e n i e n t t o 
compute t h e g e n e r a l s o l u t i o n n u m e r i c a l l y w i t h o u t h a v i n g t o w o r r y 
a b o u t t h e l i m i t a t i o n s imposed b y t h e s e s p e c i a l b o u n d a r y c o n d i t i o n s 
and t h e i r r a n g e s o f a p p l i c a b i l i t y . A f o r m o f n u m e r i c a l p r o c e d u r e 
f o r t h e s o l u t i o n o f t h e F i c k i a n d i f f u s i o n a p p l i c a b l e t o a w i d e r a n g e 
i s shown i n t h i s p a p e r . 

F o r t h e d i f f u s i o n o f s m a l l m i g r a n t m o l e c u l e s f r o m a p o l y m e r 
i n t o a s o l v e n t , o r v i c e v e r s a , t h e r e a r e o f t e n d e v i a t i o n s f r o m t h e 
above d e s c r i b e d n o r m a l b e h a v i o r . T h i s i s due l a r g e l y t o t h e 
s o l v e n t / p o l y m e r i n t e r a c t i o n i n t h e i n i t i a l s t a g e , w h i c h l e a d s t o a 
s w o l l e n p o l y m e r . The i n i t i a l s t a g e i s d e s c r i b e d b y a s m a l l e r 
d i f f u s i o n c o e f f i c i e n t w h i c h i s a r e s u l t o f l i t t l e o r no s o l v e n t 
c o n t e n t i n t h e p o l y m e r . A t l a t e r t i m e s t h e d i f f u s i o n c o e f f i c i e n t 
i n c r e a s e s t o a h i g h e r v a l u e when t h e p o l y m e r i s s w o l l e n b y t h e 
s o l v e n t i n c o n t a c t . A model i s g i v e n w h i c h shows t h a t t h e change i n 
t h e d i f f u s i o n c o e f f i c i e n t as a f u n c t i o n o f t i m e f o l l o w s c l o s e l y t h e 
movement o f t h e s o l v e n t f r o n t i n t h e p o l y m e r . 

I n t h e c a s e o f low s o l u b i l i t y o f t h e m i g r a n t i n t h e s o l v e n t , 
t h e r a t e o f m i g r a t i o n may be c o n t r o l l e d b y a t h i n s t a g n a n t l a y e r o f 
s o l v e n t n e a r t h e p o l y m e r s u r f a c e . T h i s s t a g n a n t l a y e r g e n e r a l l y 
g i v e s an i n i t i a l m i g r a t i o n b e h a v i o r w h i c h i s a p p r o x i m a t e l y l i n e a r l y 
p r o p o r t i o n a l t o t h e t i m e , i n s t e a d o f t o t h e s q u a r e - r o o t o f t i m e as 
i n n o r m a l F i c k i a n d i f f u s i o n b e h a v i o r . 

I n some i n s t a n c e s , where t h e s o l v e n t i s n o t s t i r r e d o r i s 
h i g h l y v i s c o u s , a q u i e s c e n t m i g r a t i o n phenomenon i s f o u n d t o depend 
on t h e d i f f u s i o n c o e f f i c i e n t o f t h e m i g r a n t i n t h e s o l v e n t . 

A c o m b i n a t i o n o f t h e s e c a s e s i s t h e n p o s s i b l e t o t r e a t most 
d i f f u s i o n c a s e s e n c o u n t e r e d i n t h e a d d i t i v e m i g r a t i o n b e h a v i o r . 

N o n - i n t e r a c t i n g S ystems-Normal F i c k i a n B e h a v i o r 

F o r a n o n - i n t e r a c t i n g s y s t e m , t h e d i f f u s i o n o f a m i g r a n t b e t w e e n a 
l a r g e p l a n e s h e e t ρ o f p o l y m e r o f t h i c k n e s s L o r 2i and s t i r r e d 
l i q u i d s o f f i n i t e volume V s , t h e most w i d e l y u s e d s o l u t i o n [1,2] 
f o r t h e F i c k i a n s e c o n d l a w , dC/dt =Od2C/dx2 , i s i n t h e f o r m o f : 

~ 1 n i l l + a + a 2 q n
z * ( 1 ) 

where a = Ms/Mp = V s / K V p , t h e p a r t i t i o n c o e f f i c i e n t Κ = C p/C s a t t-*» 
( a s s u m i n g t h a t t h e p o l y m e r and t h e l i q u i d have t h e same d e n s i t y ) and 
t h e r e d u c e d t i m e Τ = D t / i 2 . M, V and C denot e t h e amount, volume 
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108 FOOD AND PACKAGING INTERACTIONS 

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 Κ times that in the solution. The 
rate at which the solute leaves the sheet is always equal to that at 
which i t enters the solution. The solution for the non-zero 
positive roots, q n, of 

tan q n = -aqn (2) 

lies between ηπ when a=0 and (η-1/2)π when a=«. At a«l, 

q n - ηπ/(1+α) (3) 

For other values of a, 

q n ~ [η - α/2(1+ο)]π (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 n 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 Τ - 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<1 and a<100, the approximate solution [2]: 

Μ,,/Μ. = (1+α) [1 - e T / a 2 erfcCT 1 1 2 / a ) ] 

or i t s rational approximation for the error function [3] 

Mt/d-HOM. = 1 " n j ^ r * (5) 

where r=l/(l+0.3275911 T 1 / 2 / a ) , a1=0.254829592, a2=-0.28449636, 
a3=1.421413741, aA=-l.453152027, a5=l.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 o r * » , complete migration or migration into an in f i n i t e bath 
is expected, Equation (1) may be reduced to a function of Τ only, 
without the influence of partitioning 

Mt/H. = 1 - 2 1 — 2 e " q n 2 T 
t n=l q n

2 

where q n = (η-1/2)π. At T<0.2 or Mt/M^O.5, Mt/M,,, is linearly 
related to T 1 / 2 : 

Mt/M. = 2(Τ/π) 1 7 2 (6) 
For f i n i t e α 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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9. CHANG ET AL. Aspects of Migration of Package Components to Food 109 

applicability. A combination of Equation (5) at T<1 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 MQ = Mp + Ms and M^/Mq = 
α/(1+α), the amount migrated can be related to the total amount of 
migrant in presence instead of the equilibrium amount migrated at 
in f i n i t e time, thus Mt/MQ = (Mt/M^)[α/(1+α)]. Amount migrated per 
unit area is another expression commonly used in migration studies, 
such that Mt/A = LCQ (Mt/M0). 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 s t r i c t l y be 
followed [4], by eliminating the influence of the variance due to 
solvent/polymer interaction. After the polymer is f i r s t 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 
1 4C-labeled n-octadecane from branched or low-density polyethylene 
into unlabeled n-octadecane at 30°C, which follows s t r i c t l y 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 a l . [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 a l . Mathematical modeling 
which we w i l l follow w i l l be used to relate the experimentally 
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110 FOOD AND PACKAGING INTERACTIONS 

0.011 ι ι ι ι 11 n l ι ι ι ι 11 •»! ι ι ι ι 11 n i 1 — ι ι ι 111 il 

0.01 0.1 1 10 100 

Time / Hour 

Figure 1. Migration of n-octadecane from branched polyethylene 
into n-octadecane at 30°C. 

1 ρ — ι ι ι I I I I I | — ι ι ι i n i i |— ι ι ι m i i | — τ τ τ 

0.001 I i l l mill I ι ι ι mill ι ι ι nntl ι ι ι mnl I I I mill 
0.01 0.1 1 10 100 1000 10000 

Time / Hour 

Figure 2. Migration of n-octadecane from polypropylene into 
ethanol at 30 °C. 
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9. CHANG ET AL. Aspects of Migration of Package Components to Food 111 

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 w i l l not be derived. Rather i t 
w i l l be taken as a known and the diffusion equation for loss of the 
additive w i l l 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 Q , we have the normal diffusion equation with an 
effective diffusion coefficient, D2, as estimated from the McCrackin 
work 

dC/dt = D2d2C/3x2 

with C = 0 at χ = 0 for t<t Q. 
For times greater than t D , we propose a moving boundary problem 

which is defined as 

dC/dt = Oid2C/dx2 

with D = Dx at x<S and D = D2 at x>S, where D2 is the effective 
diffusion coefficient, ΐ>1 is the diffusion coefficient in the 
swollen medium, S is the position of the boundary between the two 
diffusion coefficients and the velocity, υ, of the interface 

S = u(t-t Q) 

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 d i f f i c u l t to solve. 
Analytically few diffusion equations with a moving boundary 
conditions have been solved. Numerically the solutions of moving 
boundary diffusion equation show strong i n s t a b i l i t i e s . We have been 
able to solve i t in what we c a l l an "adiabatic" approximation. In 
this solution the problem is solved as i f the boundary at S were 
fixed in time and we obtain M(t,S) at the boundary of interest. We 
then let S=ut and then compute the M(t,ut). 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 a l . The change in effective 
diffusion coefficients seems to be correct but the range of data 
need to see both t 1 1 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 d i f f i c u l t 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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112 FOOD AND PACKAGING INTERACTIONS 

1 0 ' 

T i m e / H o u r s 

Figure 3. Mass loss in swollen systems. Dx = 16x10"10 cm2/s, 

Time lag = 0 s 
Solvent Front Velocity: Α, ΙΟ"5; Β, 10"6; C, 10"7; 
D, 10"8 cm/s 

10"' 

10"' 

10 

10* ni ι ι t 111 nl ι ι mini ι ι 11 mil | I lllllll 1 I 1 111111 L 

1 0 " A 10-3 10 -2 0.1 1 

T i m e , H o u r s 

10 1 0 0 

Figure 4. Mass loss in swollen systems. Ώλ = 16x10"10 cm2/s, 
D2 = 10" 1 0 cm2/s 
Time lag = 60 s 
Solvent Front Velocity: Α, ΙΟ"5; Β, 10"6; C, 10"7; 
D, 10"8 cm/s 
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9. CHANG ET AL. Aspects of Migration of Package Components to Food 113 

s e c o n d t i m e l a g . C l e a r l y t h i s s h a r p e n s up t h e d a t a and g i v e s a 
b e t t e r s h a p e d c u r v e t h a n s e e n i n F i g u r e 3. 

We a r e c u r r e n t l y e x p l o r i n g t h e n u m e r i c a l s o l u t i o n s t o t h i s 
p r o b l e m and improvements on t h e model. 

B o u n d a r y L a y e r L i m i t e d M i g r a t i o n 

I n m i g r a t i o n e x p e r i m e n t s w i t h s o l v e n t a g i t a t i o n , d i f f u s i o n o f t h e 
m i g r a n t i n t h e p o l y m e r i s u s u a l l y assumed t o be t h e r a t e d e t e r m i n i n g 
s t e p . T h i s i s n o t t h e o n l y p o s s i b i l i t y . F o r example, i f t h e 
s o l u b i l i t y o f t h e m i g r a n t i n t h e f o o d o r f o o d s i m u l a t i n g s o l v e n t i s 
l i m i t e d , d i f f u s i o n t h r o u g h a r e l a t i v e l y s t a g n a n t b o u n d a r y l a y e r o f 
s o l v e n t i s may become r a t e d e t e r m i n i n g . The c o n c e n t r a t i o n p r o f i l e 
f o r t h e b o u n d a r y l a y e r l i m i t e d d i f f u s i o n i s as f o l l o w s . The 
c o n c e n t r a t i o n s o f t h e a d d i t i v e C p and C s i n t h e b u l k o f t h e p o l y m e r 
and i n t h e s o l v e n t a r e assumed t o be c o n s t a n t i r r e s p e c t i v e t o t h e 
d i s t a n c e f r o m t h e i n t e r f a c e and t h e s t a g n a n t l a y e r a t any t i m e . 

A t t h e b o u n d a r y , x = 0 , b e t w e e n p o l y m e r and s o l v e n t , we assume a 
p a r t i t i o n e q u i l i b r i u m t o e x i s t , s u c h t h a t C p = KC S 0 , as d e f i n e d 
p r e v i o u s l y . 

A n e c e s s a r y b u t n o t s u f f i c i e n t c o n d i t i o n f o r t h e above 
c o n c e n t r a t i o n p r o f i l e t o p r e v a i l i s f o r t h e d i f f e r e n c e i n a d d i t i v e 
c o n c e n t r a t i o n b e t w e e n t h e b u l k s o f p o l y m e r and s o l v e n t , C p - C s, t o 
be v e r y l a r g e compared t o t h e c o n c e n t r a t i o n d i f f e r e n c e a c r o s s t h e 
b o u n d a r y l a y e r , C p/K - C s . T h i s c o n d i t i o n p r e v a i l s when K » l and we 
c a n a p p r o x i m a t e t h e c o n c e n t r a t i o n g r a d i e n t a c r o s s t h e b o u n d a r y i s as 
a l i n e a r g r a d i e n t . 

By F i c k ' s f i r s t l a w ( f l u x i s p r o p o r t i o n a l t o t h e c o n c e n t r a t i o n 
g r a d i e n t ) , t h e r a t e a t w h i c h t h e m i g r a n t m i g r a t e s t o t h e s o l v e n t i s 
g i v e n b y 

where D s i s t h e d i f f u s i o n c o e f f i c i e n t o f t h e m i g r a n t i n t h e s o l v e n t 
b o u n d a r y l a y e r . The f a c t o r o f 2 a p p e a r s b e c a u s e d i f f u s i o n o c c u r s 
f r o m b o t h s i d e s o f t h e p o l y m e r s h e e t o f t h i c k n e s s L. 

By t h e u se o f t h e f o l l o w i n g r e l a t i o n s : 

and p r e v i o u s l y d e f i n e d r e l a t i o n s , now Eq. (7) c a n be r e w r i t t e n as 

dM t / d t = 2 A D s ( C p / K - C s ) / i s (7) 

C p = ( M Q - M t ) / V p 

ά(Κ/Κ>) = 2D^ 
M* d t κ ϋ β 

w h i c h h a s t h e s o l u t i o n 

Mt/M* = 1 (8) 
where 

° K i i s M* (9) 
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114 FOOD AND PACKAGING INTERACTIONS 

At short times where at«l, we have to a good approximation 
Mt/M. = at 

or 
Mt/M0 = 2(D./Kii,)t 

That i s , Mt is i n i t i a l l y linear in time. 
A good procedure for determining σ in Equation (8) is to plot 

In (l-Mt/Μφ) against t. The slope of this plot is equal to -σ. In 
Figure 5, migration data for values less than 0.9 of n-C 1 8H 3 8 

from linear polyethylene into a 50/50 ethanol/water mixture at 60°C 
are plotted in this manner. From the slope, we obtain σ=0.0002s"1. 
For this system we approximate that Κ = 1000, L = 0.07 cm, =0.18 
and Ds = 9x10"6cm2/s and thus we find from Equation (9) that &s is 
about 70 μπι. The diffusion coefficient Ds 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 Ιηζΐ-Μ^Μ^) 
against t for the migration of radiolabeled n-C 1 8H 3 8 from linear 
polyethylene into non-labeled n-C 1 8H 3 8 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 w i l l be important 
in an unstirred solvent or when the food stuff is a solid or viscous 
liquid. 

Consider an ideal system of an i n f i n i t e l y thick polymer in 
contact with an infini t e 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 

where μ = (D s/D p) 1 1 2/K. 

By integrating the flux across the plane at x=0 
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9. CHANG ET AL. Aspects of Migration of Package Components to Food 115 

0.11 ι ι ι I 
0 1.0 2 . 0 3 . 0 

T i m e / H o u r s 

Figure 5. Migration n-octadecane from linear polyethylene into 
50/50 ethanol/water mixture at 60 °C 

0.1 I I I I I I I I 
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 

Time/Hours 

Figure 6. Migration of n-octadecane from linear polyethylene 
into n-octadecane at 30 °C 
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116 FOOD AND PACKAGING INTERACTIONS 

up to time t, the amount of additive, Mt, that w i l l have crossed 
the plane at x=0 and of cross-sectional area A is 

u Dt 1 / 2 

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 in f i n i t e l y thick, a l l that is really 
required is for L »jOt. Therefore, for sufficiently thick polymer 
sheets, since C0 = MQ/AL, we have 

u Τ 1 / 2 

Mt/M0 = 2 ( ^ ) <£-) (10) 

For f i n i t e sheets for which Ζ < Jut and/or f i n i t e solvent 
amounts, Equation (10) w i l l slightly overestimate the amount of 
migration; thus, Equation (10) is always a conservative measure of 
quiescent migration. 

Notice that at μ«1, 

^/HQ = 2 ( D s t / 7 r i 2 ) 1 ' 2 / K . 

The result for μ » 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 0L2, 

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. 
Di s t i l l a t i o n , 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, d i s t i l l a t i o n 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 i t s f l e x i b i l i t y , workability and stretchability. 
Generally, they are of low v o l a t i l i t y and must be compatible with 
the polymers in which they are used. Some of the common PEs are 
lis t e d in Table I. This l i s t i n g 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 

0097-6156/88/0365-0118S06.00/0 
Published 1988 American Chemical Society 
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10. P A G E Analytical Methods for Phthalate Esters in Foods 119 

Table I. Common Phthalate Esters and Their Abbreviations 

Structure Ester Abbreviation 

dimethyl DMP 
diethyl DEP 
di(n-butyl) DNBP 
diisobutyl DIBP 
d i a l l y l DAP 
diisohexyl (M) DIHP 
dicyclohexyl DCHP 
diphenyl DPP 
di(n-octyl) DNOP 
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 i t s 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 plast i 
cizers in the manufacture of food-packaging materials (for foods of 
high water content only) and are li s t e d 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 uses. 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 i t s use. Some of the permitted food uses for DEHP-
plasticized PVC in the U.S. are produce wrap; bottle cap or l i d 
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 i t is now l i t t l e used. 

Diethylhexyl adipate (DEHA), a plasticizer not based on 
phthalic acid, has also been cleared under Sec. 178.3740 of the CFR 
and is currently the most widely used plasticizer for food 
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120 FOOD AND PACKAGING INTERACTIONS 

packaging. DEHA is used principally as a plasticizer in PVC- and 
polyvinyl idene 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. 
Fir s t l y , 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 i t s 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? Is the 
migrating packaging component distributed homogeneously throughout 
the food or is i t 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 i t s extensive use as a plasticizer for non-food 
contacting PVC. This was recognized in the I960's and became the 
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10. PAGE Analytical Methods for Phthalate Esters in Foods 121 

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 a l l 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 

Tubing - latex 4 
- polyethylene 0.8 

Cork 6 
Glass wool 1,4 0.8 
F i l t e r paper 0.6 5 
Extraction thimble 1.3 500 
Chromatography paper 2.3 100 
Tissue 42 
Aluminum f o i l 0.3-4.9 0.1-1.6 
Screw cap 0.7 25 
Teflon sheet 0.4 

ng/g 
S i l i c i c acid 1000,2400 200,600 
Alumina 45 42 
F l o r i s i l 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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122 FOOD AND PACKAGING INTERACTIONS 

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 vo l a t i l i z a t i o n from 
plasticized PVC, probably accounting for i t s 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 a l l the reagents, materials and equipment 
used in the determination as well as that of the laboratory 
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 pla s t i 
cizers, background contamination is not a major problem. The study 
of migration from the package to the food also requires careful 
procedural controls, especially i f 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 be 
sufficiently pure for use. Diethyl ether, however, required 
d i s t i l l a t i o n just before use. Water was purified by extraction. 
Inorganic salts and F l o r i s i l were heated and stored at 320° before 
use. Glassware, because of i t s 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 f o i l . A l l other equipment and aluminum f o i l were heated 
at 320°C for 10 h before use. Glassware and equipment were covered 
with clean aluminum f o i l 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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10. PAGE Analytical Methods for Phthalate Esters in Foods 123 

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 
l i s t i n g 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 a l l 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 v o l a t i l i t y 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 
l i p i d extraction step, a liquid-liquid partition and/or a column 
cleanup step, and a f i n a l 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 i f the analyte concentration, e.g. in /ig/g, is 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/dm2 of migrating packaging component. The extrac
tion step w i l l depend upon the food analyzed. In recent years 
concerns over the migration of DEHP from food-contacting p l a s t i 
cized resins, e.g. milk transport tubing, to milk or milk products 
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124 FOOD AND PACKAGING INTERACTIONS 

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 f i l t e r e d 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 l i p i d 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 l i p i d material in 
hexane is directly applied to a 2% water-deactivated F l o r i s i l 
column. Sequential elution with hexane, increasing percentages of 
dichloromethane in hexane, increasing percentages of ethyl acetate 
in hexane, and fi n a l l y 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 i n i t i a l fat 
sample greater than 1 g on the F l o r i s i l column described above, a 
preliminary acetonitrile (AN)-hexane partition is necessary to 
reduce the l i p i d content of the sample. Thus, 3-4 g of the 
isolated fat in 40 mL of hexane is extracted with 4 χ 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 F l o r i s i l cleanup as described above. The equivalent FDA 
procedure is described in 211.14a (petroleum ether-acetonitrile 
partition) followed by F l o r i s i l chromatography (211.14d). 

The F l o r i s i l column w i l l 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 w i l l 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 l i p i d material from 
pesticides and PCBs. However, neither government publication 
includes data for the PEs. After GPC further fractionation on a 
F l o r i s i l 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 
f i n a l step w i l l be considered after a discussion of Figure IB. 
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10. P A G E Analytical Methods for Phthalate Esters in Foods 125 

Liquid- Liquid 
Partition 

I FLORISIL I 

I DETERMINATION by GC-MS or GC^EC | 

Figure 1. Example of Pesticide Procedures Applied to Phthalate 
Ester Determinations in A, Fatty Foods and B, Non-Fatty Foods. 
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126 FOOD AND PACKAGING INTERACTIONS 

Figure IB 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 
F l o r i s i l 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 F l o r i s i l column chromatography (PAM 
211.14d) and GC-EC or GC-MS. 

In a l l the above procedures, care must be taken to avoid loss 
of the PEs, especially those of greater v o l a t i l i t y , 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 l i s t s 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, OV-101, OV-17, and 0V-225, 
represent non-polar (methyl silicone), moderately polar (50% methyl 
50% phenyl silicone) and f a i r l y highly polar (25% cyanopropyl 25% 
phenyl 50% methyl silicone) columns, respectively. Since about 
1980, when the f i r s t fused s i l i c a 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 lis t e d 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 /xm film), DB-17 (0.25 μπι film) and DB-225 (0.25 μια 
film) phases, respectively. Each column was 15 m χ 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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PAGE Analytical Methods for Phthalate Esters in Foods 127 

Figure 2. Gas Chromatograms of Phthalate Esters on A, DB-5; 
B, DB-17; and C, DB-225 Capillary Columns. See text for 
details. 
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128 FOOD AND PACKAGING INTERACTIONS 

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 sta b i l i t y , 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 l i t t l e 
concern as the F l o r i s i l chromatographic cleanup easily separates 
the nonpolar PCBs from the relatively polar PEs. Some pesticides 
w i l l also be separated from the PEs by the F l o r i s i l cleanup. Again 
the resolving power of the capillary column and the use of columns 
of different polarity w i l l 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 i t 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 f l a t 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 lOx 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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10. PAGE Analytical Methods for Phthalate Esters in Foods 129 

Ο 
II 

fO-H m/z 149 

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 i s , therefore, highly desirable even with GC-MS 
detection. 

Alternate Procedures 

As described earlier, the ubiquitous 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, i t 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 w i l l remain the same for most 
procedures. 

Steam D i s t i l l a t i o n . Steam d i s t i l l a t i o n has been used to replace 
the extraction and/or partitioning steps outlined in Figure 1A and 
IB. Such a procedure, using a modified apparatus originally 
designed to determine essential o i l s , has been described by 
Maruyama et a l . (11) for the determination of PEs in foods. In 
their procedure 2 g butter, margarine or vegetable o i l or 20 g of 
non-fatty food in a d i s t i l l i n g flask are continuously refluxed in 
100 mL of water. The aqueous d i s t i l l a t e , containing trace PEs, 
condenses in the special d i s t i l l i n g head, passes through 4 mL of 
heptane and returns to the flask. This 2 h d i s t i l l a t i o n separates 
the PEs from the nonvolatile sample material. Most common organo-
chlorine pesticides except for some of the pesticide metabolite 
ρ,ρ'-DDE are removed during reflux by the addition of 50 mg of zinc 
powder to the flask. The PCBs and some ρ,ρ'-DDE are recovered in 
the heptane. They are then separated from the PEs in the heptane 
by the addition of 0.5 g F l o r i s i l which absorbs the phthalates. 
The supernatant heptane, containing the PCBs and organochlorine 
pesticides including the ρ,ρ'-DDE metabolite, is removed and the 
F l o r i s i l rinsed with 4 mL hexane. 4 mL of an internal standard in 
acetone is added to recover the PEs from the F l o r i s i l for GC-EC 
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130 FOOD AND PACKAGING INTERACTIONS 

determination. For the higher molecular weight PEs such as DEHP, 
i t was necessary to add glycerol malate ester to f a c i l i t a t e the 
dispersion of oil s and fats in the water and obtain good 
recoveries. The main advantages of the described steam d i s t i l l a 
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, F l o r i s i l and other chemicals are required. 
If desired, the d i s t i l l a t i o n 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. D i s t i l l a t i o n extracts, unlike those 
from simple extractions, w i l l not contain non-volatile components, 
which could remain on the GC column. The main disadvantages are 
the 2 h d i s t i l l a t i o n time and the requirement for a custom d i s t i l 
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 
F l o r i s i l fractionation, but with reduced F l o r i s i l and solvent 
requirements. A preliminary extraction to isolate the fat may be 
required. As l i p i d material is necessary for the proper operation 
of the SCD, blank l i p i d material such as vegetable o i l could be 
added to extracts of non-fatty foods i f 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 b r i e f l y described with reference to Figure 3. Up to 10 of these 
all-glass fractionation tubes with attached F l o r i s i l traps can be 
accommodated in the thermostatted heated block of the Unitrex 
apparatus. Nearly a l l 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 fi n a l l y out through the F l o r i s i l 
sodium sulfate trap. 1.14 mL (1.0 g) of fat or o i l , l i q u i f i e d by 
heating i f necessary, is injected through the septum into the 
central tube. The l i p i d material passes down the inner tube and up 
the outer tube where the nitrogen flow spreads the l i p i d material 
over the surfaces of the glass beads and the inner and outer walls 
of the fractionation tube. The large surface area of the l i p i d 
allows a rapid transfer of the analyte between the gas and liquid 
phases. The volatilized pesticides, PCBs and PEs are then 
collected in the F l o r i s i l sodium sulfate trap. The SCD apparatus 
acts as a crude isothermal gas chromatograph with a mainly-trigly
ceride liquid phase, the analyte being i n i t i a l l y 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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INJECT 

Figure 3 . Sweep Codistillation Fractionation Tube and Trap. 
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132 FOOD AND PACKAGING INTERACTIONS 

nitrogen flow of 230 mL/min and a tube temperature of 250°C. After 
d i s t i l l a t i o n the F l o r i s i l trap is removed and an eluting reservoir 
attached. The PCBs and organochlorine pesticides are eluted f i r s t , 
followed by the PEs. The 1 g of F l o r i s i l in the trap requires 10 
mL of the appropriate eluant. 

In summary, SCD rapidly and effectively separates the volatile 
phthalates from the non-volatile l i p i d s . With the Unitrex system, 
10 samples can be d i s t i l l e d simultaneously over 30 min. Typically, 
from 1 g of animal fat, only 1-2 mg of l i p i d material d i s t i l l s 
(12) . SCD requires 1 g of F l o r i s i l 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 i t 
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 l i p i d material using GPC was f i r s t reported by 
Stalling (14). Burns et a l . (15) later carried out a detailed 
study on a similar separation of fish lip i d s , four PEs, some common 
organochlorine pesticides and PCBs using a 32 χ 2.5 cm column of 
BioBeads SX-3. Typically, <0.5 g of l i p i d is eluted with methylene 
chloride :cyclohexane (1:1); the lipids elute in the f i r s t 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 l i p i d coeluted with the 
PEs, subsequent sulfuric acid-impregnated alumina column cleanup 
was necessary to obtain interference-free extracts. The PEs were 
a l l 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 
l i p i d 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 l i p i d materials can advantageously replace the 
liquid-liquid partition step and the F l o r i s i l cleanup of Figure 1. 
Automated systems, which can sequentially process more than 20 
0.5 g l i p i d 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 o i l 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 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 9
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
36

5.
ch

01
0
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Figure 4. HPLC Chromatograms of Phthalate Esters on Supelcosil 
RP-18 by Gradient Elution. See text for details. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 9
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
36

5.
ch

01
0



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 χ 4.6 mm i . d . 
Supelcosil LC-18 column using a non-linear 0 to 100% acetonitri le 
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 v o l a t i l i t y 
and the polarity decrease giving longer retention times for GC and 
HPLC, respectively. 

Supplementary Cleanup and Confirmation. Cleanup of the extract is 
indicated i f the PE peaks detected by GC-EC are obscured by co-
eluting sample components. Column chromatography on alumina (15) 
or F l o r i s i l (17) may be used to reduce such interferences. Part i 
t ion 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 useful 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 l imits 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 codi s t i l la t ion , GPC, HPLC and 
possibly steam d i s t i l l a t i o n , should be studied in more deta i l . 
Supplementary cleanup and confirmation steps improve detection and 
r e l i a b i l i t y . GC-EC or GC-MS is normally used for quantitation. 
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Chapter 11 

Recent Advances in 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 i t s 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, i t i s possible to measure parts per 
b i l l i o n levels in the polymer and to determine parts per t r i l l i o n 
levels in the food-simulating solvents. Some of the more recent 

This chapter not subject to U.S. copyright 
Published 1988 American Chemical Society 
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11. HOLLIFIELD ET AL. Advances in Analytical Methods for Migrants 137 

developments include (a) a new migration c e l l 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. L i t t l e 
to assess the suitability of traditional food simulants such as 
water, 3% acetic acid, heptane, and corn o i l (2). That same year 
the National Bureau of Standards (NBS) entered into an interagency 
agreement with FDA to investigate the factors controlling migration 
03). 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 c e l l 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 i t s own evaluation 
of the new c e l l (4·) . A new BASIC computer program was used to f i t 
the observed migration data to the proposed mathematical model. The 
c e l l 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 v o l a t i l i t y of styrene is high enough to be used to evaluate the 
integrity of the c e l l . 

The migration c e l l is illustrated in Figure 1. It consists of 
a 23-mL glass screw-cap v i a l and polymer discs on a rack assembly. 
The vials are f i l l e d with the desired test solvent and sealed with 
the Miniert Teflon cap containing a slide valve that permits 
repeated sampling and resealing. Each v i a l 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 c e l l 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 d r i l l e d 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 c e l l s , with water at 
40°C as the contact solvent. The solvent in each c e l l 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 c e l l technique. 
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138 FOOD AND PACKAGING INTERACTIONS 

Styrene migration into the FSL was monitored by reversed-phase 
HPLC. A 5-ym Cg Zorbax column interfaced with a fixed wavelength 
(254 nm) UV detector was employed. A mobile phase of 75% 
acetonitrile in water at a flow rate of 1 mL/min proved adequate to 
separate styrene from a l l interferences. Analysis of a l l 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-ym Cg 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 f i r s t , i t permits direct injection 
of oily as well as aqueous FSL. Oily 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 o i l ; heptane; 
hexadecane; decanol; and 3% acetic acid. The migration cells were 
periodically sampled (25 yL), and the concentration of styrene 
was determined by external calibration. The limit of 
quantitation of the procedure is 10 yg styrene/L. Styrene 
migration, expressed as yg/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 o i l , and HB-307. Figure 2 reveals that 
varying the ethanol concentration from 0 to 50% 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. L i t t l e . For example, by f i t t i n g 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 i s , 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 infini t e 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: 

M̂  = 2C (D t/7T) 1 / 2 (1) t ρ ρ 
where M = migration, yg/sq. cm; t = time, s; D = d i f f u s i o n 
coefficient in the polymer, sq. cm/s; and C = i n i t i a l concentration 
in the polymer, yg/cu. cm. However, f o r loRger periods of time, an 
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11. HOLLIFIELD ET AL. Advances in Analytical Methods for Migrants 139 

SUPPORT STAND ASSEMBLED CELL 

VALVE / C A P 

— PLASTIC DISC 

G L A S S BEAD 

WIRE 

Figure 1. Migration c e l l consisting of polystyrene discs, glass 
beads, copper wire, 23-mL glass v i a l , and valve cap. (Reproduced 
with permission from Ref. 4. Copyright 1985 J. Assoc. Off. Anal. 
Chem.) 

1 2 . 5 - ! 
50% ethanol 

2.5 

hexadecane 

3% acetic acid 

SQUARE ROOT TIME (SECONDS) 

Figure 2. Styrene migration (yg/sq. cm)/£ug/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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140 FOOD AND PACKAGING INTERACTIONS 

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, thlrefore, be treated as having a 
fini t e 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 
(5,6): 

z2 
M = C aK(l - e erfc Z) (2) t Ρ 

where . 
Ζ = (D t ) ± / Z / a K Ρ 

oo 

erfc = 2/( T T ) 1 / 2 f e" U du 

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 a l l result in deviations 
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 i f the food simulant is a solid or 
very viscous. In our work a l l were nonviscous liquids and migration 
could be modeled by either Equation 1 or 2. Calculated D and Κ 
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 interval!. Also, the Κ value between polymer and 
solvent must be known. If an accurate Κ value i s 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 
90% of the equilibrium value on the basis of the values of D and Κ 
ultimately determined. ^ 

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. ¥he program, described in detail in 
reference (4), is used to calculate both D and Κ values that f i t 
the linear l i n e - f i t curve generated by a g?ven set of migration data 
to within a 98% f i t . On the basis of the slope of this curve and 
the calculated D and Κ values, i t is possible to extrapolate 
predicted analytl concentrations i f migration continues for extended 
times. Thus, shelf l i f e and equilibrium miration can be predicted. 

Table I shows an average D of 3 χ 10 sq. cm/s for styrene 
from crystalline polystyrene, except for 50 and 100% ethanol. This 
value is in good agreement with D values reported by others. The 
D values calculated for 50 and ΐ8θ% ethanol are not considered the 
true "inherent D 11 values but rather the "effective" diffusion 
coefficients and Preflect a greatly increased diffusion rate due to 
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11. HOLLIFIELD ET AL. Advances in Analytical Methods for Migrants 141 

Table I. Styrene Diffusion Coefficients and Partition 
Coefficient from Polystyrene at 40°C 

Solvent 
-13 D

E
b 

(x 10 sq. cm/s) - i ^ D C 

(x 10 Iq. cm/s) 
K 

(x 10 ~) 
Water 1 1-3 °-3d 3% Acetic acid 1 2 °-3d 8% Ethanol 2 2 °-5d 20% Ethanol 4 7 1.4d 

50% Ethanol 12 30 30 
100% Ethanol 50 150 170 
Corn o i l 3 2 5 
HB-307 4 7 1 
Hexadecane 3 3 65 
Decanol 3 3 4 

^Reprinted 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 f a i r l y rapid means of checking the Κ 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. L i t t l e , and the Indirect Additives Laboratory have given FDA a 
solid foundation for evaluating the consistency and probable 
r e l i a b i l i t y of submitted petition data. There is greater confidence 
in the r e l i a b i l i t y 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.; H o l l i f i e l d , H. C , in preparation). The 
procedure combines the sensitivity and repeatability of automated 
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142 FOOD AND PACKAGING INTERACTIONS 

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 f o r t i f y test samples. Flame 
ionization detection (FID) chromatograms of milk and fo r t i f i e d 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. fo r t i f i c a t i o n levels for the 
determination of their concentrations. 

In addition to the concentration of each component, a 
s t a t i s t i c a l evaluation of the data is also given. The correlation 
coefficient, standard deviation, 95% confidence interval, and lower 
limit of reliable measurement are calculated for each set of data. 
These factors provide an indication of the precision and r e l i a b i l i t y 
of the determination. Raw data are archived on floppy 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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11. HOLLIFIELD ET AL. Advances in Analytical Methods for Migrants 143 

•4r 

01 ι ι ι ι ι ι 1 1 1 1 

0 1 2 3 4 5 6 7 8 9 18 
RETENTION TIME (MINUTES) 

Figure 3. FID chromâtograms 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; Β = for t i f i e d milk. 
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144 FOOD AND PACKAGING INTERACTIONS 

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 — 

Response factors (RF) represent microvolts response/ppb analyte 
added to 2 mL deionized water. Relative response factor ratio = 
(RF megabore/RF normal bore). 
LRM = Limit of reliable measurement; at the 95% confidence level, 
i t i s approximately 1.96 sigma (standard error of the regression 
line ) . 

to monitor vinyl chloride in polyvinyl choloride polymers at low 
parts per b i l l i o n levels (8). Although this approach has parts per 
t r i l l i o n sensitivity, i t 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; i t can be automated and has a sensitivity approaching this 
level (9). A s t a t i s t i c a l evaluation of the existing data supporting 
this method raises some questions as to i t s r e l i a b i l i t y at the low 
parts per b i l l i o n range. The method sensitivity appears to vary 
with the polymer matrix analyzed. This method is presently under 
réévaluation using various polyvinyl chloride (PVC) polymers to 
unambiguously determine i t s sensitivity and r e l i a b i l i t y . 

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 f i r s t 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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11. HOLLIFIELD ET AL. Advances in Analytical Methods for Migrants 145 

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 f e r t i l e s o i l 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 w i l l c a l l 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 environmental 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 n i t r i t e 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 o f f i c i a l s 
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 
Published 1988 American Chemical Society 
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12. SEN Migration & Formation of Ν-Nitrosamines 147 

are the source of the nitrosatable amines or amine derivatives. The 
concern, here, appears to be three-fold. F i r s t , 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) n i t r i t e . 

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 
products including 
waxed papers 

Used for packaging 
dry as well as moist 
foods 

NMOR 

Liquid waxes As a coating on 
fruits and vegetables 

NMOR 

Rubber-based 
products 

Baby bottle rubber 
nipples 

N-Nitrosodimethylamine 
(NDMA) 
N-Nitrosodiethylamine 
(NDEA) 
N-Nitrosodi-n-butylamine 
(NDBA) 
N-Nitro sop iper id ine 
(NPIP) 
NMOR 
N-Nitrosomethylphenyl-
amine (NMPhA) 
N-Nitrosoethylphenyl-
amine (NEPhA) 
N-Nitrosodiphenylamine 
(NDPhA) 

Elastic rubber 
nettings used for 
packaging cured 
meats 

NDEA 
NPIP 
NDBA 
N-Nitro sod ibenzy lamine 
(NDBzA) 

American Chemical Society 
Library 

u "55 15th St., N.W. 
Washington, D.C. 2003fi 
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148 FOOD AND PACKAGING INTERACTIONS 

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 w i l l 
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 f i r s t evidence of the presence of NMOR in paper-based packaging 
materials was reported independently by Hoffmann e_t a l . (4J and 
Hotchkiss and Vecchio (5K While investigating the origin of NMOR in 
snuff, Hoffmann e_t a l . (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 ( 6̂ ), 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 I I ) . 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 I I ) . 

On careful examination of the data (Table II) i t 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 II. NMOR and MOR in Food and Food Containers (ppb) 

Sample Food Container Sample 

NMOR MOR NMOR MOR 

Butter 3.2 58 1.9 220 
Cream cheese 0.9 77 N a 680 
Yogurt Ν 38 Ν 3,060 
Cottage cheese 0.4 44 5.4 17,200 
Frozen peas and carrots Ν 26 3.1 57 
Cheese (semi-soft)b 3.3 8.7 Ν 26 
Cheese (semi-soft) D 3.1 9.7 1.6 25 
Cheese (semi-soft)b 0.7 4.9 1.2 22 
Cheese (semi-soft) 1 5 1.4 8.0 Ν 132 
Gouda 1.6 35 Ν 35 

a Ν = None detected (<0.2 ppb) 
b Each was from a different country 
(Source: Reproduced with permission from ref. 4. Copyright 1982 Cold Spring 
Harbor Laboratory.) 
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12. SEN Migration & Formation of Ν-Nitrosamines 149 

reason f o r f i n d i n g higher l e v e l s of NMOR i n some of the foods i s not 
c l e a r . 

Since MOR i s widely used as a corr o s i o n i n h i b i t o r i n b o i l e r feed 
water and since large amounts of steam and water are used i n the 
manufacture of paper and paperboard packagings, there i s a 
p o s s i b i l i t y of f i n d i n g both MOR and NMOR as contaminants i n such 
products (5>). This led Hotchkiss and Vecchio (5) to analyze a 
v a r i e t y of food grade paper and paperboard packaging materials f o r 
the presence of the above-mentioned contaminants. Most of these 
paper products were of the type that are used for packaging dry foods 
such as oats, c e r e a l , r i c e , pasta, sugar, f l o u r , s a l t , and cornmeal. 
Of the 34 samples analyzed, nine contained traces (1 to 33 ppb) of 
NMOR (unconfirmed by mass spectrometry); the r e s t were negative. 
The above researchers also analyzed s i x each of the NMOR-positive and 
NMOR-negative samples f o r t h e i r MOR contents. A l l contained f a i r l y 
high l e v e l s of MOR (Table I I I ) . In some cases, the le v e l s of NMOR 
cor r e l a t e d with those of MOR. 

Table I I I . MOR and NMOR Contents of Food Grade Paper and Paperboard 
Packaging M a t e r i a l s 

Sample MOR (ppb) NMOR (ppb) 

A 426 15.1 
Β 223 t r a c e 3 

C 560 3.6 
D 347 8.9 
Ε 812 13.1 
F 238 trace 

Χ 434 

G 98 N*> 
H 132 Ν 
I 329 Ν 
J 445 Ν 
K 113 Ν 
L 842 Ν 

X 327 

a trace (<3 ppb) 
b Ν = None detected 
(Source: Reproduced with permission from ref. 5. Copyright 1983 Institute of 
Food Technologists.) 
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150 FOOD AND PACKAGING INTERACTIONS 

Hotchkiss and Vecchio (_5) also investigated the possible migra
tion of these chemicals from packaging papers to foods. Traces (~1 
ppb) of NMOR were observed in flour samples taken closest to the bag 
wall which i t s e l f contained about 33 ppb NMOR. Homogenized flour 
from another bag was found to contain 18 ppb MOR but no NMOR, 
suggesting migration of MOR from the bag to the flour. When pieces 
of paper and paperboard packagings containing NMOR were incubated for 
72 hr at 100°C with flour or pasta in a closed container, traces of 
NMOR migrated from the packagings to these foods. These workers 
emphasized, however, that since the conditions used for the above 
migration experiments were quite drastic, the data should be inter
preted with caution. Further work is obviously needed to determine 
migration patterns for these chemicals from packaging materials to 
foods under normal storage conditions. It would be advisable to 
replace MOR as a corrosion inhibitor in boiler water with an amine 
that does not form a stable N-nitroso derivative (5^· 

More recently, Sen and Baddoo (7^ reported further evidence of 
migration of NMOR from packaging papers to margarine. Margarines and 
a variety of wrappings (parchment paper, specially coated paper, 
waxed paper, aluminum-backed paper) were analyzed for their NMOR 
content. NMOR ranging from 5 to 73 ng per wrapping was detected in 
some of the wrappings. Furthermore, margarines taken from the outer 
~5 mm layer of sample packaged in NMOR-positive wrappings were mostly 
positive for NMOR, while those taken from the center of the margarine 
blocks (1 lb) were always negative. This suggested migration of NMOR 
from the wrappings to the outer layer of the margarine blocks. Not 
a l l margarines wrapped in NMOR-positive wrappings were, however, 
contaminated with NMOR. In fact, the brand of paper containing the 
highest levels of NMOR (62 to 73 ng/wrapper) did not transfer any 
NMOR to margarine. This was attributed to the presence of a special 
plastic coating on the innerside of these wrappings that prevented 
NMOR migration. No NMOR was detected in margarines packaged in 
aluminum-backed paper or plastic tubs. 

MOR and NMOR Contamination of Fruits from Liquid Waxes 

The application of liquid wax as an edible protective coating on 
fruits and vegetables is an old practice (&). Its main purpose is to 
prevent moisture loss and thus extend shelf l i f e of fruits and 
vegetables ( 8 K Since MOR and fatty acid derivatives of MOR (e.g., 
morpholine oleate) are widely used as solvents or emulsifying agents 
for waxes ( 9 ) , such a practice can inadvertently contaminate wax-
coated fruits and vegetables with MOR and NMOR. Unfortunately, not a 
great deal of information is available in this regard. Only very 
recently, Sen and Baddoo (10) investigated the possible presence of 
MOR and NMOR in apples coated with liquid waxes. As expected, up to 
3.8% MOR and 140 to 670 ppb of NMOR were detected in 9 samples of 
liquid waxes. In apples coated with such waxes, 0.25 to 7.7 ppm of 
MOR but no NMOR were detected. Neither MOR nor NMOR were detected in 
uncoated apples. 
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12. SEN Migration & Formation of Ν-Nitrosamines 151 

Since MOR i s an e a s i l y n i t r o s a t a b l e amine (11), the above 
researchers (10) also investigated the p o s s i b i l i t y of the formation 
of NMOR i n the human stomach following ingestion of wax-coated 
apples. In v i t r o incubation studies with wax-coated apple 
homogenates (incubated with 10 ppm n i t r i t e s o l u t i o n at pH 3.4 for 2 
hrs at 37°C) gave mostly negative r e s u l t s , whereas equivalent amounts 
of MOR under i d e n t i c a l conditions i n the absence of apple, produced 
traces of NMOR. The negative r e s u l t s with apples were a t t r i b u t e d to 
the presence of n a t u r a l l y occurring N - n i t r o s a t i o n i n h i b i t o r s (e.g., 
phenolic compounds, ascorbic acid) i n these f r u i t s (11-13). In view 
of these f i n d i n g s , the use of l i q u i d waxes on f r u i t appears to be of 
l i t t l e h ealth hazard s i g n i f i c a n c e to man, at lea s t i n the context of 
NMOR contamination or i t s formation. 

Nitrosamines i n Rubber-Based Food Contact M a t e r i a l s 

Recent research has provided conclusive evidence f o r the presence of 
various v o l a t i l e nitrosamines i n a v a r i e t y of rubber products such as 
t i r e s and rubber tubes, rubber gloves, baby b o t t l e rubber nipples and 
infant p a c i f i e r s , and i n some medical devices (14-19). The 
nitrosamines detected i n these products are l i s t e d i n Table I . The 
best evidence indic a t e s that these nitrosamines are formed as a 
r e s u l t of the i n t e r a c t i o n of various v u l c a n i z a t i o n a c c e l e r a t o r s 
(amine d e r i v a t i v e s ) i n the rubber and nitrogen oxides from a i r . Some 
organic n i t r o and n i t r o s o compounds (e.g., N-nitrosodiphenylamine) 
used i n the manufacture of rubber can also act as n i t r o s a t i n g agents. 
The reader i s advised to consult a recent review (16) on the subject 
f o r further d e t a i l s . 

The f i n d i n g of nitrosamines i n baby b o t t l e rubber nipples r a i s e d 
a great deal of concern because of the p o s s i b l e migration of these 
compounds to inf a n t formulas and into babies' s a l i v a during t h e i r 
normal usage. Furthermore, many mothers s t e r i l i z e infant formulas i n 
b o t t l e s with rubber nipples placed i n them, and ofte n store them 
together f o r a prolonged period i n the r e f r i g e r a t o r . Therefore, the 
opportunity f o r migration of nitrosamines as w e l l as of the corr e 
sponding amine d e r i v a t i v e s from rubber to infant formulas i s quite 
great. In the U.S.A., research by Havery and Fazio (Γ7, 20) 
demonstrated that 5 to 38% of the nitrosamines i n rubber nipples 
migrated to l i q u i d i n f a n t formulas or milk during s t e r i l i z a t i o n 
(Table IV). They also found that not a l l the nitrosamines leached 
out during a s i n g l e s t e r i l i z a t i o n process. These compounds tended to 
leach out continuously, although i n pr o g r e s s i v e l y decreasing amounts, 
on repeated s t e r i l i z a t i o n . 

Sen et al^. (19) also reported s i m i l a r r e s u l t s except that they 
noted migration of only 1-5% of nitrosamines from rubber nipples to 
inf a n t formulas or orange j u i c e (Table I V ) . The di f f e r e n c e s observed 
i n the two studies (Γ7, 19^y and 20) could be a t t r i b u t e d to the fac t 
that i n the study of Sen €ît_ a l . (19) the nipples were not s t e r i l i z e d 
with the infant foods but were shaken with infant formulas or orange 
j u i c e f o r 1 hr at 40°C. 

I t has been suggested that a d d i t i o n a l amounts of nitrosamines 
might be formed i n babies' stomachs due to the i n t e r a c t i o n of 
s a l i v a r y n i t r i t e with ingested amine ad d i t i v e s leached out from 
rubber n i p p l e s . Spiegelhalder and Preussmann (21) reported that 10-
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12. SEN Migration & Formation of Ν-Nitrosamines 153 

22,000 ppb (expressed in terms of the weight of a nipple) of certain 
nitrosamines were formed when rubber nipples were incubated with 
a r t i f i c i a l saliva under simulated gastric conditions. Since the 
nitrosation rate of a secondary amine is inversely proportional to 
its basicity (11 ), the most weakly basic amines like methylphenyl-
amine and ethyphenylamine were found to produce the largest amounts 
of nitrosamines under the above conditions. These findings led the 
German government to pass a regulation that put a limit of 200 ppb 
total leachable amines from baby bottle rubber nipples as determined 
by the above method (21). 

Recent studies by Sen £t a l . (22) suggest that in vivo nitrosa
tion is unlikely to occur in the presence of infant formulas or fruit 
juices. A l l infant formulas and f r u i t juices tested markedly 
inhibited (up to 99%) the formation of nitrosamines, including that 
from the weakly basic ethylphenylamine. Cow's milk was somewhat less 
efficient in this respect. The presence of various N-nitrosation 
inhibitors such as vitamin C, ascorbyl palmitate, α-tocopherol, and 
naturally occurring phenols (e.g., chlorogenic acid, phloridzin) in 
these products (12, Γ3, 22-24) was believed to be responsible for 
this observed inhibition. A summary of the findings (22) is 
presented in Table V. 

As was observed by Havery and Fazio (17) for nitrosamines, Sen 
et a l . (22) also noted that amines in rubber nipples continued to 
migrate into liquid infant foods even after repeated sterilization 
(nipple boiled in water for 5 min for each st e r i l i z a t i o n ) . For 
example, enough amines migrated into a r t i f i c i a l saliva from a nipple, 
which had already been sterilized six times, to yield up to 2,200 ppb 
NEPhA and 226 ppb NDMA when tested by the German a r t i f i c i a l saliva 
method (21). In the presence of orange juice or infant formula, 
however, nitrosamine formation was markedly inhibited. Therefore, 
the health hazard, i f any, that could arise due to the formation of 
nitrosamines in babies' stomachs from ingested amines, might not be 
as great as previously thought because of the modulating effect of 
various food ingredients. 

It should be mentioned that recent survey data from both the USA 
(25) and Canada (22̂ , 26 ) suggest a significant reduction in the 
levels of both nitrosamines and amine precursors in baby bottle 
rubber nipples from that observed previously. It is believed that 
this has been achieved by modifying rubber curing formulations, 
probably involving the use of nonamine accelerators or of amines that 
do not form carcinogenic nitrosamines. 

Other rubber products that may come in contact with foods 
include rubber gloves used during handling of foods, rubber hoses and 
tubings used in food processing industries or in milking machines 
(18), and elastic rubber nettings used for packaging both cured and 
uncured meats. Although traces of certain volatile nitrosamines and 
diphenylamine have been detected, respectively, in rubber gloves and 
water flowing through rubber tubing (1_5, 18), no data are available 
with regard to the migration of these chemicals to foods. Further 
research might be desirable in this area. 

Elastic rubber nettings are often used for packaging cured pork 
products (e.g., ham, cottage r o l l s , pork picnic shoulders, sweet 
pickled pork cottage roll s ) as well as some uncured meats (e.g., 
roast beef). They are used mainly for holding the meat pieces 
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12. SEN Migration & Formation of Ν-Nitrosamines 155 

together during processing and cooking. Consumers usually keep the 
nettings on the products during warming or cooking (for raw products) 
at home. Sen et^ aj_. (27) recently reported finding NDEA and NDBA in 
rubber nettings. Analysis of cured meats packaged in such nettings 
indicated the presence of higher levels of nitrosamines than could be 
accounted for from that originally found in the unused nettings. 
This suggested formation of additional amounts of nitrosamines due to 
the interaction of n i t r i t e , used in the meat curing process, with 
migrating amine derivatives (e.g., dibutyldithiocarbamate) from the 
rubber netting. When unused nettings were incubated with n i t r i t e 
under mildly acidic conditions, excessively high levels of the same 
nitrosamines were formed suggesting the presence of the corresponding 
amine precursors in the nettings. No nitrosamines were found in 
similar cured pork products packaged in cotton nettings or plastic 
wrappings. The researchers concluded that the use of rubber nettings 
was the main reason for the occurrence of NDEA and NDBA (the predomi
nant nitrosamine found) in the cured meats. These workers did not 
extend their studies to uncured meats because the chance of formation 
of nitrosamines in such cases would be very remote, due to lack of 
n i t r i t e . 

Sen <e_t a l . (27) also determined the concentration of NDEA and 
NDBA in different cross sections of cured pork products packaged in 
rubber nettings as well as that in the corresponding used nettings. 
This allowed the determination of the extent of the migration of the 
nitrosamines. The used nettings always contained the highest levels, 
followed by gradually decreasing levels in the meat's outermost ~5 mm 
layer, in the second ~5 mm layer, and practically none in the meat 
taken from the center. These findings strongly supported the 
conclusion that cured meats wrapped in rubber netting may contain 
nitrosamines due to migration of nitrosamines or amine precursors 
from the netting. Table VI presents three typical examples from 
their studies. 

Further collaborative research with industry is continuing in 
the author's laboratory. It is hoped that, as in the case of baby 
bottle rubber nipples, the rubber netting industry w i l l soon reformu
late its rubber curing process that w i l l eventually minimize or 
eliminate nitrosamine formation in such cured meat products. 

Conclusion 

From the limited information available to date, i t appears that 
migration or formation of nitrosamines from food contact materials 
has mainly been a problem with rubber-based products. Although 
f a i r l y high levels of MOR have been shown to migrate to foods from 
wax-based or paper-based food contact materials, conclusive evidence 
of formation of NMOR (either in vivo or jln vitro) from the migrated 
MOR has been lacking. Further research on this or other unexamined 
food contact materials is desirable. 
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Chapter 13 

Migration of Packaging Components to Foods 
Regulatory Considerations 

C. V. Breder 

Keller and Heckman, 1150 17th Street, NW, Washington, DC 20036 

The migration of packaging components to foods involves 
scientific and regulatory considerations. As a staff scientist 
at a law firm specializing in a wide range of regulatory issues, 
I am involved in a process where we routinely advise clients 
regarding the FDA status of their materials, recommend 
appropriate testing, review test results, prepare food additive 
petitions, provide legal opinions, etc. This paper will address 
the regulatory considerations by discussing the definition of a 
food additive, describing our firm's approach to establishing 
the FDA status of any food-contact material, and, finally, 
illustrating the discussion by means of a specific hypothetical 
example. The attorneys with whom I work have thoroughly 
reviewed this manuscript, and although I hope it offers helpful 
technical and scientific guidance, it should not be considered 
advice about the law concerning your specific food contact 
applications. A more exhaustive discussion of the pertinent 
legal concepts regarding the FDA compliance of food packaging 
materials can be found elsewhere.(1) 
BACKGROUND 
To provide a basis for our discussion of the regulatory consi
derations concerning the migration of packaging components to 
food, let me briefly review the applicable legal definitions and 
concepts surrounding the regulation of food packaging materials. 
We begin with Section 409 of the Federal Food, Drug and Cosmetic 
Act (Act) which prohibits the use of a "food additive" unless 
the additive is used in conformity with an FDA regulation. The 
term "food additive" is defined in relevant part in 
Section 201(s) of the Act as: 

[A]ny substance the intended use of which results or 
may reasonably be expected to result, directly or 

0097-6156/88/0365-0159S06.00/0 
© 1988 American Chemical Society 
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160 FOOD AND PACKAGING INTERACTIONS 

indirectly, in i t s becoming a component . . . of any 
food . . ., i f such substance is not generally recog
nized, among experts qualified by scientific training 
and experience . . . to be safe under the conditions 
of i t s intended use; except that such term does not 
include . . . 
(4) any substance used in accordance with a sanction 
or approval granted prior to the enactment of this 
paragraph. . . . 
The term "food additive" plainly includes not only sub

stances that are intentionally added to foods, such direct food 
additives as antioxidants, and flavors, but also substances that 
are not intentionally added but nevertheless contact and are 
reasonably expected to migrate to food. These are the so-called 
indirect food additives. As the t i t l e of my presentation sug
gests, I w i l l devote the bulk of my discussion to indirect food 
additives. 

But just as, according to the cliche, a l l that glitters is 
not gold, a l l materials contacting food are not food additives. 
Under the above definition three categories of substances that 
come into contact with food are not "food additives" and are not 
subject to FDA regulation. They are substances that are: 

(1) prior-sanctioned 
(2) generally recognized as safe (GRAS); or 
(3) not reasonably expected to become a "component" of 

food 
"Prior-sanctioned" means that the substance can be used in 

accordance with a sanction or approval granted prior to the 
enactment of the 1958 Food Additive Amendment. 

Many other food contact materials enjoyed a long history of 
safe use prior to the enactment of the 1958 Food Additive 
Amendment. These materials were thus deemed to be generally 
recognized as safe (GRAS) and i t was f e l t that i t would be r i d i 
culous to deal with them further. Since 1958, of course, 
additional substances have been affirmed as GRAS by experts 
qualified by scie n t i f i c training and experience. 

The last category involves an important concept —"not 
reasonably expected to become a component of food". Obviously, 
consideration of this concept requires some feel for the 
necessary analytical method sensitivity required to determine i f 
a food contact substance is reasonably expected to become a 
"component" of food. 

In 1958 when the Food Additive Amendment was enacted, 
analytical methods were generally capable of reliably determin
ing substances at concentrations of a few parts per million 
(ppm). At that time, therefore, 1 ppm was a reasonable sensi
t i v i t y to use when determining i f a substance should be con
sidered a "component" of food. 

But while the law remained unchanged, analytical chemistry 
made great advances. The a b i l i t y to detect increasingly small 
levels raised more and more questions about what is considered 
"reasonably expected" to become a food additive. Some important 
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13. BREDER Migration of Packaging Components to Foods 161 

guidanoe on this question was provided by a prominent FDA 
staffer named Les Ramsey i n a 1969 speech before the National 
Technical Conference of the Society of Pla s t i c s Engineers. He 
proposed that the regulations be amended to permit, among other 
things, components of food-contact a r t i c l e s provided any sub
stance so used contribute no more than 0.05 ppm (50 ppb) to the 
contacted food. This proposal has come to be known as the 
"Ramsey" proposal. Although i t was never formally adopted, the 
principles are s t i l l considered v a l i d . 

Since 1969 we have relied on the "Ramsey" proposal i n 
establishing the appropriate analytical method s e n s i t i v i t y to 
determine i f a food contact substance i s reasonably expected to 
become a component of food and therefore, a food additive. Our 
position i s that the 50 ppb s e n s i t i v i t y can be conservatively 
recommended in those cases where the food additive would not 
pose some toxicological or public health concern, or, where the 
use of the additive i s not expected to lead to wide consumer 
exposure such as in a carbonated beverage bottle. In other 
cases where there i s some toxicological concern about the addi
tive and/or i t w i l l lead to wide consumer exposure, we may 
recommend a method sensitive to 10 ppb or less. Of course, 
carcinogens, heavy metals, pesticides and other substances of 
high toxicological concern require separate and individual 
study. 

Thus, to summarize what we mean by not reasonably expected 
to become a "component of food", i f a food contact substance i s 
non-detected in extracts of appropriately conducted extraction 
studies using an adequate analytical method s e n s i t i v i t y , i t i s 
our opinion the substance i s not expected to become a "food 
additive" requiring preclearance or regulation by FDA. 

I f , however, a food contact substance does become a compon
ent of food and i s not GRAS or prior-sanctioned, i t s use must be 
authorized by food additive regulations promulgated by FDA. 
DISCUSSION 

There i s a l o g i c a l approach to establishing the FDA status of 
any given food-contact material. My concern i n presenting this 
approach i s that i t i s easy to assume that every situation can 
be evaluated simply when, in fact, each situation i s unique and 
f u l l of i t s own themes and variations, each of which may require 
separate and individual study. So, please be aware that this 
discussion may appear simpler than r e a l i t y j u s t i f i e s . Neverthe
less, the principles involved are certainly v a l i d for 
establishing the FDA status for any food-contact material. 

With this caveat in mind, what i s this l o g i c a l approach to 
establishing the FDA status of a food contact material? 

1. Determine the Identity of the Food Contact Substance(s), 
Possible Migrant(s) and the Intended Conditions of Use. F i r s t 
and most importantly, the identity of the food-contact substance 
and i t s intended conditions of use must be accurately deter-
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162 FOOD AND PACKAGING INTERACTIONS 

mined. This determination w i l l serve as the basis for the rest 
of the evaluation process. For example, is the potential food 
additive a polymer, monomer, oligomer, adjuvant, etc.? Will the 
material be used in bottles, film, laminates or pouches? How 
thick w i l l these products be? Will the material be exposed to 
high temperatures, room temperature, or only refrigerator temp
eratures? What types of foods w i l l contact the material—aque
ous, fatty, acidic, or alcoholic? Is the material to be used in 
a single service or repeated use application? Will i t be separ
ated from food contact by a functional barrier? The answers to 
these, and possibly other, questions must be known before 
proceeding to the next step of the evaluation. 

2. Research the Existence of Applicable Clearances Under 
Existing Food Additive Regulations, Prior-Sanction or GRAS List
ings. Having identified the potential food additive(s) and the 
intended conditions of use, a diligent effort must be made to 
determine i f these materials are cleared by existing regula
tions, are GRAS or prior-sanctioned. Believe me, this is the 
quickest and least expensive way to establish the FDA status of 
food-contact materials because i f appropriate clearances can be 
found, no further work is necessary. 

3. By Means of a Worst-Case Calculation Assuming 100? Migra
tion, Determine i f the Material is Expected to Become a Food 
Additive. Thirdly, i f no applicable clearance can be found, from 
the information obtained in the f i r s t step i t may be possible in 
some situations to assume total migration to the food and calcu
late the maximum potential concentration of the additive in the 
food. If this calculated concentration would be non-detected 
using the appropriate analytical method sensitivity, and, i t 
poses no undue safety concerns, one may be able to conclude that 
the component is not a food additive and can be used without 
further work or consultation with FDA. A large comfort factor 
is provided in this approach because the level of migration is 
almost always far less than 100%. 

To give an example, i f a 1/8th inch thick food conveyor 
belt containing 20 parts per million (ppm) of an antioxidant is 
in contact with 100 lbs. food/in2 over the lifetime of the belt, 
i t can be calculated that the resultant concentration of the 
antioxidant in the food is approximately 1 part per b i l l i o n (1 
ppb) assuming i t a l l migrates. Clearly this level is vanish-
ingly small and would be non-detected in the food. Our view, 
therefore, is that i t is not a food additive. In this case, you 
may properly conclude that the antioxidant is not expected to 
become a component of food and i t can be used as intended with
out consulting FDA. 

4. Conduct Appropriate Extraction Studies to Determine i f and 
to What Extent Migration Occurs. If step 3 does not work out, 
as is often the case, appropriate extraction studies must be 
designed which w i l l simulate and, to some extent, exaggerate the 
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13. BREDER Migration of Packaging Components to Foods 163 

intended conditions of use. Suppose, however, the intended 
conditions of use could not be accurately determined in the 
f i r s t step, then one can assume the worst-case application— 
i.e., thickest product, highest temperature, most extractive 
foods, etc. and proceed with extraction studies on this basis. 
A l l other applications for the material would be automatically 
covered because they would lead to less migration. If i t 
doesn't work out, the end-use applications for the material w i l l 
have to be limited depending on the extraction data and 
supporting toxicity data. 

Depending upon the intended conditions of use, or the 
worst-case application as just discussed, the proper food simu
lating solvents, sample surface area/solvent volume ratio, temp
eratures, times and analytical method sensitivity must a l l be 
determined and used appropriately. For example, the traditional 
aqueous food simulating solvents are: water for aqueous foods, 
3% acetic acid for acidic foods, 8J and/or 50% ethanol to simu
late alcoholic foods. (Incidentally, FDA is considering the use 
of only 8J ethanol in place of water, 3% acetic acid and Q% 
ethanol for some applications). 

Heptane has traditionally been used to simulate fatty 
foods. It is widely recognized, however, that heptane exagger
ates the extraction potential of fatty foods from many food-
contact surfaces. For this reason, FDA has permited the heptane 
extractives to be divided by 5 to offset this distortion. In an 
effort to better simulate fatty foods, FDA is now considering 
abandoning the use of heptane, and requiring the use of various 
water/alcohol mixtures or an actual fat such as corn o i l . For 
example, 95% ethanol is now recommended as the fatty food simu
lant for polyolefins and 50% ethanol is recommended for poly
styrene and polyethylene terephthalate. FDA i s s t i l l looking 
for appropriate water/ethanol mixtures that can be used as fatty 
food simulants for other polymer systems. 

For general packaging applications, FDA assumes 10 grams 
of food w i l l contact each square inch of package surface area. 
Therefore, the extractives found, i f any, should be expressed as 
the concentration in food based on 10 g/in 2. Of course, for 
repeated-use applications, such as the conveyor belt example 
discussed earlier in which a large volume of food contacts the 
material over a period of time, a larger volume to surface area 
ratio may be used. 

The times and temperatures employed in the extraction 
study w i l l vary widely depending upon the intended conditions of 
use. For example, a can coating w i l l have to be extracted with 
water at 250°F for 2 hours followed by 10 days storage at 120°F 
to simulate cooking or s t e r i l i z i n g conditions and subsequent 
room temperature shelf storage of aqueous foods in the can. On 
the other hand, a soft drink container need only be extracted 
with 3% acetic acid at 120°F for 30 days to simulate room temp
erature shelf storage. This is why i t is c r i t i c a l to know how a 
material is to be used. Not knowing the intended conditions of 
use may lead one to greatly under- or over-estimate the amount 
of migration that may occur in commercial use. 
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164 FOOD AND PACKAGING INTERACTIONS 

Finally, spiking and recovery studies must be carried out 
to validate any analytical methods used. This work i s c r i t i c a l 
to establishing the credibility of the results obtained. 

Of course, i f no migration is found, the component is not 
a "food additive" and can be used as intended without consulta
tion with or permission by FDA. If the component is found in 
the extracts, i t is an uncleared food additive requiring an FDA 
regulation. 

5. If There is Migration, Calculate an Estimated Dietary 
Concentration of the Migrant(s) in the Total Diet. Armed with 
the results of the extraction studies and assuming that migra
tion was found, the amount of the food additive that may become 
a component of the daily diet must be calculated. FDA has 
procedures for making these calculations. Basically, they 
involve a consideration of the type of food contact material— 
e.g., polymer coated metal, polymer coated paper, polyolefins — 
and, the types of foods these materials contact—i.e., aqueous, 
acidic, alcoholic, or fatty. 

FDA has determined the food-type distribution for most 
food contact materials. For example, of the foods that contact 
polyolefins, 67$ are aqueous, 1$ are acidic, 1$ are alcoholic 
and 3 1 $ are fatty. Of course, other polymers have different 
food-type distribution factors. Thus, depending upon the parti
cular food contact applications, the extraction results using 
the appropriate food simulating solvents can be converted to an 
estimate of the amount migrating to packaged food. 

FDA has also developed information that reflects the per
centage of the daily diet which contacts most types of packaging 
materials. For example, polymer coated metal contacts approxi
mately 17$ of the diet, polymer coated paper—2 1 $ , and polyole
f i n s — 3 3 $ . These food contact percentages are called the con
sumption factor, or CF. Thus, the calculated concentration of 
the component in the packaged food can be converted to a concen
tration in the total diet by multiplying by the consumption 
factor for a given food contact material. 

In summary, the concentration of the additive in the total 
diet is obtained by multiplying the extraction results in the 
various food simulating solvents by the appropriate food-type 
distribution factors and subsequently by the appropriate con
sumption factor for the food contact material. A hypothetical 
situation is shown in Table I. 

6. Obtain Appropriate Toxicology Data. Knowing the estimated 
concentration of the additive in the diet permits one to deter
mine what toxicology data are required to support the safe uses 
of the food additive. Again, FDA requires different toxicology 
tests for indirect additives based upon the dietary concentra
tion. For example, studies based on the calculated dietary con
centration are generally required (see Table II.) 

In our extraction study example, we obtained a calculated 
dietary concentration of 0.4 ppm. This dietary level would 
require two 90-day feeding studies. 
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BREDER Migration of Packaging Components to Foods 165 

Table I. Concentration of additives in total diet 

Food-Type Distribution 
Polymer CF Aqueous Acidic Alcoholic Fatty 

Polyolefins 0.328 0.67 0.01 0.01 0.31 

Hypothetical Migration Results: aqueous 
acidic 
alcoholic 
fatty 

0.2 ppm 
10.3 ppm 

0.7 ppm 
3.1 ppm 

Concentration of additive in contacted food, <m> : 
<m > = (0.67)(0.2) + (0.01X10.3) + (0.01)(0.7) + 

(0.31X3.1) 
= 1.2 ppm 

Concentration of additive in the total diet: 
CF χ < m> = 0.328 χ 1.2 

- 0.4 ppm 

Table II. Concentration of indirect additives in total diet 

Concentration of 
Additive in Diet 

Required 
Toxicology 
Studies 

Approximate 
Costs 

0.05 ppm or less acute oral 
toxicity $5,000 

2. 0.05 - 1 ppm two 90-day 
sub-chronic 
studies (one in 
a non rodent) $125,000 

each 

3. 1 ppm or greater 2-year chronic 
study in rodent 
and non-rodent $1,250,000 
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166 FOOD AND PACKAGING INTERACTIONS 

Generally, only an acute oral toxicity study is required 
for additives present in the diet at a concentration of 50 ppb 
or less. However, for higher dietary concentrations, the 
required sub-chronic or chronic studies should be conducted in 
such a way as to provide a no-observable-effect level, the so-
called NOEL for the chemical. FDA takes the NOEL from a two-
year feeding study in the most sensitive species and divides i t 
by a safety factor of 100 to obtain the acceptable daily intake 
(ADI) for the additive. If two 90-day feeding studies were 
used, FDA takes the lowest NOEL obtained in these studies and 
divides by a safety factor of 1,000 to obtain the ADI. The 
chemical additive i s deemed safe i f the ADI is greater than the 
calculated dietary concentration. 

7. Consider GRAS Position. If Necessary, File a Food Addi
tive Petition and Obtain Regulation. Finally, i f i t is deter
mined by appropriate extraction tests that you have an uncleared 
food additive, in some cases you might on the basis of the 
amount of migration observed and the appropriate toxicology data 
be able to conclude that the intended uses of the food contact 
substance(s) are GRAS. If this i s not a reasonable position to 
take (a subject beyond the scope of this paper), then you must 
f i l e a food additive petition seeking a regulation for the 
intended use of the additive. 

Briefly, the petition must contain: 
A. Identification of the additive 
B. Amount of additive proposed for use 
C. Intended technical effect 
D. Method for determining presence of additive in food 
E. Safety of the additive 
F. Proposed tolerances 
G. Modification of existing regulation 
H. Environmental Assessment 

HYPOTHETICAL EXAMPLE 

Consider a hypothetical situation in which you have discovered a 
chemical substance that, when blended into polypropylene at a 
level of 0.1$, i s effective in preventing the discoloration of 
ketchup packaged in polypropylene bottles. The chemical i s not 
intended to become a component of ketchup to be effective. You 
have determined, properly but laboriously, that the chemical i s 
not cleared in any specific FDA regulation for contact with food 
nor does i t appear in any GRAS or prior-sanction lis t i n g s . By 
assuming 100$ migration of the chemical from the bottle to the 
ketchup, you have calculated a worst-case concentration of 
approximately 30 ppm. Clearly, the chemical at such a concen
tration would be considered an uncleared food additive. 

With this background information in mind, the question 
becomes, what is the FDA status of the chemical and how is that 
determined? Let's look at the various FDA status possibilities 
for this intended use. These possibilities are: 
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13. BREDER Migration of Packaging Components to Foods 167 

a. Chemical does not migrate to food — no "food 
additive" and can be used without FDA regulation. 

b. Chemical migrates to food — must f i l e a food 
additive petition and obtain FDA regulation. 

How do we know which of these scenarios is operational 
under the intended conditions of use? Appropriate extraction 
studies must be carried out to determine i f the chemical i s 
expected to become a component of food, i.e., a "food additive", 
under the intended conditions of use. To simulate, and to exag
gerate to some extent, how the product w i l l be used, the right 
simulating solvents, correct solvent volume to surface area 
ratio, temperatures, storage times, and analytical methods must 
be chosen. 

For the intended conditions of use anticipated for this 
application, the following protocol is suggested: 

Solvent - 3% acetic acid 

Solvent volume/ 
surface area - same as in smallest ketchup 

bottle 

Temperature - Hot f i l l and let cool to 

120OF 

Time - 10 days at 120°F 

Analytical Method - 50 parts per b i l l i o n 
(ppb) sensitivity 

Three percent acetic acid is used to simulate the acidic 
food ketchup. None of the other commonly used food simulating 
solvents, such as water, 8 or 50% alcohol or heptane are appro
priate in this case. 

To provide a worst-case exposure, the volume of solvent in 
contact with the polypropylene should be the same volume/surface 
area ratio that is provided by the smallest ketchup bottle 
expected to be used. By selecting the smallest ketchup bottle, 
we are covering the worst-case volume-to-surface area an t i c i 
pated under the intended conditions of use. Thus, whatever 
migration, i f any, found at this volume/surface area ratio w i l l 
represent the highest level anticipated knowing that larger 
containers w i l l lead to lower levels. 

To simulate the actual intended use during the f i l l i n g 
operation, the temperature of the solvent that is added to the 
bottle should be the same as, or to represent mild exaggeration, 
a few degrees higher than the temperature at which ketchup is 
bottled. Following the f i l l i n g of the bottle, the contents 
should be allowed to cool to 120°F and maintained at this temp
erature for 10 days. FDA considers that 120°F exaggerates room 
temperature storage. Thus, by maintaining the extraction test 
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168 FOOD AND PACKAGING INTERACTIONS 

at this temperature for 10 days, the extended storage at room 
temperature encountered by the ketchup in commerce is adequately 
simulated. 

Since the chemical in question is not of particular toxic 
concern and w i l l not be used in a high consumer exposure appli
cation such as in a carbonated beverage bottle, 50 ppb is the 
appropriate analytical method sensitivity. 

If the aforementioned extraction study reveals that the 
chemical is non-detected in the extracts, then, in my opinion, 
you can conclude the chemical is not a "food additive" and that 
i t s use is in compliance with the Federal Food, Drug and Cosme
t i c Act and a l l applicable Food Additive Regulations. Thus, 
there is no regulatory or legal need to discuss the matter with 
FDA, ask i t s opinion, or f i l e a food additive petition. 

On the other hand, i f the chemical is found to migrate, i t 
is a food additive and can only be used i f i t is cleared by a 
new FDA regulation. Such a regulation is obtained by f i l i n g a 
food additive petition. 

DIRECT FOOD ADDITIVES 

The discussions and hypothetical example have focused up to this 
point on indirect additives. However, when packaging materials 
are used to intentionally convey specific additives to the con
tained food, the additives would be considered by FDA to be 
direct food additives. Although the same consumer exposure and 
toxicity considerations for indirect food additives generally 
apply to direct food additives, there is an additional 
consideration to be aware of — a standardized food may be 
involved. Many foods are "standard foods" and must meet their 
respective standards of identity before they can be properly 
labeled. 

For example, had the previous hypothetical example involved 
the direct addition of the discoloration inhibiting chemical to 
the ketchup, we would be adding a new substance to a standard
ized food. Ketchup is a standard food which is defined by i t s 
standard of identity in 21 C.F.R. Sec. 155.194. The only 
optional ingredients permitted in ketchup are: 

(i) vinegars 
( i i ) nutritive carbohydrate sweeteners 
( i i i ) spices, flavoring, onions, or garlic 
Thus, i f the chemical which i s intended to be added to 

ketchup is not permitted by any of these three categories, the 
resulting ketchup is not in compliance with i t s standard of 
identity and cannot be labeled as such. Under 21 C.F.R. Sec. 
130.8(a), a food does not conform to i t s standard of identity i f 

" i t contains an ingredient for which no provision is 
made in such definition and standard, unless such 
ingredient is an incidental additive introduced at a 
non-functional and insignificant level. . . . " 

Thus, the addition of any new functional ingredient to ketchup 
w i l l not be permitted without the submission of a petition to 
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13. BREDER Migration of Packaging Components to Foods 169 

amend the food standard. On the other hand, as given i n Section 
130.8(a), the incidental migration of the chemical into ketchup, 
as discussed i n our f i r s t hypothetical example, i s permitted. 

In the present case, therefore, two petitions are required-
-one i s a food additive petition to clear the substance from a 
safety standpoint and the other i s a petition to amend the 
standard of identity for ketchup to include the deliberate addi
tion of the chemical additive. I t should be noted that the 
second petition i s not to be taken l i g h t l y because there must be 
general industry agreement to amend the standard before i t can 
be amended. I f , for example, FDA receives a number of adverse 
industry comments to i t s proposal to amend the ketchup standard, 
then i t may choose not to amend i t . I f this happens, there w i l l 
be no market for the chemical when used as intended i n our 
direct additive example. 

SUMMARY 

Hopefully, the discussions and hypothetical examples w i l l 
heighten your awareness about the regulatory requirements re l e 
vant to the migration of packaging components to food and rein
force your understanding of our approach to establishing the FDA 
status of a food contact material. 

In summary, I reiterate the seven basic steps i n 
establishing the FDA status of food-contact substances. They 
are: (1) determining the identity and intended conditions of 
use of the food contact substance(s), (2) assessing i f these 
substances are already cleared, (3) calculating, i f possible, i f 
the substance can be considered not to be a "food additive" 
under the conditions of use, (4) conducting appropriate extrac
tion studies, (5) calculating the estimated dietary concentra
tion of the additive, (6) obtaining adequate toxicology data to 
support the safety of the intended use, and (7) i f necessary, 
f i l i n g a food additive petition. 

Reference 
1. Heckman, Jerome H., Food Drug Cosmetic Law Journal 1987, 42, 
38-39. 
RECEIVED October 16, 1987 
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Chapter 14 

Development of a Standard Test 
for Volatile Migrants 
from Polyester Trays 

Sara J. Risch and Gary A. Reineccius 

Department of Food Science and Nutrition, University of Minnesota, 
St. Paul, MN 55108 

A test was developed to determine the concentration of 
volatile migrants from thermoset polyester trays. 
Existing FDA regulations required only testing for 
total nonvolatile extractives. A test was needed to 
measure the amount of volatile compounds migrating 
from the trays into food products when used in a con
ventional oven. Initial testing indicated that both 
vegetable and mineral oils suffered severe heat 
induced degradation that would prevent isolation and 
identification of compounds in the low parts per 
billion. Silicone oil was tested for its suitability 
as a fat simulant and found to be similar to vege
table oil in amount of oil absorbed and effect on sur
face hardness. The final test uses an emulsion with 
76% water, 19% silicone oil and 5% gum arabic. The 
emulsion is frozen on the trays, baked and an aliquot 
taken for quantification by dynamic headspace 
concentration/capillary gas chromatography. 

In the past few years, we have seen an explosive growth in the 
development of new packaging materials. There has been a push by 
both food and plastic manufacturers and a pull by marketing person
nel and consumers for better packages: more functional, attractive, 
and convenient. One area in particular where convenience has been a 
major factor is the trend in eating habits in the United States 
toward more meals being eaten alone, increasing the demand for 
single serving meals, often referred to as "TV dinners". A number 
of food companies have upgraded these meals and created what they 
refer to as gourmet dinners. The higher quality dinners also 
required a package that presented a new and upscale image but also 
had to meet the criterion of being dual-ovenable. One essential 
part of this new concept was a package that presented a china-like 
image. One word commonly used to describe the desired package or 
plate is heft. The plate needed to be sturdy and appealing. The 
industry's answer to these requirements was the thermoset polyester 
tray. The tray functions well in the microwave oven where heating 

0097-6156/88/0365-0170506.00/0 
© 1988 American Chemical Society 
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14. RISCH & REINECCIUS Standard Test for Volatile Migrants 171 

times are in the range of six to eight minutes. In a conventional 
oven, where the heating time is substantially longer (30-45 min) and 
temperature higher (ca 350°F), the food baked on the trays 
occassionally develops an off-taste or odor. This problem, as well 
as concern about the regulatory status of the tray, led to the 
development of an appropriate test to determine the levels of speci
fi c compounds migrating under intended use situations. The com
pounds of concern were those which were volatile and could be 
monitored by gas chromatography. 

At the time this research was started, the existing Food and 
Drug Administration (FDA) policy, as defined in Parts 170-189 in the 
Code of Federal Regulations (CFR) (1) did not describe any regula
tions for this type of packaging material under the intended use 
situation. As with most packaging materials, the specifications 
were that the total amount of material (in units of mg/in^) 
migrating into extracting mediums could not exceed a certain level, 
typically 0.5 mg/in^. Examples of the testing mediums are heptane 
to simulate fatty foods, 3% acetic acid to simulate acidic foods, 
and water for neutral foods. The times and temperatures of con
tacting for each medium were defined with the maximum temperature 
generally < 120°F. It was immediately obvious that none of these 
testing media could be used to test for volatile migrants during 
baking at 350°F for 30 minutes or more. 

Considerable information is available on related work being done 
by member nations of the European Economic Community (EEC) to 
establish uniform guidelines and regulations for packaging 
materials. A review of the existing literature is not the intent of 
this presentation, but i t should be noted that Rossi (2,3) has 
published two compilations of interlaboratory studies concerned with 
migration of plastics materials into food simulants. Other work has 
been concerned with both global or total and specific migration into 
various edible oils and fatty foods (4,_5,.6). 

The f i r s t step was to find an appropriate food simulant. The 
f i r s t suggestion was a food grade o i l which would not evaporate 
during heating. Several oils were tried, including Crisco (Procter 
and Gamble), coconut, mineral, and castor o i l . The f i r s t criterion 
was that the o i l had to be relatively free of volatile components so 
that migrating compounds could be seen in a gas chromatographic (GC) 
profile in the low parts per b i l l i o n (ppb) concentration (the 
detailed GC method of analysis w i l l be described later). Crisco o i l 
met this criterion as i t was received commercially (Figure 1A). The 
other oils were i n i t i a l l y contaminated and an attempt was made to 
remove interferring volatile compounds by vacuum stripping in the 
apparatus shown in Figure 2. The o i l was introduced at a rate of 
one drop per second into the tube f i l l e d with glass helices held at 
55°C. The system was operated at an absolute pressure of ca. 2mm 
Hg. The system was effective in removing volatile contaminants as 
demonstrated in Figure IB and C which contrast the GC profiles of 
coconut fat before and after vacuum stripping. Of the 15 peaks with 
area counts greater than 100, the average reduction in peak size 
after stripping was 63% with a range from 0 to 95%. 

The second criterion was that the o i l had to be stable to heat 
at 350°F for at least 30 minutes. In this respect, none of the 
vegetable oils was appropriate. A l l of them suffered severe heat 
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FOOD AND PACKAGING INTERACTIONS 
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R e t e n t i o n Time 
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B. Uhheated coconut fat 
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C. Vacuum stripped coconut fat 

Figure 1. GC profilea 
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Figure 2 . Vacuum stripping apparatus. 
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174 FOOD AND PACKAGING INTERACTIONS 

induced degradation. A typical example is Crisco o i l whose GC pro
f i l e s after heating in glass and thermoset polyester trays are shown 
in Figures 3 and 4, respectively. This is in contrast to the GC 
profile of unheated Crisco, which was shown in Figure 1A. 

The next o i l tried was silicone o i l which is not edible but is 
stable at higher temperatures. Two tests, o i l absorption and sur
face hardness, were used to demonstrate that silicone o i l reacted 
with the trays in a manner similar to vegetable o i l . A method for 
purifying the o i l also had to be found. 

Oil absorption was determined by drying ten identical trays at 
250°F for one hour, cooling and recording the i n i t i a l weight of 
each. Five of the trays were f i l l e d with vegetable o i l and five 
with silicone o i l . The f i l l e d dishes were subjected to five cycles 
of heating at 250°F for one hour followed by cooling 20 minutes at 
room temperature. After the final cooling, the o i l was decanted, 
trays wiped with cheesecloth, and then quickly wiped with a hexane 
dampened cloth to remove any residual surface o i l . The trays were 
reweighed and the weight gain was taken as the amount of o i l 
absorbed. The results, listed in Table I, showed no significant 
difference between the amount of vegetable o i l absorbed and the 
amount of silicone o i l absorbed. 

Table I. Oil absorption by polyester trays f i l l e d with either vege-
table o i l or silicone o i l during five heating/cooling cycles 

Weight gain in grams 
Replicate Vegetable Oil Silicone Oil 

1 0.03 0.02 
2 0.04 0.03 
3 0.03 0.01 
4 0.01 0.03 
5 0.08 0.04 
Average 0.038 0.026 
Standard deviation 0.026 0.011 

The test of surface hardness was used to indicate whether s i l i 
cone o i l brought about changes in the surface of the trays that were 
different than changes from contact with vegetable o i l . Surface 
hardness was measured in arbitrary units with a Barber-Colman sur
face hardness meter. Ten determinations of surface hardness were 
made on each plate that had been used to determine o i l absorption 
for a total of 50 determinations on plates that had been heated with 
vegetable o i l and 50 on plates that had been heated with silicone 
o i l . The results (Table II) indicated no significant difference in 
surface hardness between plates heated with the two types of o i l s . 
Based on the results of the tests for o i l absorption and surface 
hardness, silicone o i l was deemed to be a suitable fat simulant. 
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Figure 3. GC profile of Crisco oil baked in glass bowl. 
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FiÇMO 4. G C profile of Crisco oil baked in thermoset 
polyester tray. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 9
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
36

5.
ch

01
4



176 FOOD AND PACKAGING INTERACTIONS 

Table II. Surface hardness of polyester trays f i l l e d with either 
vegetable o i l or silicone o i l during five heating/cooling cycles 

Surface Hardness3 >° 
Replicate Vegetable Oil Silicone Oil 

1 44.3 44.6 
2 45.1 44.2 
3 45.9 46.2 
4 45.1 44.7 
5 40.5 40.2 
Average0 45.2 44.9 
Standard deviation 2.5 2.6 
a Values for each replicate are the average of ten individual deter

minations . 
b Values are expressed as arbitrary units of the surface hardness 
meter. 

c Average and standard deviation are based on a l l values obtained. 

Silicone o i l as received commercially is highly contaminated as is 
demonstrated by the GC profile in Figure 5. The method of vacuum 
stripping described earlier was ruled out for two reasons. Fi r s t , 
the method was slow with i t taking several hours to purify 100 mL of 
o i l , and second, the method was not as effective for silicone o i l as 
i t was for vegetable o i l s . 

One method tried was steam stripping where live steam was 
bubbled through silicone o i l held at 150°C. This was effective in 
removing volatile contaminants, but had one serious drawback. A 
small percentage of the steam tended to condense and collect in the 
bottom of the vessel containing hot o i l . After about an hour, the 
water that collected would boil and cause a massive eruption of 
silicone o i l . This was dangerous and resulted in a low yield of 
purified o i l , often less than 25%. 

Several other methods were tried, including running the o i l 
through a column of activated s i l i c a and steam purifying by putting 
a layer of o i l on top of boiling water. The o i l was too viscous to 
efficiently flow through the s i l i c a and heating on top of boiling 
water did not effectively purify the o i l . The final method 
attempted was to heat the o i l to ca. 200°C and bubble nitrogen 
through i t while keeping the system under vacuum. The o i l was 
tested every two hours. After eight hours i t was relatively free of 
contaminants (Figure 6). There was essentially no change in the GC 
profile of silicone o i l before and after heating at 350°F for 30 
minutes in glass while a number of peaks were apparent after heating 
in a thermoset polyester tray (Figure 7). These peaks were presumed 
to be migrants from the trays and were identified by gas 
chromatography/mass spectrometry (GC/MS). It should be noted that 
the trays used were manufactured to be known bad so that higher 
amounts of migrants would be present to fac i l i t a t e identification. 
The eight compounds identified were acetone, tertiary butyl alcohol, 
2-butanone, benzene, toluene, ethyl benzene, m-xylene and styrene. 

The next step was to develop a test protocol that would 
appropriately simulate the reheating of a frozen dinner in a conven-
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Rç^re 5. ÇQ profile of silicone oil as received commercially. 
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RçM*e 6. GC profile of purified silicone oil. 
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178 FOOD AND PACKAGING INTERACTIONS 

tional oven. The use of pure silicone o i l was ruled out because i t 
is unlikely that any dinner would be pure fat in contact with the 
entire tray. An emulsion of silicone o i l , water, and gum arabic was 
formulated which could be put on a tray, frozen, and then baked. 
The emulsion was made with 76 parts d i s t i l l e d water (Glenwood Co., 
Minneapolis, MN), 19 parts purified silicone o i l , and 5 parts gum 
arabic. A paste of gum arabic and a small amount of water was pre
pared in a mortar and pestle and then blended with the remaining 
water and silicone o i l at high speed for 1 minute in a Waring 
blender. The prepared emulsion (150 mL) was poured into a tray, the 
tray covered with f o i l , and frozen at -20°F for 24 hours. This 
volume was conveniently held by the tray without overflowing. After 
freezing, the f o i l was turned back ca. 1 inch along one edge (as 
package directions for preparing a meal indicate), and the tray 
baked in a preheated 375°F oven for 45 minutes. The longer cooking 
time at a higher temperature than listed in the meal preparation 
instructions represents an abuse situation so amounts of compounds 
may be overestimated instead of the possibility of underestimating. 
The test emulsion (ca. 120mL due to evaporation) was decanted from 
the tray into a Pyrex beaker immediately upon removal from the oven 
and allowed to cool 30 minutes before sampling. Some o i l separation 
did occur during baking so the sample was stirred to mix thoroughly 
before a 15 mL aliquot was taken for GC analysis. 

A Hewlett Packard model 7675A Purge and Trap sampler coupled to 
a Hewlett Packard model 5840 gas chromatograph was used for analy
s i s . The conditions were as follows: 

Purge temperature: Ambient 
Purge flow: 50 mL/min. 
Purge time: 20 min. 
Purge gas: Helium 
Trap: Tenax GC 
Desorb time: 3 min. 
Desorb temperature: 180°C 
GC column: 30 m χ 0.25 mm DB-5 (J & W Scientific) 
Split: 50:1 

Oven temperature profile: 
During Desorb: -160°C, 3 min. 
I n i t i a l : 35°C, 4 min. 
Program: 8°C/min. 
Final: 200°C, 10 min. 

The amount of each compound migrating from a tray into the 
emulsion was quantitated by comparison to the peak areas obtained 
when 10 ppb of benzene and 50 ppb of the other seven compounds iden
t i f i e d were added to a sample of the emulsion and analyzed by the 
same gas chromatographic procedure as outlined above. An example of 
this is shown in Figure 8. From this standard run, a peak area per 
ppb could be determined and the amount of compound calculated as 
follows : 

Peak area sample = ppb in sample 
Peak area per ppb in standard 
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Figure 7. GC profile of purified silicone oil baked 
in thermoset polyester tray. 
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ΠςΜ"β 8. GC profile of silicone oil : water emulsion 
spiked with 50 ppb standard compounds. 
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180 FOOD AND PACKAGING INTERACTIONS 

One further calculation was to divide the result (ppb in sample) by 
2. This takes into account that the amount of testing solution is 
approximately 120 g, whereas the typical weight of a dinner prepared 
on a tray ranges from 247 g to 320 g. The amount calculated is 
expressed in terms of a concentration so the estimated ppb likely to 
migrate into a f u l l meal is half what migrated into the emulsion. 

One final confirmation test was run to determine whether baking 
the emulsion brought about changes which would interfere with detec
tion of migrants. A sample of emulsion which had been baked in a 
thermoset polyester tray was spiked with 50 ppb acetone and styrene. 
The GC response was similar to that obtained when 50 ppb acetone and 
styrene were added to unbaked emulsion. 

The purpose of this test for volatile migrants was to permit 
tray manufacturers and their legal council to determine whether or 
not the tray could be considered a food additive. If the compounds 
were found to be non-migrating (<50 ppb or <10 ppb for known 
carcinogens), the tray is not a food additive and can be used as 
intended for dual oven cooking. Trays that have been tested have 
met the specification of volatile compounds being non-migrating. 

This test has been applied to one specific package, single use 
dual-ovenable thermoset polyester trays. The method has the poten
t i a l to be applied to any package that could contain the liquid 
testing medium. The percentage of silicone o i l could be varied to 
simulate higher or lower fat foods. With the continued growth in 
the use of packaging materials for either cooking or reheating 
foods, i t is important to insure that components are not migrating 
from the package into foods cooked in that package. The silicone 
o i l and water emulsion test provides an effective means of testing 
high heat packaging materials under intended use situations, whether 
in a conventional or microwave oven. 
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Chapter 15 

Chemical Changes in Food Packaging 
Resulting from Ionizing Irradiation 

Donald W. Thayer 

Eastern Regional Research Center, U.S. Department of Agriculture, 
Agricultural Research Service, Philadelphia, PA 19118 

Recent approvals of food irradiation processes 
by the U.S. Food and Drug Administration have 
led to a search for packaging approved for use 
with ionizing radiation. Though 13 packaging 
materials were approved several years ago as 
food contactants for gamma irradiation up to 
10 kGy at refrigeration temperatures and 4 pack
aging materials were approved for up to 60 kGy 
at cryogenic temperatures, no currently used 
packaging is approved for irradiated foods. 
Extensive research was conducted by the 
U.S. Army and others on the suitability of both 
flexible packaging and metal cans for packaging 
irradiated foods. The results of the studies of 
packaging for irradiated foods will be described 
and discussed in context of currently used pack
aging materials for non-irradiated meats and 
poultry. 

There have been several recent approvals for the use of ionizing 
radiation treatments of food products and i t is anticipated that 
more w i l l be forthcoming for the use of ionizing radiation 
treatments to eliminate food-borne pathogens in (and incidentally 
to increase shelf l i f e of) meats and poultry. Though several 
materials are approved as food contactants for gamma irradiation up 
to a maximum dose of 10 kGy by the Food and Drug Administration, 
the existing regulation (1) was written in the late I960's to 
provide packaging materials for the planned irradiation of bacon by 
the U.S. Army. Only films were included in the regulation; no 
multilayer materials were included. Furthermore, only gamma 
radiation sources were included in the regulation. Today, stretch 
or shrink packaging using bags or trays with overwrap is most 
commonly used for meat and poultry. The packaging films usually 
used for poultry have a high moisture barrier and a low oxygen 
barrier. The packaging films used for red meat usually have both 
high moisture and high oxygen barriers. Frequently the required 

This chapter not subject to U.S. copyright 
Published 19SS American Chemical Society 
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182 FOOD AND PACKAGING INTERACTIONS 

properties for packaging materials for both poultry and red meats 
are best achieved using multilayer films. It is in the latter 
that a problem may exist. 

The purpose of this manuscript is to review the extensive 
research conducted by the U.S. Army and others on the suitability 
of both flexible packaging and metal cans for packaging irradiated 
foods. The results of the studies of packaging for irradiated 
foods w i l l be described and discussed in context of currently used 
packaging materials for non-irradiated meats and poultry. 

Packaging Materials Approved for Irradiated Foods 

The regulation (1) states that the following materials may be 
safely subjected to gamma radiation doses up to 10 kGy incidental 
to the radiation treatment and processing of prepackaged foods: 
1) wax-coated paperboard, 2) vegetable parchments, 3) nitrocellu
lose-coated cellophane, 4) vinylidene chloride copolymer-coated 
cellophane, 5) glassine paper, 6) polyolefin film, 7) polyethylene 
film, 8) polyethylene terephthalate film, 9) polystyrene film, 10) 
rubber hydrochloride film, 11) vinylidene chloride-vinyl chloride 
copolymer film, 12) nylon 6 film, 13) nylon 11 film, and 14) vinyl 
chloride-vinyl acetate copolymer film. In the regulation the 
coated cellophanes are treated as a single class. The regulation 
(1) also l i s t s the approval of Kraft paper as a container for 
flour with a dose not exceeding 0.5 kGy. Vegetable parchments, 
polyethylene film, polyethylene terephthalate film, nylon 6 film, 
and vinyl chloride-vinyl acetate copolymer film are approved for 
use in radiation processing of prepackaged foods at a dose not to 
exceed 60 kGy of gamma or X-radiation. The regulation (1) must be 
consulted for details on the materials approved. Neither lami
nated packaging materials nor the use of electron irradiation are 
included in the regulation. 

Radiation Effects on Individual Packaging Materials 

General Radiation Chemistry of Polymers. Ionizing radiation 
has two major effects on polymers: crosslinking and scission of the 
polymer chains (2). Both reactions may occur simultaneously and 
the predominating reaction dictates whether the polymer is degraded 
or i f i t increases in molecular weight as well as undergoing changes 
in i t s physical properties (2-5). The scission reactions may also 
result in the production of hydrogen gas, hydrocarbons, carboxylic 
acids, and changes in extractives from the various polymers. 
Ionizing radiation can be effectively used to modify the properties 
of polymers and improve their packaging properties (6-8). The 
properties of ionizing radiation may, however, generate long-lived 
free radicals (9) in the packaging materials which could conceivably 
contribute to subsequent reactions in the packaging material or 
presumably even in the food. The tests that must be applied to a 
food packaging product include some that would not be applied to 
polymers intended for use in medical applications. The physical 
tests that must be applied however are similar and several common 
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15. THAYER Chemical Changes in Food Packaging from Irradiation 183 

tests applied to polymers intended for medical applications were 
described by Landfield (10). 

Acrylic Plastics 

The acrylic resins are polymers of acrylic or methacrylic esters 
and are readily polymerized, either as homopolymers or copolymers, 
with many other monomers ( 1_1 ) . Polyacrylic esters, polyacrylic 
acid, polyacrylamide, butadiene-acrylonitrile copolymers, and 
styrene-acrylonitrile copolymers were listed by Bovey (2) as 
being among the polymers in which crosslinking rather than degra
dation would be the predominant reaction. Polymethyl methacrylate, 
polymethacrylic acid, and polymethacrylamide, on the other hand, 
were listed as among those polymers in which the predominant 
reaction with ionizing radiation would be degradation (2). 
Landfield (10) indicated that acrylonitrile-butadiene-styrene was 
stable for a single dose of 25 kGy. The regulation (I) includes 
coatings for polyolefin film or polyethylene terephthalate 
comprising a vinylidene chloride copolymer containing a minimum of 
85% vinylidene chloride with acrylic acid, acrylonitrile, methyl 
acrylate, and methyl acrylate for radiation doses not to exceed 
10 kGy. The flexible multilayer packaging used by the US Army for 
studies of irradiation sterilized beef and poultry products con
tained an ethylene-acrylic acid copolymer between the inside 
polyethylene layer and the aluminum f o i l central layer (12). 

Cellulose and Cellulose Derived Products 

Wax-coated paperboard is approved, as mentioned above, for use up 
to a radiation dose of 10 kGy Q). Ionizing radiation results in 
reduction of the crystallinity and depolymerization of the cellu
lose chain (_13). Wierbicki and Killoran (14) reported that 
essentially no water, acetic acid, or η-heptane solubles were 
produced from vegetable parchment (KVP Satherland Paper Co.) after 
ionizing radiation doses of 60 kGy. Killoran (13) reported over 
two-fold reductions in the intrinsic viscosity of fiberboard and 
bleached sulfite paperboard after a radiation dose of 30 kGy. The 
tensile strength and tear resistance of the bleached sulfite 
paperboard was reduced by 19% and 7% in the machine and cross 
directions, respectively (13). Both electron and gamma irradiation 
of fiberboard resulted in decreased bursting strength. The changes 
observed in these cellulosic products upon irradiation were to be 
expected in that a large body of evidence exists documenting the 
degradation of cellulose by ionizing radiation (2). Bovey (2) 
cites studies from as early as 1929 that paper becomes b r i t t l e 
and crumbly and gives off hydrogen, carbon dioxide, and carbon 
monoxide when exposed to cathode rays. Glegg and Kertesz (15) 
describe the results of 60 kr to 2,300 kr doses on cellulose in 
which there was both an immediate and a delayed decrease in the 
intrinsic viscosity of the cellulose. Predominate chain scission 
occurs in the substituted as well as in the unsubstituted cellu
lose chain (2). 
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184 FOOD AND PACKAGING INTERACTIONS 

Vegetable parchment and nitrocellulose coated cellophane were 
included in the same petition to the food and Drug Administration 
from the Atomic Energy Commission (16). Zehnder (17) concluded 
that derivatives of cellulose, such as cellophane, are not suitable 
for packaging goods that are to be subjected to irradiation treat
ments . 

Epoxy Plastics 

These groups of thermo- or nonthermo- plastics contain epoxy 
groups and are usually as coatings or adhesives (j^8). The lami
nated packaging material used by the U.S. Army for packaging of 
electron sterilized beef and poultry products contained an epoxy 
modified polyester as the adhesive between the outside nylon 6 
layer and middle aluminum f o i l layer (12). 

Ethylene-Vinyl Acetate 

Patients exist for crosslinking of ethylene-vinyl acetate copoly
mers (19-21), and Chapiro (22) discusses in detail the radiation 
induced polymerization of vinyl acetate and a radiation induced 
copolymer graft of vinyl acetate-cellulose diacetate. 

Glass 

Most glasses are discolored when exposed to ionizing radiation 
and turn brown (23). 

Ionomers 

No information was located concerning the reaction or lack of 
reaction of Surlyn A or any other ionomer with ionizing radiation. 

Nylon 

Nylon is the generic name for long-chain polyamides and as men
tioned above, nylon 6 and nylon 11 are included in the l i s t of 
films approved for irradiation of prepackaged foods (1). Eighteen 
commercially available flexible films were evaluated for the 
packaging of radiopasteurized fishery products by Tinker et a l . 
(25). The c r i t e r i a used to evaluate the films were the organoleptic 
qualities of the products and the seal efficiency and resistance to 
bacterial penetration of the films. Using these c r i t e r i a , poly
ethylene, polypropylene, saran coated cellophane, cellophane, and 
nylon 6 were considered unsatisfactory. Nylon-11, saran-coated 
nylon-11, polyolefin-coated polyester, polyethylene-coated poly
ester, laminated paper-aluminum-polyelefin-coated polyester, 
laminated aluminum-paper-polyolefin coated-polyester, laminated 
saran-polyethylene nylon, and saran-coated polystyrene lids and 
trays were considered to be excellent for packaging radiopas-
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15. THAYER Chemical Changes in Food Packaging from Irradiation 185 

teurized (2.5 kGy, sources 6 0Co, temperature and dose rate not 
stated) fish for a refrigerated shelf l i f e of one month. 
Bovey (2) reviewed the radiation chemistry of nylon up to 1958. 
The evidence indicated that crosslinking was the predominate 
reaction and that the elastic modulus and tensile strength 
increased while elongation and impact strength decreased (2). 
Keay in 1968 (26) concluded that nylon 11 was superior to two 
laminated packaging materials for the packaging of irradiated 
fish. Essentially no changes were found in the nylon 11 up to 
doses of 160 kGy (26). 

Polycarbonates 

Two studies report results obtained with laminates in which poly
carbonate was the food contacting layer (13, 14). Though neither 
study discussed the polycarbonate film in any detail, the results 
would seem to indicate that there were no marked changes in extrac
tives (14) nor in tensile, burst, or seal strength (13) of the 
laminates. 

Polyesters 

Bovey (2) reviews several studies of the effects of ionizing 
radiation on polyesters stating that polyethylene terephthalate 
has received the greatest attention. Bovey (2) did not feel that 
the data conclusively indicated that scission predominated. 
Chapiro (22) concluded in his review that data existed conclusively 
demonstrating that polyethylene terephthalate was crosslinked by 
ionizing irradiation. Killoran (13) investigated the properties of 
polyethylene terephthalate following either electron or gamma 
radiation doses of approximately 64 kGy. No radiation-induced 
extractives were found in water, acetic acid, or η-heptane. No 
significant effect was detected of irradiation on the tensile 
strength, burst strength, or tear resistance of this polyester. 
Cooper and Salunkhe (27) concluded that mylar bags were superior 
to polyethylene bags for packaging of irradiated bing cherries. 

Polyethylene: General Radiation Chemistry 

The radiation chemistry of polyethylene has been extensively 
investigated (2) and the predominate reaction is usually cross-
linking. The petitions for the use of polyethylene were f i l e d in 
1964 by the Atomic Energy Commission for doses up to 10 kGy (16) 
and by the U.S. Army for doses up to 60 kGy in 1967 (24). Radi
ation-induced crosslinking can be used to extensively modify the 
properties of polyethylene for shrink wrapping (7) or for greatly 
increased heat stability (2). Polyethylene reacts to radiation by 
at f i r s t becoming increasingly insoluble due to the crosslinking 
and with greater doses changes in color f i n a l l y to ruby red (28). 
Physical properties including f l e x i b i l i t y and oxygen transmissi
b i l i t y may be altered (28). 
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186 FOOD AND PACKAGING INTERACTIONS 

Polyethylene Film: Extractives 

Killoran (13) investigated the extractives from medium density 
polyethylene irradiated in the presence of food-simulating 
solvents. When either d i s t i l l e d water or acetic acid was used 
as the food-simulating solvents, no identifiable changes were pro
duced in total extractives or chloroform-soluble extractives by a 
radiation dose of approximately 60 kGy from either gamma or 
electron radiation sources. The gamma radiation temperature was 
23-65°C, and the 10 MeV electron radiation temperature was 25-40°C. 
The dose rates were 8 Gy/sec and 2 χ 10 Gy/sec for gamma ( 6 0Co) 
and electron beam, respectively. Minimal change occurred in the 
extractive from gamma irradiated medium density polyethylene in the 
presence of η-heptane from that of the control. Less n-heptane 
extractive was obtained from electron irradiated polyethylene than 
from the control. The irradiation produced no chloroform-soluble 
residues from the polyethylene in water or acetic acid, and the 
η-heptane soluble residue was identical to that from the control. 

Polyethylene Film: Radiation Induced Volatiles 

Killoran (13) reported that electron irradiation of low-density and 
high-density polyethylene at average radiation doses of 10, 60, 
and 120 kGy produced hydrogen, methane, hydrocarbons, and carbon 
dioxide. The quantities of volatiles increased with increasing 
radiation dose; almost 3 times the total amount of hydrocarbons 
were produced by a radiation dose of 60 kGy as opposed to a dose 
of 10 kGy from the low-density polyethylene. Some ninety hydro
carbons were identified which ranged in molecular weight from 
16(CH4) to 184(C 1 3H 2 8)- Almost twice the amount of hydrocarbons 
were produced from the low as opposed to the high-density poly
ethylene . 

In a much more recent series of studies, Azuma et a l . (29-30) 
identified the odor-producing volatiles from electron beam and 
gamma irradiation s t e r i l i z a t i o n of low density polyethylene films. 
Azuma et a l . (29), using contemporary gas chromatographic and gas 
chromatographic-mass spectroscopic techniques, identified the 
volatile compounds produced from six types of low-density poly
ethylene films by a dose of 20 kGy from a 2.5 MV electron beam. 
Aliphatic hydrocarbons accounted for approximately 35% of the total 
peak area with saturated hydrocarbons up to C 1 3 predominating. 
Four aldehydes (C 2-C 5) and six ketones (C 4-C 8) accounted for 
approximately 26% of the total peak area. Five carboxylic acids 
(C 2-C 5) accounted for 18% of the peak area, and small amounts of 
alcohols, toluene, and phenol were identified. The odor from a 
mixture of the identified components in the same volume ratio as 
their peak areas resembled that of the off-odor of the irradiated 
polyethylene. Azuma et a l . (30) studied the effects of film 
variety on the amounts of carboxylic acids produced by electron 
irradiation of polyethylene film. Nine types of low-density 
polyethylene were examined after a radiation dose of 20 kGy; and 
acetic, propionic, η-butyric, and η-valeric acids were quantitated. 
The predominate product (40 to 75% of total carboxylic acid) was 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 9
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
36

5.
ch

01
5



15. THAYER Chemical Changes in Food Packaging from Irradiation 187 

acetic acid followed by propionic acid (30). The addition of 
butylated hydroxytoluene to the film reduced the total amounts of 
carboxylic acids that were formed. It should be noted that the 
total amounts of the four carboxylic acids produced by the i r r a 
diation of the films ranged from 1.83 Mg/g to 15.7 Mg/g. 
Azuma et a l . (31̂ ) extended their studies to include the effects of 
the conditions of electron beam irradiation and a comparison of 
electron-beam to gamma-irradiation on the production of volatiles 
for irradiated polyethylene film. At an irradiation dose of 20 kGy 
(2.5 MeV e , beam current 250 μΑ), Azuma et a l . (31) noted that the 
formation of carbonyl compounds increased several fold as the 
oxygen content was increased from zero to five percent. Hydro
carbon formation was not noticeably affected by the oxygen content. 
The production of both carbonyls and hydrocarbons during electron 
irradiation of the polyethylene film could be lowered dramatically 
by irradiation at temperatures below polyethylene 1 s glass tran
sition temperature of about -78°C. The amount of carboxylic acids 
that were formed by a radiation dose of 20 kGy from 2.5 MeV e at 
a beam current of 250 μΑ were relatively constant at temperatures 
above 0°C but decreased to 35% at -75°C and to 16% at -196°C. 
Azuma et a l . (31.) discovered that there was a sharp increase in 
the production of carboxylic acids from polyethylene when the 
energy was increased from 1.5 to 2.0 MeV. Unfortunately from the 
viewpoint of this reviewer, the investigators did not extend their 
study up to a level of 10 MeV, which would be required for the 
irradiation of many foods. They also did not state the other 
irradiation conditions, e.g., temperature, or atmosphere. It was 
noted that lower beam currents, i.e., 125 μΑ, increased the for
mation of carboxylic acids (31). The formation of carboxylic 
acids almost doubled when the polyethylene received a dose of 20 
kGy from 6 0Co rather than from the 2.5 MeV electron beam source. 
Unfortunately, the authors did not indicate the dose rate or 
temperature of the gamma irradiation treatment. Azuma et a l . (31) 
interpreted these results as being due to dose rate. With gamma 
radiation, the probability of crosslinking would be low because of 
a low concentration of primary radicals and a high relative avail
a b i l i t y of oxygen. With electron beam radiation, the recombina
tion of the primary radicals, rather than their oxidation would be 
more favored because of their much higher relative concentration 
(31). 

Polyethylene-Radiation Induced Crosslinking 

The effects of ionizing radiation on crosslinking of polyethylenes 
and grafting of polyethylene and polypropylene to other materials 
has been the subject of many studies (6). Generally these studies 
appear to have limited application to our consideration of the 
effects of ionizing radiation on materials used for packaging of 
foods; but nevertheless, these studies do provide a strong theo
retical background and may, as well, provide the basis for 
radiation-stable materials suitable for packaging foods that are to 
be subjected to irradiation treatments. This f i e l d has moved with 
such rapidity that Baird and Joonase (32) listed a bibliography of 
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188 FOOD AND PACKAGING INTERACTIONS 

500 patents related to radiation crosslinking of polymers in 1982. 
Godlewska et a l . (33) described the use of ionizing irradiation to 
increase dramatically the impact resistance of polyethylene films 
intended for use in packaging foods. Azuma et a l . (30) described 
the effects of incorporating an antioxidant into low-density 
polyethylene on the subsequent generation of carboxylic acids from 
the film during irradiation. Gal et a l . (34) described the effects 
of three antioxidants on the radiation crosslinking efficiency of 
low-density polyethylene. A l l three antioxidants that were inves
tigated decreased the amount of crosslinking at a given dose. 
Schlein et a l . (35) obtained a patent for the addition of 
2,2'-methylene-bis(4-ethyl-6-t-butyl) alcohol to polyethylene, 
which was reported to stabilize i t so that there was no odor for
mation at sterilization doses for meats (20-40 kGy). 

Polypropylene 

Bovey considered the predominant reaction of ionizing radiation 
with polypropylene to be that of crosslinking (2). Chapiro (22) 
discussed the nature of the crosslinking reactions. Tinker et a l . 
(25) considered polypropylene to be unsuitable for the packaging of 
radiopasteurized fish because the gas permeability rate was too 
high. Varsanyi and Farkas (36) concluded that non-oriented 
polypropylene film was suitable at dose levels of less then 
8.0 kGy, did not suffer significant alteration of either chemical 
or physical properties, and was suitable for packaging of radio-
pasteurized meats. The radiation-crosslinking of polypropylene 
to improve i t s heat resistance and tensile strength was described 
by Benderly and Bernstein (37). 

Polystyrene 

Bovey reviewed several studies on the effects of ionizing radi
ation on polyestyrene concluding that the predominant reaction was 
crosslinking (2). Very l i t t l e gas was formed during the cross-
linking. Kline (38) reported the results of studies of radiation 
on the dynamic mechanical properties of styrene concluding that 
crosslinking took place but no changes in the dynamic mechanical 
properties were detected. Chapiro (22) provided an extensive 
review of the effects of ionizing radiation on polystyrene. 
Tinker et a l . (25) reported polystyrene lids and trays to be good 
to excellent for the packaging of radiopasteurized fish. 

Polytetrafluoroethylene 

Polytetrafluoroethylene, though almost chemically inert, is degraded 
by ionizing radiation. It loses mechanical strength and CF 4 is 
evolved (2). 

Polyvinyl Chloride 

Bovey (2), in reviewing the existing studies as of 1958, indicated 
that vinyl chloride polymers were on the border line between 
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15. THAYER Chemical Changes in Food Packaging from Irradiation 189 

predominant formation of crosslinks and/or scission reactions. 
Several studies were cited as indicative of degradation, including 
the evolution of hydrogen chloride, darkening, reduction in tensile 
strength, and hardness. Some reports, however, cited by Bovey (2) 
indicated that crosslinking was taking place under some circum
stances. Chapiro (22) reported in 1962 that his research indicated 
that irradiation in air caused a steady degradation of the polymer, 
but that irradiation in vacuo led to only minor changes at doses 
as high as 83 kGy. Yegorova et a l . (39) reported that radiation 
crosslinking predominated in the case of the ethylene copolymer 
containing 15 mole % vinyl chloride. The tensile strength was 
reported to rise with increasing dose. Haesen et a l . (40) 
reported that gamma irradiation stimulated the formation of a 
heptane soluble, nonvolatile Sn compound with a high migration 
tendency from organo-tin compounds added to poly(vinyl chloride) 
for stabilization properties. 

Other Plastic Films 

Killoran (13) tested eight plastic films for water, acetic acid, 
and η-heptane extractives following either gamma or electron 
radiation to an average dose of 63 or 67 kGy, respectively. 
Polyethylene-polyisobutylene blend, plasticized polyvinyl chlor
ide, polyethylene terephthalate and polystyrene had minimal net 
changes in water or acetic acid extractives. Four other gamma-
irradiated films, polyiminocaproyl, polyiminoundecyl, poly(vinyl 
chloride-vinyl acetate), and poly(vinylidene chloride-vinyl 
chloride) had increased water and acetic acid extractives after 
irradiation. There were minimal changes in η-heptane extractives 
after gamma- and electron-irradiation of polyiminocaproyl and 
polyethylene terephthalate. Increased amounts of n-heptane 
extractives were obtained from gamma- or electron-irradiated films 
of polyethylene polyisobutylene blend, plasticized polyvinyl-
chloride, poly(vinylidene chloride-vinyl chloride) and polystyrene 
than from non-irradiated controls. Gamma-irradiated films of 
polyethylene, and polyiminoundecyl and electron-irradiated 
poly(vinyl chloride-vinyl acetate) also had increased n-heptane 
extractives. There were minimal changes in n-heptane extractives 
after gamma-irradiation of poly(vinyl chloride-vinyl acetate), and 
electron-irradiation of polyiminoundecyl. Electron-irradiated 
medium-density polyethylene had less extractive than the non-
irradiated control. The author attributed the differences in 
extractives to the relative stability of the films to crosslinking 
and/or degradation by either the gamma radiation or electron 
radiation. Killoran (13) concluded that the radiation sta b i l i t y , 
based on the total amounts of volatiles produced by electron 
irradiation of each film, was polyiminocaproyl > high-density 
polyethylene > poly(vinylidene chloride-vinyl chloride) > low-
density polyethylene. The abrasion resistance of low-density 
polyethylene and polyiminocaproyl increased with increasing 
radiation dose (13). 
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190 FOOD AND PACKAGING INTERACTIONS 

Laminated-Packaging 

Keay (26) examined the effects of gamma radiation up to a dose of 
160 kGy from spent fuel elements (no temperature, atmosphere, or 
dose rate was stated) on pouches of nylon 11, pouches of laminated 
polypropylene (0.002 inch thick)-medium density polyethylene 
(0.002 inch thick) bonded with an unspecified adhesive, and lam
inated pouches of 0.002 inch medium-density polyethylene and 
(0.0005 inch) polypropylene bonded with an unspecified adhesive. 
The evaluations included development of color or change in trans
parency, loss of s l i p , brittleness, delamination, infrared 
spectral examination, gas chromatographic examination, and a taste 
panel examination of cod f i l l e t s stored in the vacuum sealed 
irradiated pouches at 2°C for 5 days. The fish f i l l e t s themselves 
were not irradiated. They were evaluated for raw odor taint and 
then steam cooked and tested for odor and flavor taint. The nylon 
11 was essentially unaffected by the radiation treatments through 
a dose range of 80 kGy. Both of the laminates, however, had dose-
related increases in odor though only the polypropylene-polyethylene 
pouches had a loss of slip with increasing dose. Both laminates 
were discolored by the radiation. The polypropylene-polyethylene 
pouches had a four-fold increase in total volatiles after a radia
tion dose of 80 kGy and strongly tainted the raw but not the cooked 
fish f i l l e t s (26). 

Killoran et a l . (41) investigated the use of five commer
c i a l l y available plastic laminates for the packaging of bacon, ham, 
or pork, which was to be irradiated at 3°C to a dose of 45 to 56 
kGy at a dose rate of 53 krads per min using a 6 0Co radiation 
source. The evaluation included observations for odor, leakage, 
color changes, and determination of the physical changes in the 
pouches. The following packaging materials were evaluated: Film 
A: 0.5 mil 50 A Mylar/0.5 mil Al foil/2 mil poly(vinyl chloride); 
Film B: 30 lb paper/0.35 mil Al foil/2 mil Scotchpak 20A5; Film C: 
30 lb paper/0.35 mil Al foil/1 mil Marlex TR-515; Film D: 0.3 mil 
Al foil/30 lb paper/2 mil Scotchpak 20A5; and Film E: 4.5 mil 
transparent Scotchpak 45A27. The last named component was in each 
case the food-contacting film. Only film Β proved satisfactory 
for packaging of the three meat products over a one-year period. 

Packaging Studies of Shelf-stable Meat and Poultry 

The most comprehensive published studies of the effects of ionizing 
radiation on packaging materials were conducted at the U.S. Army 
Laboratories, Natick, Massachusetts to develop packaging materials 
suitable for use in packaging irradiated foods intended to have a 
two year shelf l i f e at room temperature. Large scale studies of 
the wholesomeness of radiation treated (to commercial s t e r i l i t y ) 
poultry and beef products were conducted. The products used for 
these studies received radiation doses in excess of 40 kGy at an 
average temperature of -25 ± 15°C and the studies were conducted 
on such a scale as to provide r e a l i s t i c testing of the packaging 
materials. In the most recent study, 135,405 kg of broiler 
chicken meat was processed and packed either in cans or in flexible 
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15. THAYER Chemical Changes in Food Packaging from Irradiation 191 

packages depending on the treatment i t was to receive (42-44). 
The details of the processing of the chicken were reported by 
Wierbicki (44). 

Tinplate Cans 

The chicken that was to be sterilized by gamma radiation was vacuum 
packed in 404 χ 309 mm epoxy-phenolic- enamel lined cans (42-44). 
The cans were constructed of 80 to 90 weight, No. 25 tinplate, 
coated with epoxy-phenolic enamel (44). The lids were sealed with 
a blend of cured and uncured isobutylene-isoprene copolymer 
(43-45). Killoran et a l . (45) had evaluated the tinplate can with 
certain enamels and end-sealing compounds and found i t to be 
suitable for packaging meat and poultry products that were to be 
irradiated to a dose of 70 kGy at -60°C. 

Flexible Packaging. 

The chicken that was to be sterilized by electron beam was packed 
in flexible packages 165 mm χ 208 mm and fabricated with 0.025 mm 
polyiminocaproyl (nylon 6) as the outside layer, 0.0090 mm alum
inum f o i l as the middle layer, and 0.062 mm polyethylene 
terephthalate-medium density polyethylene as the food contacting 
layer (42-44). The actual food contactant was the medium density 
polyethylene layer. The r e l i a b i l i t y of this flexible packaging 
material was extensively tested during the packaging of the beef 
described above (12). Under conditions that would have been 
similar to commercial use, only 140 of 441,470 pouches containing 
beef were defective after the vacuum sealing operation for a defect 
rate of 0.03%. The bond strength of the pouches increased 
approximately 3 fold during the irradiation process and did not 
deteriorate during storage for 24 months (_12). The burst strength 
of the pouch also increased during the irradiation process from 
1.9 χ 105 Pa to 2.4 χ 105 Pa (12). 

The food-containing layer in the pouches used for packaging 
the chicken was extensively tested for possible production of 
extractives during irradiation by Killoran (43). Standard food 
simulating solvents were used: water, acetic acid (pH 3.5), and 
n-heptane. The film was formed into pouches that would hold 160 g 
of food and had an exposed surface area of 290.3 cm2 per pouch. 
Five pouches were used for each sample. The pouches with food-
simulating solvent were sealed in an atmosphere of nitrogen, 
cooled to -40°C, and irradiated with 10 MeV electrons at a dose 
rate of 2 χ 107 to 5 χ 107 kGy/sec, to a total dose of 47 to 
71 kGy. The i n i t i a l temperature, as previously mentioned, was 
-40°C and rose to -18°C during the irradiation. After thawing 
the pouches were stored at 50°C. Under these conditions of 
irradiation, the total water extractives were 0.54 mg/pouch and 
0.33 mg/pouch when not irradiated. When the equilibrium values 
for the extractives in pH 3.5 acetic acid were corrected for that 
formed in the acetic acid when irradiated, (1.17 mg/pouch) the 
irradiated samples had 0.26 mg/pouch and the non-irradiated 
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192 FOOD AND PACKAGING INTERACTIONS 

0.40 mg/pouch. In a similar manner, when the equilibrium extrac
tives for η-heptane were corrected for radiation induced 
extractives in the heptane (1.35 mg/pouch), 0.57 mg/pouch and 
0.76 mg/pouch were found in the irradiated and the non-irradiated 
samples, respectively. The grease-like material extracted from 
the pouch by η-heptane was not part of the adhesive between layers, 
which was a cured polyester-epoxy system. It was identified by UV, 
IR, and mass spectra as a low molecular weight polyethylene. 

Conclusion 

Data exists on the reactions of ionizing radiation with a number 
of polymer and copolymer films. Some of these films such as 
polyethylene, polystyrene, and polyethylene terephthalate appear to 
be very well suited for use as packaging materials for foods which 
are to be subjected to ionizing radiation. But even these mater
ials do react with ionizing radiation and i t should be remembered 
that the regulation (1) was written from data submitted in the 
early 1960s. Modern analytical technology should be applied to the 
analysis of volatiles and extractives. Few laminated films have 
been extensively investigated and none have been approved for use 
in packaging foods which are to be irradiated. The use of ionizing 
radiation to improve the characteristics of films opens the 
question as to what subsequent additional reactions might take 
place i f such films were used to package foods which were to be 
irradiated. Fortunately, the extensive use of radiation cross-
linking by industry should provide the knowledge to select the 
proper films for formation of laminated packaging materials to 
provide safe and reliable materials for use in packaging foods 
which are to be irradiated. It is possible that satisfactory 
packaging films could be produced by co-extrusion of polymers which 
have been previously approved avoiding the necessity of seeking a 
new approval from the Food and Drug Administration. The approvals 
already granted for irradiation of foods and the potential for 
additional approvals should generate a considerable market for 
packaging materials cleared for use with ionizing radiation. 
Abrreviations used: Gray(Gy) - A radiation dose of 1 Gy involves 
the absorption of 1 J of energy per kilogram of matter. 
1 Gy = 100 rad. 1 kGy = 1000 rad. Rep(r) - Roentgen equivalent 
physical. An absorbed dose of ionizing radiation equivalent to 93 
ergs/g; 1 Gy = 107.5 rep, 1 million electron volts (MeV). 
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Chapter 16 

Relationship Between Polymer Structure 
and Performance in Food Packaging Applications 

George W. Halek 

Food Science Department, Rutgers University, 
New Brunswick, NJ 08903 

This paper reviews the performance of polymers as food 
packaging materials from the viewpoint of the chemical and 
physical structure of the polymers and chemical and physical 
interactions with food ingredients. The major factors 
involved in these interactions are polarity and crystalline 
structure of the polymer and polarity and chemical structure 
of the food ingredients. The effects of these factors on 
mechanical, barrier, and compatibility behavior of the 
systems are described, and the principles controlling the 
behaviors are applied to explain performance. 
Recommendations are given for further research to broaden 
understanding of polymer-food interactions. 

The performance that is to be expected from a polymeric food 
packaging material is the same as that expected from any food 
packaging material. It has been described elswhere (1,2) in detail 
and can be summarized for our purpose as: containing the food, 
protecting i t from the environment, and maintaining food quality. 
In the case of polymers, the ab i l i t y to perform these functions 
w i l l depend on their mechanical and barrier properties, to which 
must be added the requirement of long-term compatibility with the 
food. This last property w i l l depend on the nature of the food 
ingredients and the structure of the polymeric packaging material. 
Thus food packaging performance is seen to depend on polymer 
mechanical, barrier, and compatibility properties. These, in turn, 
w i l l depend on polymer structure and changes that can occur with 
time during interactions with the food ingredients. 

As a practical matter, there are now a number of polymers that 
are used in food packaging applications (3), and they have endured 
because they have demonstrated a defineable level of appropriate 
mechanical and barrier properties for the task. The matter of 
compatibility has been less easy to define and in an increasing 
number of cases has been recognized as a potential source of loss 
in food quality. A study of the literature has revealed only a 
limited amount of publication of such cases, but there are enough 
to permit categorization. These w i l l be described in this paper. 

0097-6156/88/0365-0195S06.00/0 
© 1988 American Chemical Society 
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196 F O O D A N D P A C K A G I N G I N T E R A C T I O N S 

POLYMER STRUCTURE CONSIDERATIONS. The polymers that are used in 
food packaging applications can be divided into several classes 
according to their chemical structure(Table I). 

Table I. Classes of Food Packaging Polymers 

Classes Representative Polymers 

Hydrocarbon 
Halogen 
Functional Vinyl 

Condensation 
Miscellaneous 

Polyethylene, Polypropylene, Polystyrene. 
Polyvinyl chloride, Polyvinylidene chloride. 
Polyvinyl alcohol, Polyvinyl acetate, 
Polyacrylonitrile. 
Nylon 6,6, Polyethylene terephthalate. 
Cellophane, Polycarbonate, Polyurethane. 

Each of these polymers can next be assigned to a series of 
increasing polarity ranging for example from polyethylene (low 
polarity) to polyvinyl alcohol (high polarity) due mainly to the 
differences in the functional groups attached to the main polymer 
chain. They can also be arranged according to crystalline/amorphous 
solid state ratios. For x example they range from isotactic poly
propylene with a high crystalline/amorphous ratio to polyvinyl 
choride with a low ratio. Both of these factors, degree of polarity 
and crystalline/amorphous ratios, are major factors in the state of 
matter attained in a polymeric packaging material. That attained 
state of matter controls the properties of the fabricated packaging 
materials, and this depends on polymer structure (4). In addition 
there are a number of other factors that affect performance such as 
molecular weight and its distribution, crosslinking, and additives, 
but these are secondary to the polarity and crystallinity factors 
dealt with here. However these effects should not be ignored in 
seeking information on causes of polymer performance. 

FOOD PACKAGING PERFORMANCE CONSIDERATIONS. The major performance 
characteristics of polymeric food packaging materials controlled by 
the structural considerations are shown in Table II. The table also 
includes typical properties that are measured for those performance 
characteristics. 

Table II. Performance Characteristics and Related Properties 

Performance Characteristic Related Properties 

Mechanical Strength Tensile Strength 
Compressive Strength 
Impact Strength 

Barrier Behavior Permeation 
Migration 

Compat i b i l i t y Sorption 
Desorption 
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16. HALEK Polymer Structure & Performance in Packaging 197 

These performance characteristics and how they are related to 
polymer structure and the effects on food packaging applications 
are presented in the next sections. 

POLYMER STRUCTURE AND MECHANICAL PERFORMANCE. The variety of 
polymer classes that are used in food packaging is shown in Table 
I. They represent the range of functional groups and crystalline 
structures that provide properties that meet the needs of food 
packaging applications. The polymers of low polarity for example 
the polyhydrocarbons, attain their mechanical strength from packing 
of very long chains of high molecular weight or regularity so that 
the relatively weak van der Waals interchain forces add up 
sufficiently to meet the material requirements. Those of higher 
polarity can attain that total requirement of interchain attractive 
force at a lower molecular weight and with less structural 
regularity because of the compensating polar attractive forces. 
These factors are well known in polymer work (4) and w i l l not be 
described further. We w i l l focus on the forces involved in 
food-polymer interactions that can change mechanical properties. 
This involves transitions in the polymer caused by migration of 
ingredients into the polymer in contact with food. 

It has been recognized for some time that there is a strong 
dependence between diffusion and relaxation in polymers (5) and 
that this could be explained by a coupled diffusion-relaxation 
process (6,7). The argument is that when an organic penetrant is 
sorbed by a semicrystalline polymer, the rate of sorption is 
controlled by diffusion and a slow relaxation of the polymer (5). 
This further enhances the rate of diffusion which further 
influences the relaxation. To the extent that this occurs, changes 
occur in the polymer's properties. There are few published works 
covering the details of such behavior resulting from food-polymer 
interactions, but the effects expected can be summarized from 
general principles involving coupled diffusion-relaxation. In 
general, mechanical properties w i l l be changed by permeants that 
can affect polymer chain segmental mobility. Accordingly, food 
ingredients that are absorbed and plasticize the polymer chains 
w i l l permit them to slip past each other. Food ingredients that can 
displace polar attractive forces (hydrogen bonds or polar bonds) in 
the polymer w i l l also affect chain mobility. The net effects of 
these two factors would be a lowering of tensile and compressive 
strength and modulus, and an increase in creep properties resulting 
from continued deformation with time. Impact strength w i l l usually 
be increased under these conditions as the increased segmental 
motion and decreasing cry s t a l l i n i t y would permit dissipation of 
impact energy by energy-consuming contortions of the more mobile 
polymer chain segments. Thus, the mechanical properties are 
affected significantly by the behavior of the polymer towards 
permeation by the food ingredients. The structural features that 
affect this behavior w i l l be further considered in the next section 
on barrier performance. 

POLYMER STRUCTURE AND BARRIER PERFORMANCE. Summaries of the 
relationships between polymer structure and barrier performance in 
food packaging materials are available (2,8,9). Much of the 
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198 FOOD AND PACKAGING INTERACTIONS 

emphasis has been on permeation of H2O, 02* and CO2 which are 
of particular importance to food shelf l i f e . In addition, there is 
a limited amount of data published on permeation by model solvents 
and aroma compounds. Our discussion w i l l include principles that 
cover a l l of these cases. 

In general, there are several polymer structural features that 
result in good barrier performance: 1) Some polarity but of certain 
types; 2) Regularity of molecular structure; 3) Close 
chain-to-chain packing in the solid state. The polarity is 
important from the viewpoint of functional group interactions with 
the polar permeants of interest to foods. The regularity of 
molecular structure affects the ab i l i t y of the polymer chains to 
approach each other during the crystallization process of the 
packaging material fabrication steps. That factor and the fin a l 
close chain-to-chain packing that i t permits provides a restricted 
pathway for the permeants. The problem is that at times these 
factors can have cross-effects that must be taken into 
consideration when deducing the effects of structure on 
performance. Such effects in the case of polarity can be seen from 
the data in Table III derived from the literature (2,3,8,9) for 
02> C02 and H2O permeation in a number of barrier polymers. 

Table III. Barrier Properties of Selected Polymers (2,3,8,9) 

Functional 
Polymer3 0 2dry b 02wetc C0 2

b H 20 d Class 

PVOH 0.02 7.00 0.06 10.00 Hydroxyl 
EVOH 0.05 7.00 0.23 10.00 Hydroxyl 
PVDC 0.08 0.08 0.30 0.05 Halogen 
PAN 0.03 0.03 0.12 0.50 Nit r i l e 
PET 5.00 5.00 20.00 1.30 Ester 
NYLON 6,6 3.00 15.00 5.00 24.00 Amide 
PP 110.00 110.00 240.00 0.30 Hydrocarbon 

a PVOH, polyvinyl alcohol; EVOH, ethylene vinyl alcohol copolymer: 
PVDC, polyvinylidene chloride; PAN, polyacrylonitrile; PET, 
polyethylene-terphthalate; Nylon 66, hexamethylenediamine adipic 
acid; PP, polypropylene, 
b cc-mil/lOOin 2 . day . 1 atm 
c cc-mil/100in 2 . day . 1 atm at 80% RH 
d g-mil/100in 2 . day . at 100°F and 90% RH 
These data illustrate the cross effects when humidity is included. 
For example, polyvinyl alcohol is an outstanding barrier towards 
O2 and CO2 when dry. The high content of OH groups permits 
interactions that retard transport through the polymer. However, 
when water enters the polymer i t preferentially interacts with the 
OH groups and thus diminishes retardation of the permeants and also 
swells the structure to increase interchain distances and thus free 
volume. The net result is a strong reduction in barrier 
performance. The same behavior is noted for ethylene vinyl alcohol 
copolymer with its OH groups. A similar behavior is seen for Nylon 
6,6 with its amide groups, so i t is not restricted just to OH 
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16. HALEK Polymer Structure & Performance in Packaging 199 

groups. The effect is not observed for PVDC or PAN or PET (see 
Table III) which also have polar groups. The indication is that i f 
a permeant can preferentially interact with the polymer and can 
swell i t , the barrier performance is reduced (PVOH, EVOH, Nylon 
6,6). On the other hand, i f i t cannot, the barrier performance 
remains (PVDC, PAN, PET, PP). This is also noted for the water 
permeation data in Table III for these polymers. Those data show 
that the two polymers with OH groups and the Nylon are poor water 
barriers while the others are better. But, so is the performance of 
the non-polar polypropylene. Thus polar goups per se do not mean 
good or bad barrier performance towards water nor towards O2 and 
C02- So long as the polymer polarity results in strong interchain 
attractions that are not displaced by the permeant, the barrier 
performance remains good. 

The other factor of importance to barrier performance is 
attained c r y s t a l l i n i t y . The whole topic is complex but can be 
illustrated by the following examples from Table III and Table IV 
derived from the literature (2,3,8,9). 

Table IV. Crystallinity Effects from Stretch Orientation 

Oo Permeation3 HoO Permeationb 

Polymer Unoriented Oriented Unoriented Oriented 

PP 414.00 240.00 0.5 0.3 
Nylon 2.60 1.30 25.0 8.0 
PET 8.00 4.00 3.0 1.3 
PAN 0.03 0.03 

a. cc-mil/100 i n 2 . day . atm 
b. g-mil/100 i n 2 . day 90% RH at 38°C 

The polymers in Table III are a l l highly crystallizable as a result 
of their conformational regularity which permits packing into 
specific crystal lattices during the melting and cooling process 
for film or container fabrication. Such cr y s t a l l i n i t y reduces the 
volume of amorphous polymer available as a permeation medium and 
also increases the pathlength to be travelled through the plastic 
structure. The result is an improvement in barrier properties from 
attained crystallinity in addition to the previously mentioned 
retardation effect resulting from functional group interaction with 
the permeant. The crystallinity effect can be further increased by 
stretch orientation of the finished structures. This is illustrated 
in Table IV for several polymers that can be stretch oriented. 
Orientation has improved the O2 and H2O barrier as a result of 
stretch treatment that has reduced the amount of amorphous phase 
and also diminished the distance between cry s t a l l i t e s . The general
ization cannot be made more specific here because of the numerous 
differences in organizational arrangements that are described in 
the literature regarding the actual structural changes occurring 
from stretch orientation (10, 11, 12). For example, in some cases 
the movement of the crystallites actually creates voids that 
diminish barrier effectiveness. 
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200 FOOD AND PACKAGING INTERACTIONS 

One further point of interest is that of laminates. Current 
technology permits formation of composites either by adhesive 
coatings or coextrusions to combine a desired set of properties in 
one structure. For example the outstanding O2 and CO2 barrier 
of PVOH can be combined with polypropylene which is four magnitudes 
poorer in that respect but which can provide the water barrier that 
the PVOH lacks. Guidance in interpreting the results to be expected 
from such combinations can be obtained by employing the basic 
principles described above. 

POLYMER STRUCTURE AND COMPATIBILITY. In this section we are taking 
compatibility to mean the a b i l i t y of the polymer and the food to 
coexist without significant changes occurring in either one as a 
result of their contact. There is a close relationship between this 
subject and the discussions in the section on barriers because the 
factors for interactions in the polymer are the same: polarity and 
c r y s t a l l i n i t y . However, here we w i l l put more emphasis on the 
nature of the migrants. Further, we w i l l limit our discussion to 
migration of ingredients from the food into the polymer. Migration 
in the other direction has been covered extensively by the large 
volume of publications involving regulatory concerns connected with 
migration of toxic ingredients or adulterants into foods (13,14). 
Even within those studies a body of theoretical considerations of 
migration behavior at low concentrations of migrants has been 
formed and the reader is directed to two articles (15,16) that 
discuss the main viewpoints involved. The whole area is quite 
extensive and w i l l not f i t into this presentation. 

There are two main ways in which food can interact with 
polymers namely, 1) The food can react with or complex or in some 
way form a bond with the packaging material surface; 2) The food 
can be absorbed into the packaging material. In both cases the 
interactions depend on the nature of the food ingredients and on 
the polarity and state of matter of the polymer. A current search 
of literature on this subject reveals only a limited amount of 
publication involving measurement of food-polymer interactions. A 
sampling of recent publications is listed in Table V. 
These examples, while restricted to polyolefins, indicate the kind 
of behavior observed for the sorption of food ingredients by 
polymers. Reference 17 showed that limonene was strongly sorbed by 
polyethylene while other oxygenated aroma compounds were sorbed to 
a lesser extent. The other papers also report equilibrium 
partitioning that is quite favorable to the plastic. For example 
the partition coefficient reported for limonene between 
polyethylene and water was 3,400 (19). For the other ingredients 
from that work, the coefficients ranged from 2-38. In another work 
(18) the sorption isotherms for limonene in water into polyethylene 
showed a biphasic sorption behavior. 

Reaction rates indicated that adsorption was occurring very 
rapidly while absorption was slower. Carvone behaved similarly but 
had a much lower partition coefficient (18). Similarly, differences 
were found for the sorption rates of terpenes, li n a l o o l , and 
citronella with polyethylene and polypropylene (20). These reports 
confirm that the hydrocarbon model permeants are sorbed to a 
greater extent by polyolefins than are the more polar ingredients. 
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16. HALEK Polymer Structure & Performance in Packaging 201 

Table V. Food Ingredient Sorption by Polymers 

Ingredients Polymers Reference 

Limonene 
Limonene 
Carvone 
Limonene 
Cit r a l 
Benzaldehyde 
Ethyl Butyrate 
Terpenes 
Linalool 
Citronella 
Fats in the form of 
ten foods including 
cheeses, margarine, 
chocolate, cream, milk 
and yogurt 

Polyethylene 
Polyethylene 

Polyethylene 

Polyethylene terephthalate/ 
Foil/Polyethylene or poly
propylene 
Polyethylene 

17 
18 
19 

20 

14 

The data reported on fat sorption from dairy products (14) were 
obtained by placing the foods, including solid structures, in 
direct contact with the polyethylene film. The results showed a 
wide range of sorption of the fats by the plastic that was 
dependent on the structure of the foodstuffs. From these reports 
there is not enough information to permit comment on the effects of 
polarity or cr y s t a l l i n i t y on the polymer-food ingredient 
interactions. Nor do they allow comment on differentiating surface 
adsorption from internal absorption. However, they do show that the 
general principles of sorption behavior established with non-food 
ingredients are being followed. 

FUTURE RESEARCH NEEDS. From our brief review i t can be seen that 
there is a need for broadening the scope of research on the 
interactions between food and packaging polymers. The broadening is 
needed both in the nature of the food ingredients and the structure 
of the polymers. The need extends through a l l three of the 
performance characteristics -mechanical, barrier and compatibility. 
A l l three of those areas are closely tied together by coupled 
diffusion-relaxation process considerations once the permeant 
enters the polymer. Thus, future researchers should be aware of a l l 
three characteristics when they carry out their particular 
experiments in polymer-food interactions and to the extent that is 
possible could collect the additional data that w i l l further the 
understanding of the relationships between polymer structure and 
performance in food packaging applications. Finally, i t would be 
helpful i f publications of food-polymer interactions would include 
more detailed data on the composition and properties of the 
polymers used. Most useful would be information about the 
composition (comonomers, additives) stereoregularity, type and 
degree of branching, molecular weight and distribution, and state 
of attained cry s t a l l i n i t y and morphology, including distribution of 
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202 FOOD AND PACKAGING INTERACTIONS 

spherulites and defects in the specimens actually used. Similarly, 
for the food ingredients there is need for more complete 
description of the chemical composition and treatments to which 
they were exposed. Such information would be of great use to 
scientists who wish to help unravel the food-polymer interactions 
but can not find the observations that would be helpful. 
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Chapter 17 

Recent Advances 
in Metal Can Interior Coatings 

Raymond H. Good 

Holden Surface Coatings Limited, Bordesley, Green Road, Birmingham, 
B9 4TQ, England 

Interior Can Coatings have been undergoing a period 
of considerable change over the last twenty years. 
Environmental Legislation, new can making technologies 
and the need to offer increased protection to less 
corrosion resistant substrates have all influenced 
coating selection. Tough new air pollution regulations 
have forced the can producers to adopt compliant water 
based and high solids coating formulations. The move 
to eliminate lead from cans has resulted in 
fundamental changes in can fabrications. The advent 
of Draw-Redraw (DRD), Drawn and Wall Ironed (DWI) and 
Welded Technologies all require more highly 
sophisticated coatings. The coating supplier has 
responded rapidly to these requirements and continues 
to work on developing new organic film formers that 
will withstand the demands of future technologies. 

I n t e r i o r Can Coating Background 

Although metal food cans have been with us f o r 150 years or more, the 
canning r e v o l u t i o n only r e a l l y s t a r t e d 70 - 80 years ago. In the 
19th century, cans were made by hand and a heavy coa t i n g of t i n 
protected the f o o d s t u f f s from the i r o n s u b s t r a t e . With the change i n 
l i f e s t y l e s f o l l o w i n g the V i c t o r i a n e r a , and the greater need f o r 
convenience foods, the " t i n can" became the necessary package f o r 
f r u i t , meats, f i s h and vegetables (J_). Many of these foods being 
grown s p e c i f i c a l l y to go i n t o cans. 

The improvements i n can making and the more widespread use of 
cans placed an ever i n c r e a s i n g i n t e r e s t i n reducing the package cost. 
One of the areas f o r cost savings was to reduce the t i n c o a t i n g 
weight and replace i t with organic f i l m formers that provide 
e x c e l l e n t c o r r o s i o n p r o t e c t i o n f o r the m e t a l l i c container and a 
b a r r i e r between the f o o d s t u f f and the metal. Lacquering or coat i n g 
of the i n t e r i o r of the can was f i r s t used to preserve the colour of 
red f r u i t s and vegetable products when packed i n uncoated t i n p l a t e 

0097-6156/88/0365-0203$06.00/0 
© 1988 American Chemical Society 
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204 FOOD AND PACKAGING INTERACTIONS 

cans. [2). The l a c q u e r i n g of cans was necessary to prevent the 
blackening of the can and i t s contents which occurs with c e r t a i n 
sulphur products contained i n meat, f i s h and vegetable products. I t 
was Bohart (3_) who was a c t i v e i n developing sulphur r e s i s t a n t 
lacquers i n the 1920's. These lacquers contained a suspension of 
z i n c oxide which reacts with sulphur compounds formed during 
processing to form white z i n c sulphide rather than the normal black 
t i n or i r o n s u l p h i d e , (e.g. "corn b l a c k " ) . 

Most t i n p l a t e and a l l t i n f r e e s t e e l containers have to be 
protected. The exceptions are three piece t i n p l a t e cans wi t h heavy 
t i n weights. These are used p a r t i c u l a r l y where the t i n a i d s the 
f l a v o u r and appearance of the product, p a r t i c u l a r l y l i g h t coloured 
f r u i t s , f o r example pineapple, g r a p e f r u i t and peaches (_4 ). P r o t e c t i o n 
of a food container has always required the c a r e f u l s e l e c t i o n of 
lacquer type depending on a number of f a c t o r s : 

Lacquers must have s u i t a b l e a p p l i c a t i o n c h a r a c t e r i s t i c s e i t h e r by 
r o l l coat, spray, c o i l , e t c . P h y s i c a l l y and chemically, lacquers 
must have e x c e l l e n t adhesion to the s u b s t r a t e , f l e x i b i l i t y during 
forming and d u r a b i l i t y which provides a f i l m that i s odourless and 
non t o x i c . Over the years, r e t e n t i o n of the f l a v o u r and colour of 
the product has become of paramount importance. This means the 
lacquer must be s t a b l e over a wide temperature range being able to 
r e s i s t the heat from the s i d e seam process and a l s o to the food steam 
processing c o n d i t i o n s . 

More r e c e n t l y , c o a t i n g manufacturers have been r e s t r i c t e d i n the 
lacquer choice by components or a d d i t i v e s recognised by food 
l e g i s l a t i o n , e . g . American Food and Drug A d m i n i s t r a t i o n . 

Chemistry of I n t e r i o r Can Coatings pre-1950 

Oleoresinous Coatings. The o r i g i n a l can lacquers were based on 
oleoresinous products. This group has the longest h i s t o r y i n the 
i n d u s t r y and covers a l l those c o a t i n g m a t e r i a l s which are made by 
f u s i n g n a t u r a l gums and r o s i n s and blending them wit h drying o i l s , 
such as l i n s e e d or tung o i l . (_5) This b a s i c combination e x p l a i n s the 
term "oleoresinous or o i l based" lacquers. The mechanism of drying 
i n v o l v e s o x i d a t i o n which i s accelerated using d r i e r s and temperatures 
up to 415°F f o r cure. Tung o i l , of which a l p h a - e l e o s t e a r i c a c i d i s a 
major c o n s t i t u e n t , has been used e x t e n s i v e l y i n oleoresinous systems. 
I t s conjugated s t r u c t u r e a s s i s t i n g i n the o x i d a t i v e cure (Figure 1). 

Ci s 

CH = CH - (CH 2) ?C0 2H 

CH = CH 

CH = CH 

Trans Trans 
C,Hn - CH = CH - CH = CH 4 9 

C H - CH - CH = CH - ÇH 4 9 J Τ 
0 0 

οο· J, 
C.Hn - CH - CH = CH - CH 4 9 j 

CH CH 

Figure 1 - A l p h a - E l e o s t e a r i c Acid (Tung O i l ) Oxidative Cure 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 9
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
36

5.
ch

01
7



17. G O O D Advances in Metal Can Interior Coatings 205 

The reason oleoresinous systems are s t i l l used today i s t h e i r low 
cost and good a c i d r e s i s t a n c e (see Table 1). However, because of the 
open m i c e l l a r s t r u c t u r e of oleoresinous m a t e r i a l s , they are prone to 
c o r r o s i o n / s t a i n i n g problems with sulphur bearing products unless 
they are pigmented with z i n c oxide paste. I t was f o r t h i s reason 
that a departure was made from these n a t u r a l l y occuring raw m a t e r i a l s 
to s y n t h e t i c phenolic r e s i n s d i s s o l v e d i n a blend of s o l v e n t s . 

Phenolic Coatings Phenolic r e s i n s are produced by the a c t i o n of 
formaldehyde on phenol or other s u b s t i t u t e d phenols i n the presence 
of a basic c a t a l y s t . These phenolic a l c o h o l s react immediately with 
themselves, forming ether bridges or methylene bridges to produce 
extremely complex molecules which are three dimensional and therefore 
provide the high chemical r e s i s t a n c e (Figure 2). E t h e r i f i c a t i o n of 
the phenolics using a mono a l c o h o l improves s o l u b i l i t y i n aromatic 
s o l v e n t s . 

OH OH OH OH 

R = H, A l k y l 

Figure 2 P o s s i b l e Resole Phenolic S t r u c t u r e 

One of the l i m i t i n g f a c t o r s of phenolic coatings i s t h e i r l i m i t e d 
f l e x i b i l i t y , high bake requirements and f i l m weight l a t i t u d e . 
However, they are s t i l l used on three piece bodies where f l e x i b i l i t y 
i s not required (see Table 1). 

V i n y l Coatings V i n y l coating m a t e r i a l s most relevant to can 
coatings are based on copolymers of v i n y l c h l o r i d e and v i n y l acetate 
of low molecular weight d i s s o l v e d i n strong ketonic s o l v e n t s . Minor 
m o d i f i c a t i o n of the v i n y l chain with maleic a c i d enhances the 
adhesion of the coating to s t e e l and aluminium s u b s t r a t e s . The long 
carbon-carbon chains i n v i n y l r e s i n s make them thermoplastic i n 
nature. V i n y l r e s i n s can be blended wi t h alkyd, amino and phenolic 
r e s i n s to enhance t h e i r performance (_5 ). See Figure 3 f o r a t y p i c a l 
v i n y l co-polymer s t r u c t u r e . 

-(CH - CH 0) - (CH - CH 0) - (CH - CH) -
I I I I 
CI 0C0CH 3 C0 2H C0 2H 

Figure 3 - T y p i c a l v i n y l co-polymer 
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206 FOOD AND PACKAGING INTERACTIONS 

The f l e x i b i l i t y of these m a t e r i a l s allows them to be used f o r 
caps and c l o s u r e s and drawn cans. The backbone of a v i n y l r e s i n a l s o 
makes them strong and immune from attack by chemical reagents, such 
as a c i d s or a l k a l i s . The development of v i n y l products has made i t 
p o s s i b l e to develop s a t i s f a c t o r y l i n i n g s f o r cans to contain beer and 
s o f t d r i n k s whose f l a v o u r would be a f f e c t e d by the l e s s s u i t a b l e 
types of organic f i l m formers. Main disadvantages of v i n y l coatings 
are t h e i r s e n s i t i v i t y to heat and a l s o to steam processing of food 
products. V i n y l coatings were therefore r e s t r i c t e d to hot f i l l and 
beer and beverage products (Table 1). 

Table I - E a r l y I n t e r i o r Three Piece Can Coatings 

Film Wt I n t . I n t . Meat Vegetables Acid Beer 
g/m2 Bodies Ends F i s h Soups F r u i t s Beverages 

Dleores 4 - 6 • 0 _ _ t -
Dleores 7 - 9 • 0 • • _ _ 
f ZnO 
Phenolic 2 - 3 • 0 t • • -
V i n y l 6 - 8 • • - - - t 

As Topcoat 

KEY; · = V. S u i t a b l e , 0 = B o r d e r l i n e , - = Not s u i t a b l e . 

1950 - 1986 Can Coating Developments 

Three major f a c t o r s i n f l u e n c i n g the d i r e c t i o n of the major can makers 
i n the l a s t 30 years have been Economics, Environment and 
Engineering. 

The d r i v e towards greater economics forced the can makers i n t o 
reducing raw m a t e r i a l c o s t s . The use of thinner gauge s t e e l with 
reduction i n t i n c o a t i n g weight have placed more emphasis on more 
s o p h i s t i c a t e d organic f i l m formers. 

The environmental movement i n the U.S.A. i n the '60's r e s u l t e d i n 
tough new a i r p o l l u t i o n r e g u l a t i o n s being demanded and l e g i s l a t i o n 
passed by the government. This l e d to can makers having to reduce 
t h e i r solvent emissions from t h e i r c o a t i n g l i n e s . Can makers had two 
choices, e i t h e r i n s t a l l i n c i n e r a t o r s or use coatings that complied 
w i t h the new laws (_6 ). The Food and Drug A d m i n i s t r a t i o n had the 
r e s p o n s i b i l i t y to regulate the components that can be used i n contact 
w i t h f o o d s t u f f s . 

The engineers of the major can companies worked f e v e r i s h l y i n 
promoting new technologies that o f f e r e d both improved l i n e speeds and 
containers that o f f e r e d q u a l i t y improvements to the vegetable, f r u i t 
and beverage packers. These technologies were based on e l e c t r i c a l 
r e s i s t a n c e welding of t i n p l a t e c y l i n d e r s f o r 3 piece food cans, Draw 
Redraw (DRD) f o r Tin Free S t e e l (TFS) food cans and the Drawn and 
Wall Ironed (DWI) process f o r aluminium or t i n p l a t e beverage 
co n t a i n e r s . 
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17. GOOD Advances in Metal Can Interior Coatings 207 

I t was i n e v i t a b l e that f o r the new can making technologies to 
succeed, other organic f i l m formers had to be developed. The most 
important developments were the solvent based epoxy phenolic, the PVC 
organosol d i s p e r s i o n and the water borne epoxy-g-acrylic 
technologies. Each basic technology has i t s strengths and weaknesses 
but when modified can produce organic f i l m s having superior 
p r o p e r t i e s and able to meet the challenges of the new can 
technologies. 

Welded Food Cans 

The t r a d i t i o n a l method of manufacturing 3 piece cans f o r food and 
beverage products has been the l e a d / t i n s o l d e r process. In recent 
years, l e g i s l a t i o n has forced can makers to adopt a l t e r n a t i v e methods 
of sid e seaming to avoid p o s s i b l e lead contamination of food 
products. The new pref e r r e d 3 piece technology being that of 
e l e c t r i c a l r e s i s t a n c e welding of t i n p l a t e bodies. 

The i n t e r i o r body lacquers used on welded cans are a n a t u r a l 
extension of food lacquers used on the s t r a i g h t walled 3 piece 
soldered cans. However, h i g h l y r e f i n e d epoxy phenolic technology has 
been developed to s a t i s f y the new demanding areas of the welded can. 
The use of l e s s c o r r o s i o n r e s i s t a n t t i n p l a t e and thinner gauge 
m a t e r i a l w i t h post beading of the can w a l l to increase strength has 
v i r t u a l l y e l i m i n a t e d the use of the bas i c phenolic coating used 
p r e v i o u s l y on the soldered can. 

Epoxy Phenolic Coatings 

Epoxy phenolic coatings are made e i t h e r by s t r a i g h t blending of a 
s o l i d epoxy r e s i n w i t h a phenolic r e s i n or are the products of the 
precondensation of a mixture of two r e s i n s i n appropriate s o l v e n t s . 
During the cu r i n g and baking of the coated f i l m , diverse chemical 
r e a c t i o n s take place which form a three dimensional s t r u c t u r e , 
combining the good adhesion p r o p e r t i e s of the epoxy r e s i n and the 
high chemical r e s i s t a n c e p r o p e r t i e s of the phenolic r e s i n . The 
chemical s t r u c t u r e of the epoxy phenolic r e s i n can be represented as 
shown i n Figure 4. Precondensation of the epoxy and phenolic r e s i n s 
leads to b e t t e r a p p l i c a t i o n p r o p e r t i e s of the co a t i n g (J). 

Figure A - Epoxy Phenolic Chemistry 

The balanced p r o p e r t i e s of epoxy phenolic coatings have made them 
almost u n i v e r s a l i n t h e i r a p p l i c a t i o n on food cans with the exception 
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208 FOOD AND PACKAGING INTERACTIONS 

of deep multistage DRD cans. Other f i l m formers, based on p o l y e s t e r 
technology, have made some in-roads i n t o food cans but t h e i r 
h y d r o l y t i c i n s t a b i l i t y has made them only a p p l i c a b l e f o r the l e s s 
c o r r o s i v e products. 

Side Seam P r o t e c t i o n ; There i s an exposed cut edge on the i n s i d e of 
the welded can where most of the t i n , during the side seaming 
process, has been l o s t . I t i s necessary to protect t h i s area with a 
lacquer f i l m w i t h high i n t e g r i t y . Side seam p r o t e c t i v e coatings have 
a very important r o l e to play. Without them the f o o d s t u f f would be 
t a i n t e d with high d i s s o l v e d i r o n and, i n extreme cases, p e r f o r a t i o n s 
would occur. For aggressive products, the s i d e seam area i s 
t y p i c a l l y protected using an e l e c t r o s t a t i c a l l y a p p l i e d thermoplastic 
p o l y e s t e r powder (8). Fusion of the powder r e s u l t s i n 100% 
p r o t e c t i o n of the weld area. For l e s s aggressive products s o l u t i o n 
s t r i p e s , based on epoxy or v i n y l organosol technologies, can be 
a p p l i e d using a conventional spray. 

Welded can stock w i l l continue to r e l y on sheet c o a t i n g because 
current r e s i s t a n c e welding r e q u i r e s a narrow uncoated s t r i p to be 
l e f t across the width of the coated web. An organic f i l m would 
i n t e r f e r e with the welding process. Laser welding could u t i l i s e 
p l a t e that has received 100% covering of a c o a t i n g m a t e r i a l . 

Draw Redraw Technology 

The s i n g l e shallow drawn cans f o r f i s h , meat and petfood products 
nave e x i s t e d f o r the l a s t 30 years. 

In the 1970's s e v e r a l major can companies decided to i n v e s t i n 
the multi-drawn s t e e l container f o r a whole range of processed foods. 

T r i p l e drawn food cans are now a commercial r e a l i t y . They are 
lead f r e e . Their i n t e g r a l end and lack of side seam has d r a m a t i c a l l y 
reduced the incidence of i r o n pick up and micro-leakage. A l l of 
these problems have f o r many years been a disadvantage of the 3 piece 
soldered food can. 

In the DRD process, cups are punched from pre-coated t i n f r e e 
s t e e l , redrawn i n two stages, the bottom p r o f i l e i s i n s e r t e d , cans 
are trimmed and flanged, beaded and 100% leak tested before being 
p a l l e t i s e d and shipped to the packer. 

The p r e f e r r e d base s t e e l , t i n f r e e s t e e l known as TFS-CT p l a t e 
(CT designates chromium type), c o n s i s t s of a very t h i n l a y e r of 
chromium metal covered with a chromium oxide f i l m to promote c o a t i n g 
adhesion and to prevent undercutting and f i l i f o r m c o r r o s i o n . 

The DRD process places extreme s t r e t c h i n g and compression f o r c e s 
on the upper side w a l l of the can. Add to t h i s p a r t i a l t h i n n i n g of 
the s i d e w a l l by the i r o n i n g process and i t can be appreciated that 
coatings f o r t r i p l e drawn food cans need very high performance 
requirements, as o u t l i n e d i n Table I I . {9) 

Table I I - Coating requirements f o r t r i p l e drawn food cans 

0 Good commercial a p p l i c a t i o n 0 Hiding power 
0 F l e x i b i l i t y and adhesion 0 Colour choice 
0 Process r e s i s t a n c e 0 Flavour f r e e 
0 Chemical r e s i s t a n c e 0 FDA approval 
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17. GOOD Advances in Metal Can Interior Coatings 209 

Extremely high f l e x i b i l i t y and adhesion i s needed to r e s i s t 
f r a c t u r e during the drawing process. 

The s e l e c t i o n of s u i t a b l e coatings f o r t h i s container proved 
to be a lengthy process r e q u i r i n g extensive t e s t pack e v a l u a t i o n s . 
The i n t e r i o r and e x t e r i o r c o a t i n g of choice f o r t r i p l e drawn and 
p a r t i a l l y ironed cans i s the PVC v i n y l organosol. Extensive s t u d i e s 
have shown that c e r t a i n f l e x i b l e p o l y e s t e r s , f l e x i b l e epoxy phenolics 
and high molecular weight phenoxy coatings may have the f l e x i b i l i t y 
and adhesion to withstand a t r i p l e draw but not the pr o p e r t i e s needed 
f o r the e x t r a p a r t i a l w a l l i r o n i n g process. 

PVC Organosol Coatings: The most commonly used i n t e r i o r c o a t i n g on 
DRD cans i n the U.S.A. i s a buff coloured v i n y l organosol. A basic 
PVC organosol formulation w i l l i ncorporate a high molecular weight 
PVC organosol d i s p e r s i o n r e s i n which i s thermoplastic i n nature and 
extremely f l e x i b l e . In order to enhance the f i l m s product r e s i s t a n c e 
and adhesion, s o l u b l e thermosetting r e s i n s , i n c l u d i n g epoxy, phenolic 
and p o l y e s t e r s are added. P l a s t i c i s e r s are added to a i d the f i l m 
formation. The hybrid system i s depicted i n Figure 5. The co l d wet 
f i l m has the dispersed high molecular weight PVC p a r t i c l e s suspended 
i n a blend of aromatic and ketonic s o l v e n t s . On heating the f i l m , 
there i s a l o s s of d i l u e n t or non solvent which enriches the 
p a r t i c l e s with the stronger ketonic s o l v e n t s . The cont i n u i n g a c t i o n 
of heat and solvents causes the PVC r e s i n to s w e l l . The p l a s t i c i s e r 
present a s s i s t i n the formation of a continuous f i l m as the true 
solvent i s slowly l o s t . During the l a t t e r stages of dr y i n g , the 
so l u b l e thermosetting r e s i n s w i l l cure to give the optimum p r o p e r t i e s 
needed f o r the DRD container. 

ô°-ôgQ%"o-
////////// 
Cold Wet Fi l m Loss of non 

solvent 
Δ 

> 

Solvents D i l u e n t s 
Dispersants 

////////// 

S w e l l i n g of PVC p a r t i c l e s 
absorption of true solvent 
" g e l l i n g " . 

eg Xylene 
eg Ketones 

////////// 
Fusion of PVC 
Loss of true solvent 

- No solvent a c t i o n 
- Solvent a c t i o n 

Figure 5 - Disp e r s i o n f u s i o n process 
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210 FOOD AND PACKAGING INTERACTIONS 

Pigmentation with t i t a n i u m d i o x i d e i s commonly used to produce a 
white or buff coloured i n t e r n a l c o a t i n g . I n t e r n a l l u b r i c a n t s based on 
high melting waxes f a c i l i t a t e the drawing process (J_0). DRD cans 
are now used e x t e n s i v e l y i n the USA and UK f o r meat, vegetables and 
pet food. 

With the improvements gained by using the 2 piece DRD and welded 
can technologies, the 3 piece soldered food can i s q u i c k l y 
disappearing from the store shelves. By the year 1990 the cans wi t h 
soldered si d e seams w i l l be a c o l l e c t o r s item. 

Beer Beverage Can Developments 

I t was back i n 1935 that the Krueger Brewing Co. i n the U.S. f i r s t 
produced a 3 piece soldered t i n p l a t e beer can. Since that date, 
technologies have improved tremendously. Aluminium impact extruded 2 
piece cans were t r i e d i n the l a t e 1950's. Cemented and welded TFS 
cans were popular i n the l a t e '60's and e a r l y '70's. However, from 
the e a r l y days of 1959, developments at the major packaging, 
aluminium and s t e e l companies ensured the 2 piece Drawn and Wall 
Ironed (DWI) container has a dominant p o s i t i o n today i n North America 
and Europe. 

Because of r e c y c l a b i l i t y and deposit l e g i s l a t i o n , aluminium 
dominates the 70 b i l l i o n d r i n k s can market i n the U.S. In Europe, 
DWI was introduced r a p i d l y i n the 1970's by the major can companies. 
T i n p l a t e i s used on over 60% of the DWI l i n e s i n Europe. 
The process: Un l i k e the DRD process, the DWI manufacturing process 
begins wi t h a c o i l of uncoated p l a t e that i s unwound, l u b r i c a t e d and 
fed i n t o a press to form shallow cups. Cups are then fed i n t o an 
i r o n i n g press. The i r o n e r redraws and i r o n s the can w a l l s . During 
the drawing, i r o n i n g and trimming operations the s h e l l i s covered 
wit h a f i l m of l u b r i c a n t and coolant. This i s removed i n the washer 
where the cans are conveyed, upside down, through a s e r i e s of 
c l e a n i n g and chemical t r e a t i n g zones wi t h a f i n a l deionised water 
wash. These treatments are necessary to improve c o a t i n g adhesion. 
Following the e x t e r i o r decoration w i t h base coatings, inks and 
varn i s h e s , the a p p l i c a t i o n of the a l l important i n t e r i o r c o a t i n g i s 
made by spray. The cans are then baked under s t r i c t l y c o n t r o l l e d 
c o n d i t i o n s . The f i n a l stage of metal forming c o n s i s t s of die necking 
(or s p i n necking) followed by f l a n g i n g , t e s t i n g and p a l l e t i s i n g . 

Spray Coating Chemistry T r a d i t i o n a l l y , coatings f o r beer and 
beverage cans have been based on a few solvent borne formulations 
(Table I I I ) . I n i t i a l l y , a two coat solvent based system was used on 
t i n p l a t e 2 or 3 piece cans. The basecoat was an epoxy phenolic 
m a t e r i a l g i v i n g e x c e l l e n t adhesion and a l l o w i n g an impermeable v i n y l 
topcoat to be a p p l i e d . This system i s s t i l l arguably the best 
p r o t e c t i v e system around f o r beer/beverage c o n t a i n e r s . 

The epoxy/vinyl system has been superseded i n Europe by 1 or 2 
coats of an epoxy amino c l e a r lacquer system which meets the 
requirements of the demanding European market f o r t i n p l a t e DWI cans. 

In the U.S., with the m a j o r i t y of DWI can l i n e s being aluminium, 
the lower cost water based i n t e r i o r lacquers now dominate t h i s 
market. 
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17. GOOD Advances in Metal Can Interior Coatings 

Table I I I - Spray Coating S e l e c t i o n f o r Beer Beverage Cans 

211 

1. Solvent based. 
Base coat - Epoxy phenolic 
Top coat - S o l u t i o n v i n y l . 

2. Solvent based 
Epoxy amino, one or two coats. 

3. Water based 
Epoxy-g-acrylic copolymer, one or two coats. 

The tremendous growth i n the beer and beverage can market i n the 
U.S. and Europe h i g h l i g h t e d the r e a l need to reduce p o l l u t i o n from 
organic s o l v e n t s . In the U.S., the maximum permitted v o l a t i l e 
organic content of spray i s 4.2 l b s / g a l l o n c a l c u l a t e d w i t h water 
excluded. In approximate terms, a t y p i c a l water based spray lacquer 
contains 20% of f i l m forming r e s i n s , 65% water and the remaining 15% 
i s organic co-solvents. To meet the requirements of the EPA, many 
research departments w i t h i n the major co a t i n g s u p p l i e r s , spent 
considerable time and e f f o r t i n pursuing the need f o r a water based 
i n t e r i o r spray m a t e r i a l . 

In Table IV the major requirements f o r a s u c c e s s f u l water borne 
i n t e r i o r c o a t i n g f o r aluminium or t i n p l a t e DWI cans are o u t l i n e d . 

Table IV - Requirements f o r Water Borne Can Coatings 

0 Low a p p l i e d cost 
0 Meet E.P.A. Regulations (<V0C 4.2 l b s / g a l l o n ) 
0 Acceptable a p p l i c a t i o n and complete coverage 
0 Good c o r r o s i o n r e s i s t a n c e 
0 Impart no o f f f l a v o u r to product 
0 Fi l m complies wi t h F.D.A. 
0 Good abuse r e s i s t a n c e . 

Water Borne Chemistry: Given these c r i t e r i a and u t i l i s i n g the 
chemistry described p r e v i o u s l y f o r solvent based a p p l i c a t i o n (Table 
I I I ) , attempts were made to produce equivalent water based 
formulations. A p p l i c a t i o n , f l a v o u r and s t a b i l i t y problems arose when 
pursuing water r e d u c i b l e a c r y l i c , v i n y l epoxy phenolic and amino 
f ormulations. 

In a d d i t i o n , the design of water borne or water r e d u c i b l e polymer 
systems without i n t r o d u c i n g h y d r o l y t i c a l l y s u s c e p t i b l e groups proved 
d i f f i c u l t . Glidden's approach was to g r a f t i o n i s a b l e a c r y l i c species 
onto a hydrophobic epoxy backbone (11-13). 
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212 FOOD AND PACKAGING INTERACTIONS 

•CH-O- 0-CH-CH-CH. 

A c r y l i c G r a f t 

A 
€H 2CH-CH 2 

Epoxy r e s i n 

= Styrene 
= Methac-

r y l i c 
A cid. 

Figure 6 - Epoxy/Acrylic g r a f t co-polymer 

The carboxyl f u n c t i o n a l r e s u l t a n t polymer was v i s u a l i s e d as 
having a comb-like s t r u c t u r e with the g r a f t e d a c r y l i c components 
being of short length, compared to the length of the main polyether 
backbone (Figure 6). As with most g r a f t e d copolymers, g r a f t i n g 
e f f i c i e n c y was not 100% and so the composition of the a c t u a l product 
was a mixture comprising the unmodified epoxy backbone, p o l y a c r y l i c 
components and the epoxy-g-acry|ic copolymer. Model compound 
experiments were c a r r i e d out and C NMR stu d i e s have shown most of 
the g r a f t i n g takes place on the methylene groups alpha to the a r y l 
ether groups. The carboxyl a c i d f u n c t i o n a l g r a f t e d epoxy r e s i n i s 
70% n e u t r a l i s e d with dimethyl ethanolamine and dispersed with 
deionised water. An aminoplast r e s i n i s added to c r o s s l i n k with the 
g r a f t co-polymer to produce a f i n a l spray formulation having 
e x c e l l e n t p r o p e r t i e s . Coatings produced from such g r a f t e d 
co-polymers have achieved f u l l commercial v i a b i l i t y and today are 
used on more than 70% of the 70 b i l l i o n beer/beverage cans i n the U.S. 
This technology has p a r t i c u l a r i n e r t n e s s imparting no undesirable 
o r g a n o l e p t i c property or haze to the canned beverage. 

Conclusion: C e r t a i n f a c t o r s are i n f l u e n c i n g the choice of i n t e r i o r 
spray lacquers f o r fut u r e beer/beverage cans. S t r i c t e r solvent 
emission standards are being introduced both i n the U.S. and Europe. 
The f u r t h e r reduction i n the neck diameter of cans using a procedure 
c a l l e d s p i n necking h i g h l i g h t s the need f o r greater f l e x i b i l i t y from 
the lacquer. In a d d i t i o n , more c o r r o s i o n r e s i s t a n t lacquers are 
needed to meet the demands f o r beverage containers with longer s h e l f 
l i v e s . F i n a l l y , water based technology i s being extended to give 
p r o t e c t i o n f o r the i n t e r i o r of D.W.I, food cans. 

Future of the Lacquered Food Can 

The f u t u r e of the lacquered metal container f o r food and beverage i s 
under attack from many areas of r i g i d and p l a s t i c packaging. 
However, the metal container s t i l l remains the ul t i m a t e b a r r i e r f o r 
processed foods. 

The can makers are determined the metal can i s here to stay and 
are i n v e s t i n g h e a v i l y i n reducing c o s t s , i n c r e a s i n g l i n e speeds and 
improving q u a l i t y . A key to the success i n these areas i s that of 
lacquer development which continues at a f a s t pace. 
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17. GOOD Advances in Metal Can Interior Coatings 213 

Areas i n which co a t i n g companies w i l l be d i r e c t i n g t h e i r e f f o r t s 
to meet the requirement of fut u r e metal packaging developments are 
l i s t e d i n Table V. 
Table V - Future Areas f o r Can Coating Research 

Higher S o l i d s 
D i s p e r s i o n Chemistry 
Two Pack Systems 
Powder Coatings 
UV/electron beam curable 

Water Based 
100% W/B Technology 

Anodic/Cathodic 
E l e c t r o d e p o s i t i o n 

Higher s o l i d s solvent based m a t e r i a l s could be based on novel 
d i s p e r s i o n chemistry. Two pack coatings w i l l give low temperature 
cure and thereby saving energy. 100% Powder coatings are obviously 
the u l t i m a t e environmentally because of the lack of s o l v e n t s . 
Current problems however have been that the p a r t i c l e s i z e of the 
powder has not been reduced s u f f i c i e n t l y so that a 100% continuous 
f i l m can be achieved economically. UV curable or electronbeam 
curable systems could be designed f o r the i n t e r i o r s of cans. 
C u r r e n t l y , U.V. curable coatings are r e s t r i c t e d to the e x t e r i o r of 
metal cans because of the non-F.D.A. approval of these m a t e r i a l s . 
Novel water based technologies are being researched to provide 
coatings that require l e s s organic cosolvent f o r a p p l i c a t i o n and 
flow. The anodic e l e c t r o d e p o s i t i o n of can coatings i s reaching an 
advanced commercial stage and i s worthy of more d e t a i l e d d i s c u s s i o n . 

E l e c t r o c o a t i n g of Food Cans 

The e l e c t r o c o a t i n g of cans and can stock provides a unique technology 
f o r p r o t e c t i n g both s t e e l and aluminum. I t i s p o s s i b l e that t h i s 
technology could r e v o l u t i o n i z e can coa t i n g as we know i t today. 

As a r e s u l t of a j o i n t development between Metal Box and Alcoa, 
t h i s year could see the s t a r t up of the f i r s t commercial e l e c t r o c o a t 
l i n e designed to 100% coat a f u l l y formed drawn and redrawn aluminium 
food can. 

The Process T r i p l e drawn cans are produced from uncoated aluminium 
c o i l using excess l u b r i c a n t . Before being e l e c t r o c o a t e d each can i s 
tested f o r pinholes, washed to remove excess l u b r i c a n t s and treated 
and f i n a l l y washed wit h D.I. water. On the coa t i n g c a r o u s e l , can 
bodies are fed i n t o an open c e l l (Figure 7). 

The c e l l then cl o s e s around the can and coatings are a p p l i e d to both 
the i n s i d e and outside can surfaces simultaneously. An e l e c t r i c 
p o t e n t i a l i s applied between the mandrel (the cathode) and the can 
body (anode) which l a s t s l e s s than 1 second. The charged r e s i n 
p a r t i c l e s are a t t r a c t e d to the can body forming a very uniform f i l m 
over the container surface. As the c o a t i n g deposits the f i l m weight 
reaches a c e r t a i n thickness and e l e c t r i c a l r e s i s t a n c e increases i n 
these a r e a s , f o r c i n g the charge p a r t i c l e s to f i n d areas of lower 
r e s i s t a n c e . The whole container i s therefore coated very uniformly 
depending on the current flow w i t h i n the c e l l . D i f f e r e n t coating 
weights can be applied to i n s i d e and outside by var y i n g the current. 
The wet or "green" f i l m i s made up of coat i n g p a r t i c l e s w i t h most of 
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214 FOOD AND PACKAGING INTERACTIONS 

Figure 7 - Simplified Flow Diagram through the Metal Box 
MB 180 Electrocoat Cell 
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17. GOOD Advances in Metal Can Interior Coatings 215 

the water having been forced out. Excess f i l m former i s removed from 
the container by washing before the can i s stoved. The excess 
c o a t i n g i s then returned to the coat i n g bath and concentrated using 
u l t r a f i l t r a t i o n . 

Chemistry of E l e c t r o c o a t i n g E l e c t r o c o a t i n g combines two f i e l d s of 
science: e l e c t r o c h e m i s t r y and polymer science. In anodic 
e l e c t r o d e p o s i t i o n , the metal substrate i s immersed i n an aqueous 
s o l u t i o n of p o l y e l e c t r o l y t e . Current flows through the system 
causing a high concentration of hydrogen ions near the anode or can 
w a l l . The r e s u l t a n t coagulation of a c i d f u n c t i o n a l r e s i n p a r t i c l e s 
forms a s t r o n g l y adhering wet f i l m to the substrate (Figure 8). The 
ac i d s o l u b l e polymers could be based on s o p h i s t i c a t e d extensions of 
epoxy or a c r y l i c technologies used f o r conventional spray 
a p p l i c a t i o n . 

At the anode 

2H 20 —> 4H + 0 + 4 e-

RC0O- + H — > RC02H R = Epoxy or A c r y l i c 
Soluble I n s o l u b l e Polymers 

Figure 8 - Basis of anodic e l e c t r o d e p o s i t i o n 

The many advantages of e l e c t r o c o a t i n g s are summarized i n tabl e 
VI. 

Table VI - Advantages of E l e c t r o c o a t i n g of Cans 

0 High coating u t i l i s a t i o n 0 Uniform coating thickness 
0 A b i l i t y to cover d i f f i c u l t 0 100% coverage of i n s i d e 

prof i l e s and outside 
0 Compliant coatings 0 P a s s i v a t i o n of aluminium 
0 High q u a l i t y cans 
0 Un i v e r s a l c o a t i n g p o s s i b i l i t y 

The process overcomes the current wasteful spray techniques with 
almost 99% coa t i n g u t i l i s a t i o n achieved (JJO . Uniform a p p l i c a t i o n 
over awkwardly shaped p r o f i l e s can be achieved at speed. 
Simultaneous coverage of both i n s i d e and outside i s achieved i n l e s s 
than 1 second. The use of water based coatings low i n v o l a t i l e 
organic solvents e a s i l y meets the EPA r e g u l a t i o n s . F i n a l l y , the 
aluminium surface i s passivated during the Ε-Coating operation which 
helps adhesion and improves long term q u a l i t y of the package. 

The e l e c t r o c o a t process w i l l e v e n t u a l l y be extended f o r use on 
s t e e l food and beverage cans where coatings savings and sup e r i o r 
coverage are expected f o r the more aggressive products. 

I t can be seen that t h i s process meets the requirements of the 
environment while producing coated cans at speed with e x c e l l e n t 
q u a l i t y . I t i s an example of what research and development can b r i n g 
to the packaging i n d u s t r i e s and could at l a s t herald the discovery of 
the e l u s i v e u n i v e r s a l coating f o r both food and beverage cans. 
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216 FOOD AND PACKAGING INTERACTIONS 

Conclusion 

The transformation of can coatings from traditional to high 
technology products is accelerating as can making changes. Close 
collaboration between coating research departments and the can makers 
w i l l ensure a healthy future for metal packaging. 
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Chapter 18 

Oxygen and Water Vapor Transport 
Through Polymeric Film 

A Review of Modeling Approaches 

Roy R. Chao and Syed S. H. Rizvi 

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

The dramatic growth in the use of polymeric films for food 
packaging asserts their many inherent advantages over other 
materials. However, during storage, such undesirable transport 
phenomena as permeation of moisture, oxygen and organic vapors 
through the polymeric film do occur and their knowledge and 
control become critical. These transport processes are affected 
by the thermodynamic compatibility between the polymer and the 
penetrant and the structural and morphological characteristics of 
the polymeric material. In this review, some modeling approaches 
for describing the transport of oxygen and/or water vapor through 
hydrophobic or hydrophilic polymeric films in terms of variables 
generally evaluated for the film and the environmental conditions 
established within the package during storage are discussed and 
analyzed. 

Prolonging the consumer-acceptable shelf life of food products i s 
the major benefit bestowed by the use of packaging. The first 
step in defining packaging requirements is quantifying the 
transport properties and the critical vectors of quality loss as 
well as the variables that influence them (1). The importance of 
transport behavior of gases and vapors in polymeric films has 
become apparent with the accelerating development of highly 
impermeable or selectively permeable packaging films for diverse 
applications in the food and pharmaceutical industries. 

Usually, films or coatings used for packaging foods are 
expected to resist transfer of moisture and non-condensable gases 
li k e O2 and CO2, sorption of fats/oils and migration of additives. 

0097-6156/88/0365-0217$06.75/0 
© 1988 American Chemical Society 
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218 FOOD AND PACKAGING INTERACTIONS 

In same instances, however, regulated transfer of some of them may 
be desirable. Other required functional properties of films 
include: protection against mechanical hazards during 
transportation, structural and sanitary i n t e g r i t y , retention of 
v o l a t i l e flavor compounds and enhancement of sales appeal (2-3). 
Prediction of shelf l i f e , maximization of economic benefit and 
regulatory considerations generally dictate the properties of 
packaging materials, and transport properties i n pa r t i c u l a r , must 
be specified. Therefore, development of models describing 
accurately the s p e c i f i c transport of gases and vapors through the 
films would be highly desirable. Many extensive reviews 
pertaining to modeling of permeation of gases and vapors i n 
polymeric materials have been reported i n the l i t e r a t u r e (4-20) ; 
and over 7,000 apparently relevant and peripheral papers i n the 
past two decades are available i n the Chemical Abstract database 
(21). This review i s , therefore, concerned only with aspects of 
the solution and d i f f u s i o n of oxygen and water vapor through 
polymeric materials. Attention has been directed s p e c i f i c a l l y at 
fundamental understanding of the processes and approaches taken to 
quantify them. 

General Theory of Permeation 

There are usually two types of mechanisms of mass transfer f o r 
gases and vapors permeating through packaging materials; namely, a 
c a p i l l a r y flow type and an activated d i f f u s i o n type (22). 
Capillary flow involves small molecules permeating through 
pinholes and/or highly porous media such as paper, glass ine, 
c e l l u l o s i c membranes, etc. Activated d i f f u s i o n consists of 
s o l u b i l i z a t i o n of the penetrants into an e f f e c t i v e l y non-porous 
f i l m at the inflow (upstream) surface, d i f f u s i o n through the f i l m 
under a concentration gradient and release from the outflow 
(downstream) surface at the lower concentration. 

In f l e x i b l e packages of either highly porous media or with 
gross defects such as cracks, folds, and pinholes, the dominant 
mechanism i s c a p i l l a r y flow which actually determines the 
transmission rates. The flow rate of a penetrant i n such cases 
depends on the s i z e of the c a p i l l a r i e s , s i z e and v i s c o s i t y of the 
penetrant, and both the t o t a l pressure and pressure d i f f e r e n t i a l 
across the f i l m . In the case of non-porous polymeric films, the 
mass transport of a penetrant b a s i c a l l y includes three steps: 
adsorption, d i f f u s i o n , and desorption. Adsorption and desorption 
depend upon the s o l u b i l i t y of the penetrant i n the f i l m , i . e . the 
thermodynamic compatibility between the polymer and the penetrant. 
Diffusion i s the process by which mass i s transported from one 
part of a system t o another as a re s u l t of random molecular 
motions. Within the polymer matrix, the process i s viewed as a 
series of activated jumps from one vaguely defined "cavity" to 
another. Qualitatively, the d i f f u s i o n rate increases with the 
increase of the number or si z e of c a v i t i e s caused by the presence 
of substances such as p l a s t i c i z e r s . On the other hand, structural 
e n t i t i e s such as crosslinks or degree of c r y s t a l l i n i t y decrease 
the s i z e or number of c a v i t i e s and thereby decrease the d i f f u s i o n 
rate. 
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18. CHAO & RIZVI Ο and RJD Vapor Transport 219 

The migration of the penetrant i n a polymeric f i l m can also 
be v i s u a l i z e d as a sequence of unit d i f f u s i o n steps or jumps 
during which the p a r t i c l e passes over a potential b a r r i e r 
separating one position from the next. The di f f u s i o n process 
requires a l o c a l i z a t i o n of energy to be available t o the 
d i f f u s i n g molecule and i t s polymer chain segment neighbors. 
Theoretically, the l o c a l i z a t i o n of energy provides what i s needed 
fo r rearrangement against the cohesive forces of the polymeric 
medium with effect i v e movement of the penetrant f o r a successful 
jump. A more thorough discussion on the d i f f u s i o n process i s 
provided by Roger (21). 

Permeability and Related Equations 

At constant temperature and d i f f e r e n t i a l p a r t i a l pressure, 
d i f f u s i o n of a penetrant through a polymeric f i l m of un i t area 
normal to the direction of flow for a period of time leads to a 
steady state of d i f f u s i v e f l u x , J , 

J = Q/At (1) 
where Q i s the t o t a l amount of penetrant which has passed through 
surface area A i n time t . Fick's f i r s t law of d i f f u s i o n also 
applies: 

J = - Ό(δο/δχ) (2) 

where χ i s the space coordinate normal to the reference place; c 
i s the concentration of the d i f f u s i n g penetrant; and D, i s the 
d i f f u s i v i t y , assumed independent of x, t , or c. 

For experimental and predictive purposes, the d i f f u s i n g 
concentration, c, i s usually related to the ambient penetrant 
concentration, C, i n contact with the polymer surface by the 
Nernst d i s t r i b u t i o n function 

c = KC (3) 

where Κ i s the d i s t r i b u t i o n c o e f f i c i e n t and i s a function of 
temperature. Often, penetrant concentration, c, i s also 
proportional t o pressure, p, through an appropriate gas law 
equation. For example, when Henry's law i s obeyed (c = pS), i t 
follows that the steady state f l u x can be written as 

J = DS( P l - p 2)/L (4) 

where p i and P2 are the respective upstream and downstream 
pressure of the f i l m of thickness L, and S i s the Henry's law 
s o l u b i l i t y c o e f f i c i e n t , assumed independent of ρ and c. 

By defining the permeability constant, P m, as the product of 
s o l u b i l i t y and d i f f u s i v i t y , Equation 4 i s used f o r evaluating the 
permeability constant, 
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220 FOOD AND PACKAGING INTERACTIONS 

L « Q 1 
P m = DS = (5) 

A · t (P! - p 2) 
This i s the basic equation for deterndning the permeability 

constant. However, D and S generally vary with c, p, x, or, t so 
that P m w i l l also be dependent on those variables. 

Experimental methods and apparatus f o r the measurement of S, 
D, and P m have been described by many investigators. Current 
commercial gas and vapor transmission iristruments include the ASIM 
(American Society f o r Testing Materials) standard t e s t Dow-Park 
c e l l , the Linde c e l l , c e l l s f o r use with a mass spectrometer 
detector, various water vapor transmission c e l l s and the Mocon 
iristruments for 002, 02, and water (19). These instruments are 
adequate f o r the determination of permeability at steady-state. 
Commercially available micxobalances are used to measure rates of 
sorption and desorption. Other systems using volumetric, o p t i c a l 
radiotracer, weighing cup and a variety of other measurement 
methods has also been described (19). 

Unsteady State Diffusion Measurements 

When a penetrant diffuses through a polymeric f i l m i n which i t i s 
soluble, there i s a transient state before the steady state i s 
established. Two approaches are used to quantify the unsteady 
state process. 

Integral Permeation Method In t h i s technique, the penetrant 
pressure ρχ at the upstream face of the polymer i s generally held 
constant. Meanwhile, the downstream pressure, p 2, while 
measurable, i s negligible r e l a t i v e to the upstream pressure. When 
Henry's law i s applicable, a t y p i c a l p l o t of gas transmission 
versus time appears as shown i n Figure 1. The intercept on the 
time axis of the extrapolated l i n e a r steady state portion of the 
curve, r, i s known as the "time lag" and can be expressed as (23) 

Therefore, a l l three parameters - P m from the steady state 
portion of the curve, D from the time lag, and S from P̂ /D - can 
be determined from the single experiment by analyzing steady and 
non-steady flow through a membrane (24). S o l u b i l i t y constants 
determined by the time-lag method, however, are less precise f o r 
more soluble gases, e.g. carbon dioxide, ethane, etc., than those 
determined by the equilibrium-sorption method. The precision 
l i m i t s on s o l u b i l i t y constant by the time-lag method are estimated 
at 10 ± 1.0% (25). 

For a penetrant-independent d i f f u s i v i t y , the steady-state 
flow through a plane sheet i s approximately reached a f t e r a period 
amounting to 2.7 r (16). 

I f the d i f f u s i v i t y , D, i s not constant, but depends upon c, 
then a mean value of the d i f f u s i v i t y , D, may be defined as 

r = L2/6D (6) 
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18. CHAO & RIZVI Ο and H?0 Vapor Transport 221 

D = (1/Ci) D(c)d (7) 

0 
where i s the penetrant concentration at the upstream penetrant 
membrane surface. Generally, as long as the upstream 
concentration does not exceed roughly 10 wt. percent of the 
polymer, the d i f f u s i v i t y can be described by the following 
equation 

where D Q i s the value of D(c) at zero d i f f u s i n g component 
concentration; G i s a " p l a s t i c i z i n g parameter" that can be related 
to the Flory-Huggins polymer-solvent interaction parameter 
(12,26). 

I t has been shown (27) that the following inequality holds 
for a large class of fundamental dependencies of D on penetrant 
concentration 

This r e l a t i o n indicates that using Equation 6 to estimate D may 
lead to the estimated value being up to three times as small as i t 
should be. M though a convenient and r e l a t i v e l y simple means of 
evaluating the transport parameters of gases i n polymeric films, 
the time-lag method has some drawbacks which l i m i t s i t s 
effectiveness. One major drawback i s that, i n Equation 6, the 
concentration of penetrant i n the receiver i s assumed to be 
negligible compared to that i n the reservoir. Correction f o r 
pressure buildup i n the receiver i s possible, but additional 
errors i n the (Computation of D w i l l r e s u l t . 

D i f e r e n t i a l Permeation Methods The d i f f e r e n t i a l permeation method 
has been used by Ziegel et a l . (28) and Felder (29) to improve the 
previously mentioned major drawback. In t h i s technique, the 
membrane serves as a bar r i e r between two flowing gas streams, 
penetrant and c a r r i e r , each at atmospheric pressure. The 
permeation rate i s obtained by analyzing the downstream effluent 
gas t o determine the penetrant concentration, and multiplying the 
concentration by the gas flow rate. 

Data of a t y p i c a l continuous-flow permeation system are shown 
i n Figure 2. The permeation rate, φ, i s measured as a function of 
time, t i l l the steady state permeation rate, φςαι i s obtained. For 
a f l a t membrane, given as 

D(C) = DQexp(Gc) (8) 

1/6 <Dr/L2 < 1/2 (9) 

= (PmVL) (Pi - p 2) (10) 
Four techniques have been used for estimating the d i f f u s i v i t y from 
a curve of the form shown i n Figure 2. The f i r s t estimation 
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222 FOOD AND PACKAGING INTERACTIONS 

τ 

Figure 1. Approach to steady-state flow through a phase 
sheet. (Reproduced with permission from Pef. 16. Copyright 
1975 Oxford University Press.) 

Figure 2. Use of half-time techniques f o r calculating 
d i f f u s i v i t y as i n equations 10 and 11. 
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18. CHAO & RIZVI Ο and Η?0 Vapor Transport 223 

technique, the so-called half-time method, i s to designate the 
time t i / 2 a t which φ i s equal to 0.5 φΟ0% For a f l a t membrane t h i s 
becomes (27) 

L 2 

D = (11) 
7.199 t 1 / 2 

The second estimation technique i s s i m i l a r to a treatment 
given by Jost (30) for d i f f u s i o n into or out of a t h i n slab 

l n i l - M & e o ) = ln2 + In Σ -(-l) nexp{-n 2 7 r 2Dt/L 2} (12) 
n=l 

As time becomes s u f f i c i e n t l y large, a l l terms other than η = 
1 i n the series vanish; hence, the l i n e a r portion of a pl o t of 
In (l-(£/<?!>«,) versus t has an intercept of ln2 at t = 0 and a slope 
related to the d i f f u s i v i t y by 

D = -L 2 (slope)/π 2 (13) 

The t h i r d estimation method used by Rogers et a l . (31), i s 
based on the Holstein r e l a t i o n (16) for small time as shown below 

1/2 0 

ln(<£t1/2) = ln[2c(D /7r) ] - L 2/4Dt (14) 
The slope of a pl o t of ln(<£t;w2) versus 1/t y i e l d s (-L2/4D) from 
which D can be calculated. The advantage of t h i s method i s that 
i t does not require knowledge of the value of φ^. However, as 
shown by Yasuda and Rosengren (32), the values of D estimated i n 
t h i s manner seem to be more sensitive to the gas flow rate as 
compared to the values obtained by the half-time method. 

Pasternak et a l . (33) developed several other small-time 
estimation techniques f o r f l a t membranes, and, although t h e i r 
dynamic approach to d i f f u s i o n and permeation measurement i s 
p a r t i c u l a r l y suited to the study of transient d i f f u s i o n i n 
polymers, t h e i r mathematical solutions s t i l l require a knowledge 
of φ. The method used i s v a l i d over a wider range of times than 
that used by Rogers et a l . (31). 

The fourth estimation method i s a moment technique used by 
Felder et a l . (29,34,35) who defined a quantity, t p , equivalent to 
the time lag of the closed volume experiment. 

Γ *(t) 
tp = [ 1 ] dt (15) 
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224 FOOD AND PACKAGING INTERACTIONS 

Once tp i s determined, the d i f f u s i v i t y f o r a f l a t membrane 
may be estimated as 

D = L 2 / 6 t p (16) 

The moment method i s claimed to have several advantages (19) : 
(i) i t requires simple numerical integration rather than curve 
f i t t i n g ; ( i i ) i t u t i l i z e s the complete response rather than a 
single point (as i n the half-time method) or a portion of the 
response that f a l l s within the region of v a l i d i t y of a small-time 
asymptotic solution of the d i f f u s i o n equation; and ( i i i ) i t 
enables the dynamics of system components rather than the membrane 
to be factored out of the measured response. 

A more fundamental and comprehensive approach t o d i f f u s i o n 
may r e l y on the theory of i r r e v e r s i b l e thermodynamics (36-38). A 
rigorous development on that basis i s beyond the scope of t h i s 
review. 

Transport Models Related to Oxygen and Water Vapors 

Modeling approaches f o r evaluating transport of penetrant through 
films may be mechanistic, purely empirical or phenamenological, or 
intermediate between mechanistic and empirical (39). Mechanistic 
models are t y p i c a l l y used to provide methods fo r determining how 
transport i s affected by the f i l m structure and composition and by 
physicxxhemical interactions between penetrants and the f i l m (40-
42). For example, i n a semi-crystalline polymer, the permeability 
of the c r y s t a l l i n e phase i s slow enough to be neglected. The 
overa l l permeability constant f o r semi-crystalline polymer may 
then be expressed as (43-45) 

Pm = XaSaPa/hb (17) 
where X a, S a, and D a are the respective fraction, s o l u b i l i t y , and 
d i f f u s i v i t y of the amorphous phase; h i s a geometric factor 
connected with the length and cross-section of the d i f f u s i o n 
trace; and b i s the mobility of chain segments associated with the 
c r y s t a l l i n e linkage. 

Some mechanistic models, when adequately tested and v e r i f i e d , 
can provide r e l i a b l e prediction of permeation behavior. Many 
other mechanistic hypotheses, however, may not be v a l i d over a 
reasonably wide range of conditions (39). Purely empirical models 
have been extensively used by many investigators, but the models 
tend t o be poorly defined and the results deduced from such models 
are l i k e l y to be i n doubt. Intermediate models are, therefore, 
frequently applied i n which well-defined portion of the transport 
process are described as accurately as possible, and then some 
suitable formal models, f o r example, Fick's laws of di f f u s i o n , are 
used to describe the i n - f i l m transport of penetrants (39). I t 
should be born i n mind, however, that suitable formal models may 
not always be v a l i d i n a mechanistic sense. Also, the success of 
models t o represent transport data of penetrants does not 
necessarily prove the v a l i d i t y of the s p e c i f i c model. 
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18. CHAO & RIZVI Ο and H2 Ο Vapor Transport 225 

Modeling for transport of penetrants usually depends upon the 
thermodynamic characteristics of polymeric films, especially 
whether they are hydrophobic or hydrophilic. In the case of 
f l e x i b l e films f o r packaging dehydrated foods, polymers with low 
thermodynamic compatibility with water (hydrophobic) are 
preferable. S o l u b i l i t y of water i n the f i l m i s thus very small 
and water vapor permeation i s minimal. Hydrophilic films, on the 
contrary, are thermodynamically compatible with water and infusion 
of water leads to swelling of the f i l m . Such b a r r i e r i s observed 
i n some v i n y l and cellulose types of packaging materials. In t h i s 
case, the s o l u b i l i t y of water i n the f i l m i s not negligible, and 
dif f u s i o n rate for a l l d i f f u s i n g species are usually strongly 
affected by the water content of the f i l m . 

Permeation of Water Vapor i n Hydrophobic Polymers 

Recognizing the s e n s i t i v i t y of both the packaged dehydrated food 
and the hydrophobic packaging materials to vapor sorption, Peppas 
and Khanna (46) developed a model to account for these two related 
phenomena. In developing the model, they started with the general 
Nernst-Planck 1 s d i f f u s i o n equation applicable to the transport of 
η penetrants through polymeric films (47,48) : 

η η 
Ni = - C D ^ i + ΧίΣ (Nj/Dij)/S (Xj/Dij) (18) 

j= l j = l 

where Nj[ i s the t o t a l mole f l u x of species i ; i s the mole 
frac t i o n of species i ; C i s the t o t a l concentration; Dy i s the 
irulticcsmponent d i f f u s i v i t y f or the p a i r y ; Dj^ i s the ef f e c t i v e 
binary d i f f u s i v i t y f or the d i f f u s i o n of i i n a mixture; and d i i s 
the driving force for transport of the i t h component through the 
system. With the following assumption of (46) : 

Homogeneous polymeric f i l m , 
Only water vapor d i f f u s i n g through f i l m , 
Henry's law dissolution constant applicable to l i n k 

the i n - f i l m water concentration with the external 
water vapor pressure, 

Small s o l u b i l i t y of the water vapor i n the f i l m , 
Sealed package without external/internal pressure 

difference, 
Equation 18 i s modified into a si m p l i f i e d equation f o r water 

vapor transport 

dm PwS 
— = (a£ - a£) (19) 
dt mg 

where m i s mass of water adsorbed per mass of food product; ι% i s 
mass of packaged food product P w i s the water vapor permeability; 
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226 FOOD AND PACKAGING INTERACTIONS 

a§ and a^ are the respective external and internal water 
a c t i v i t i e s . Values of the water vapor permeability, P w, of 
selected ccxnmonly used polymeric films were l i s t e d elsewhere (49). 

Equation 19 i s actually another integrated expression of 
Fick's law written i n terms of water a c t i v i t y which i s widely used 
i n the food packaging area. Under constant atmospheric 
conditions, a f i n a l value of water a c t i v i t y inside the package 
w i l l be attained as a re s u l t of the sorption characteristics of 
water on the packaged food product. Most food sorption isotherms 
can be adequately described by one or more of the following 
equations, e.g., l i n e a r , Langmuir, Brunauer-Emmett-Teller (BET), 
Halsey, Oswin, Freundlich, etc. In recent years, the Guggenheim-
Anderson-de Boer isotherm equation has been shown to better 
describe the sorption behavior of most foods from 0.1 to 0.9 a w at 
temperature from 25 to 65°C (50-54). 

As pointed out by Peppas and Khanna (46), when a single 
isotherm equation i s not adequate t o describe the sorption 
characteristics of certain food systems over a wide range of water 
a c t i v i t y , a combined sorptive mechanism may be imperative. For 
example, during the i n i t i a l period of storage, the BET isotherm 
may be suitable for lower water a c t i v i t i e s , while the Oswin 
isotherm may be applicable at higher water a c t i v i t i e s . Equation 
19 may conjugate with one of the sorption isotherms t o obtain a 
s p e c i f i c solution of the resulting d i f f e r e n t i a l equations i n terms 
of internal water a c t i v i t y and adsorbed water as a function of 
time. Further, any s p e c i f i c solution due to di f f e r e n t isotherm 
equation always leads to a so-called permeabil ity-sorption 
constant, P ^ (day" 1), written as 

Pms = M-Fs (20) 
where M = P^S/mg, i s the d i f f u s i v e contribution term, and F s i s 
the sorption contribution form. Detailed forms of F s have been 
covered elsewhere (46). 

To i l l u s t r a t e the a p p l i c a b i l i t y of the model, Figure 3 shows 
a t y p i c a l prediction of the internal water a c t i v i t y of dehydrated 
apples packaged i n four t y p i c a l polymeric films, e.g., 
polyethylene (PE) coated cellophane, polyvinylidene chloride 
(PVDC) coated cellophane, PE, and p l a s t i c i z e d PVDC films. The 
curves i n Figure 3 were obtained (46) using experimental data 
reported by Rotstein and Cornish (55), and data on water vapor 
permeability were from Karel et a l . (56). I t i s seen from Figure 
3 that the p l a s t i c i z e d PVDC f i l m (curve 4) provides the best 
protection to dehydrated apple during storage. However, i f a 
storage time of only 70 days and a f i n a l water a c t i v i t y of 0.3% 
are desired, then PE f i l m (curve 3) would be adequate as a 
packaging material. 

Oxygen Transport through Hydrophobic Film 

The modeling approach developed by Peppas and Khanna (46) deals 
only with the transport of water through hydrophobic films. 
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CHAO & RIZVI Ο and H2 Ο Vapor Transport 

0.60 

TIME (days) 

Figure 3. Prediction of the internal water a c t i v i t y i n 
packages sealed at ̂  = 0.05 and stored at w w = 0.50 using 
various polymeric films. Curve 1: PE coated cellophane; 2 
PVDC coated cellophane; 3: PE; 4: p l a s t i c i z e d PVDC. 
(Reproduced with permission from Ref. 46. Copyright 1980 
Society of P l a s t i c s Engineers.) 
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228 FOOD AND PACKAGING INTERACTIONS 

Similar approach can also be used to describe the permeation of 
oxygen through f i l m for oxidation sensitive foods. 

Oxidative degradation (57-60) involves oxygen d i f f u s i o n 
through the f i l m , sorption and simultaneous reaction on the food 
surface. For oxygen dif f u s i o n , Khanna and Pappas (61) transform 
Equation 19 to 

dV Po2A 
— = (P e " Pt) ( 2 1) 
dt L 

where V i s the volume of diffused oxygen; P Q 2 i s the oxygen 
permeability; and p e and pt are the p a r t i a l pressure of oxygen at 
the external and internal conditions at time t , respectively. 
They then used a simple Langmuir k i n e t i c expression, developed by 
Simon (62) and shown below, to describe adsorption and reaction of 
oxygen on the surface 

dV r itigpt 
= (22) 

dt kgiPe + kg 2 

where V r i s the volume of oxygen adsorbed and reacted on the 
surface at STP conditions; kg^ and k ^ are constants 
characteristic of thte food product. 

I t can be seen that p^ i s involved i n both Equations 21 and 
22 and can be determined by using the following relationship 

Pt = P i + Rrrt [< v " v r ) A u l (23) 
where pf i s the i n i t i a l p a r t i a l pressure of oxygen; p j t i s the 
constant t o t a l pressure inside the package; and V u i s "the u n f i l l e d 
volume of the package. An a n a l y t i c a l solution can then be derived 
to determine p^ by d i f f r e n t i a t i n g Equation 23 and substituting 
into Equation 21 and 22. The solution i s applicable i n the range 
of 0.35 and 0.60 a w (63). In t h i s range, changes i n water 
a c t i v i t y have negligible effect on the rate of oxidation. Once a 
set of packaging parameters has been determined, the s h e l f - l i f e of 
the packaged food can then be predicted, provided that the itaximum 
allowable concentration of oxygen i n the package i s known. 

To i l l u s t r a t e applications of the theoretical analysis to 
s p e c i f i c packaging conditions, packaging parameters of a packaged 
shrimp system for the study of carotenoid loss (62) were applied 
to thet a n a l y t i c a l solution, and the p a r t i a l pressure of oxygen 
inside package as a function of time was plotted (61). They found 
that the u n f i l l e d volume, V u, and the value of oxygen 
permeability, P o 2, were very sentive to the storage s t a b i l i t y of 
the packaged shrimp. On the basis of t h e i r results, they 
recommended that a minimum V u should be used i n packaging of 
oxygen-sensitive foods, and showed that an increase i n the value 
of oxygen permeability by only an order of magnitude could 
d r a s t i c a l l y reduce the s h e l f - l i f e , under the same constant 
conditions of packaging. 
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18. CHAO & RIZVI Ο and H2 Ο Vapor Transport 229 

Models for Permeation of Water Vapor and Gases through Hydrophilic 
Films 

As mentioned e a r l i e r , thermodynamic interaction between the vapor 
and the polymeric f i l m may lead to considerable swelling of the 
packaging material. I f rapid equilibrium swelling i s reached, 
further d i f f u s i o n of water vapor i s done through the swollen 
polymer f i l m with constant volume r a t i o , Ry, where i s defined 
as the volume of the water swollen f i l m over the volume of dry 
polymer (46). In some cases, swelling i s time-dependent and, f o r 
instance, a l i n e a r r e l a t i o n of swelling with time can be simply 
expressed as 

Rv = RÇ + Cjt (24) 

where R§ i s the i n i t i a l swelling r a t i o and equals to one fo r f u l l y 
hydrophobic films. In the case of a semicrystalline crosslinked 
polyvinyl alcohol f i l m , where c^ = 0.023 day" 1, t h i s l i n e a r 
relationship can be maintained for up to 110 days (46). Yasuda 
and Lamaze (64) have defined the degree of hydration, H, as the 
r a t i o of weight of i n - f i l m water to the t o t a l weight of the f i l m , 
and can be expressed as 

1 1 P p 

= 1 + · — 1 - (25) 
H (Ry-1) P w 

where pp and p w are the densities of polymer and water 
respectively. They developed a theory f o r predicting the effect 
of degree of hydration, H, on the permeability, P w, of a solute 
through a swollen polymeric f i l m as 

1 
P w = /3Hexp[- 7 ( - — - 1)] (26) 

H 
where β and 7 are constants depending on the solute s i z e , polymer 
structure and temperature. 

Peppas and Khanna (46) u t i l i z e d the concepts of degree of 
hydration and volume r a t i o to define a new permeability-sorption 
constant for water vapor d i f f u s i o n through polymeric films under 
swollen conditions. However, no experimental v e r i f i c a t i o n was 
provided due t o lack of appropriate experimental data i n the 
published l i t e r a t u r e with respect to the actual prediction of the 
shelf l i f e of food products packaged i n cellulose based materials. 

Another modeling approach for water vapor and oxygen 
transport through hydrophilic films has been reported by 
Schwartzberg (39). In the development of t h i s model, he st a r t s 
with a generalized d i f f u s i v e f l u x of water, J w , passing from 
upstream surface, 1, to downstream surface, 2, of a f i l m 
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230 FOOD AND PACKAGING INTERACTIONS 

' J r J (27) 
= *w,j (Pw,j " P*aw,j) 

where K W / j are mass transfer coefficients (Kg water/m2 · atm· s) ; 
p W / j i s p a r t i a l pressures i n atmospheres; p* i s the vapor pressure 
of'pure water; a w j are the water a c t i v i t i e s i n equilibrium with 
the respective f i l m moisture contents at surface 1 and 2 
respectively; the subscript i s to denote the bulk stream 
adjacent to both surfaces; j i s t o denote either side 1 or 2. 

Referring to both surfaces of the f i l m , the assumptions are: 
• Sorption and desorption occurs quickly and 

equilibrium i s always maintained, 
• Heat of sorption equals heat of desorption, 

and 
• Hysteresis with respect t o sorption equilibrium can 

be neglected. 
A general expression of the sorption isotherm can be written 

as 
Xj = f ( a ^ j ) (28) 

where X i s the moisture content (mass water/mass dry solid) and i s 
a function of water a c t i v i t y . 

Referring to the i n - f i l m d i f f u s i o n of water, the following 
assumptions p r e v a i l : 

• Steady-state or quasi steady-state e x i s t s , 
• Free-volume model f o r d i f f u s i v i t i e s i n polymeric f i l m 

i s applicable. 
Then, Fick's f i r s t law can be applied and expressed as 

J w = -^(dX/ds) (29) 

where T\j i s the d i f f u s i v i t y of water i n the f i l m and s i s the mass 
of dry polymeric f i l m per unit area between surface 1 and to the 
l e v e l where the moisture content i s X. Equation 29 i s not written 
as a usual form of Fick's f i r s t law (in terms of un i t volume 
concentrations and geometric lengths). The advantage of the 
formulation of Equation 29 i s the avoidance of computational 
d i f f i c u l t i e s imposed due to s i g n i f i c a n t swelling of hydrophilic 
films upon absorbing a large quantity of water (39). An empirical 
relationship s i m i l a r to Equation 8 such as 

IV = Eg exp(GX) (30) 

i s used to correlate D̂  i n terms of X. D$ i s the d i f f u s i v i t y of 
water i n the f i l m at zero moisture content and G i s a pla s t i c i zing 
constant. Typical values of D$ and G are reported around 2.3 χ 
10" 5 (kg solid) 2/(m 4s) and 2.9 respectively (39). Applying 
Equation 27 t o Equation 26 leads to 
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18. CHAO & RIZVI Ο and H2 Ο Vapor Transport 231 

J w = (D&/GU) [exp(GX1)-exp(GX2) ] (31) 

where U i s the t o t a l mass of dry polymeric f i l m per unit area of 
fi l m . 

I t may be recalled from Equation 4 that J w i s needed to 
determine the water vapor permeability. Apparently, Equations 27, 
28 and 31 are needed t o be simultaneously solved i n order t o 
determine J w under appropriate conditions. Often, the i n t e r f a c i a l 
p a r t i a l water vapor pressures, Pw,j/ usually are unknown and a 
t r i a l and error type of calculation i s needed f o r the three 
equations mentioned above to determine J w . A flow diagram of the 
(computational scheme for solving the three equations has been 
given (39). 

Gas Transport I f F i c k f s f i r s t law i s also applied t o the 
transport of condensable gaseous species i across the hydrophilic 
f i l m , then 

J i = -Di(dCi/ds) (32) 

where i s the i n - f i l m concentration of gas i at trace l e v e l s 
r e l a t i v e to that of water. D̂ , i n turn, i s correlated to the 
water concentration written as 

Di = D?exp(qX) (33) 

where q i s the p l a s t i c i z i n g constant f o r gases. For oxygen, q i s 
around 6.2 (39). 

For hydrophilic films DC i s much smaller than D$. Some 
values of the r a t i o D°/D$ can be estimated based on the data of 
Kokes and Long (65), Hauser and McLaren (66), and Karel et a l . 
(67) . 

The f l u x J i can be written i n terms of J w and X 2 as 
J i = Jw (Ci"C 2) (q-G) (DiVDg) [exp(GX2) ] (<ï/G)-l ( 3 4) 

Equation 34 shows that J± w i l l be proportional t o J w , but i t w i l l 
be much smaller than J w due to the small value of (θξ/D^). Since 
a t y p i c a l value of G i s 2.9 and q value f o r oxygen i s 6.2, the 
exponential term, (q/G)-l, of Equation 34 i s greater than 1.0. 
Therefore, increases markedly as X 2 increases. This means that 
the gas permeation rate tends t o increase as the humidity and 
moisture content on the downstream side of hydrophilic packaging 
f i l m increases. 

The variables involved i n the above-mentioned equations to 
determine J w and J ^ , are ^ / , j , G, U, D, and Pw,j- These 
variables can be determined'by conducting standard'water vapor 
permeation tests such as those described by ASTM standard E96-80 
(68) . Once 1^ j and a w j of Equation 27 are determined, the f l u x 
equation of water can tnen be obtained. The f l u x of water i s 
subsequently subjected t o a suitable sorption isotherm equation, 
i. e . Equation 28, to determine s p e c i f i c X j . Ίητχχιφ a series of 
test s carried out using different values of I \ ^ 2 , a set of J w and 
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232 FOOD AND PACKAGING INTERACTIONS 

Xj data are established. This data i s then used along with 
Equation 29 and a non-linear regression routine (69), to determine 
best f i t values f o r the parameters D$ and G. A detailed method of 
using a non-linear regression routine i n œnjunction with a l l 
equations and related operation procedures was i l l u s t r a t e d by Chao 
(70). 

The model developed by Schwartzberg (39) apparently can 
account for simultaneous transport of water vapor and oxygen 
through hydrophilic films. Variables related to the model such as 
i n - f i l m d i f f u s i v i t i e s and concentration of penetrants, can be 
determined by, for instance, well-defined water-vapor permeation 
tes t s and e a s i l y i n s t a l l e d routine computer programs. 
Unfortunately, no experimental v e r i f i c a t i o n f or the model was 
provided. Judging from the advantages deduced from t h i s model, 
however, i t i s worthwhile i n pursuing future research by applying 
t h i s modeling approach to other cases. 

Generalized Model of Permeation with Moving Boundaries 

Fi g g i (71) and Vom Bruck et a l . (72) i l l u s t r a t e d a schematic 
model, shown i n Figure 4, for a system of polymer and food having 
an intermediate layer of swollen polymer. This model i s i n i t i a l l y 
used to observe the migration of a penetrant, e.g. p l a s t i c s 
component, from the polymer phase to the f l u i d phase of food. The 
mathematical description of the d i f f u s i o n processes of the 
penetrant i n the homogeneous multiphase system with moving phase 
boundaries has been developed by Rudolph (73,74). In fact, the 
model i s so generalized that i t can also be used to describe the 
oxygen transport through a polymeric f i l m which swells due t o 
existence of water vapor. 

In the development of the model, as shown i n Figure 5, the 
f l u i d phase F (a gas or liquid) containing a penetrant g occupies 
a semi-infinite space from 0 to +», while the polymer phase Ρ 
occupies the remaining region, 0 to -«>. The interface between the 
two phases i s located at location χ = 0. 

Daring permeation, the polymer phase diffuses into the f l u i d 
phase forming a swelling i n the homogeneous region of mixed Ρ and 
F phases. Theoretically, two swelling fronts occur. One front 
moves into the polymer phase, while the other moves into the f l u i d 
phase, thereby changing the o r i g i n a l volumes. Both fronts are 
i n i t i a l l y located at χ = 0 and each moves with a v e l o c i t y 
inversely proportional to the square root of time. For 
convenience, the locations of the swelling front f o r polymer 
phase, Xp, i s assumed as Xp < 0 and f o r f l u i d phase, xp > 0. 
Meanwhile, with the d i f f u s i o n of polymer phase, penetrant g 
diffuses out of f l u i d phase (xp < χ < «), into the swelling region 
PfF (Xp < χ < x F) and eventually into polymer phase (- « < χ < 
*ρ)· 

Subscripts denoting the d i f f u s i n g component (g, Ρ or F) and 
superscripts denoting the medium i n which d i f f u s i o n occurs (P, F, 
or PfF) are used. For instance, D^*F refers to the d i f f u s i v i t y of 
penetrant g i n the swelling region PfF. 

Based on the concept of "two swelling fronts", Figure 4 
i l l u s t r a t e s a special case of a single swelling front by putting 
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18. CHAO & RIZVI Ο and H? Ο Vapor Transport 233 

Xp = 0. In other words, the volume of the mixture of PfF phases 
i s assumed t o be equal t o that which was o r i g i n a l l y occupied by 
the polymer alone. The model thus defined belongs t o the general 
class of d i f f u s i o n problems with moving boundaries (16,5). The 
governing d i f f u s i o n equations for the three regions mentioned 
above are: 

5 q g „ * 2 c g 
= eg f o r - « <x<Xp(t) (35) 

St Sx2 

δ οδ̂ "̂  δ δ cŜ "̂  
— L _ = — [Dgt-FjcgfFjJÎL] f o r ^(t)<xO*(t) (36) 
i t St δΧ 

S < £ „ 5 2cg 
— = Dg f o r x F(t)<x< c o (37) 
St Sx2 

The boundary and i n i t i a l conditions are: 

*ic§= c ^ F a t x =Xp (38) 

c f * * = k 2 c | a t x = x F (39) 

c§ = 0 for t = 0 (40) 

c| = Cg for t = 0 (41) 

where k^ and k 2 are the respective p a r t i t i o n c o e f f i c i e n t of 
penetrant g of (PfF)/P and (PfF)/F interfaces. Cg i s the i n i t i a l 
penetrant concentration i n the f l u i d phase. 

The assumption made fo r Equations 32-38 are: 
• Diffusion i s isothermal and one-dimensional, 
• Qg, D̂ , and Dp are constant (due to low penetrant 

concentration e x i s t i n g i n both polymer and f l u i d 
phases), 

• D̂ j i n the swelling region depends on c^ 4^, 
and 
• The Nerst P a r t i t i o n Law governs the discontinuity 

of the penetrant concentration at the interfaces Xp 
and x F. 

Detailed discussion of the assumptions can be found elsewhere 
(74). Essentially, two di f f u s i o n fluxes are involved i n the 
model; namely, (i) Fickian d i f f u s i o n fluxes through the interface 
between differe n t phases, and ( i i ) fluxes caused by the movement 
of the interfaces. 

The governing equations are then coupled with the mass 
balance of penetrant g i n the three regions: 

M^(t) + M ^ F ( t ) +M^(t) = Mg(t = 0) (42) 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 9
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
36

5.
ch

01
8



234 FOOD AND PACKAGING INTERACTIONS 

and through the Boltzmann variable (16) 

η = x/2(t 0- 5) (43) 

and related transformation procedures t o obtain general solutions 
(71), which can be written i n general form as (69) 

!§(t) = acP(t°-5) (44) 

where 
= f[E§, D§, k i , k 2, η χ , f * ( n X f D^ F, T)] 

η χ = f(kp, c f , c^) (Boltzmann transformation) 
kp = Nernst p a r t i t i o n c o e f f i c i e n t f o r f l u i d phase 
Τ = Temperature 

M^j(t) = Amount of penetrant g i n differ e n t regions R as a 
function of time t . 

Apparently, Equation 41 indicates that M^(t) i s proportional 
to the i n i t i a l concentration of penetrant-rich f l u i d phase and t o 
the square root of time. The concentration of the f l u i d phase i n 
the polymer phase and of the penetrant g i n a l l three regions of 
the system are dependent on the r e l a t i o n between location χ and 
contact time t . Therefore, the time-dependent concentrations of 
f l u i d phase and penetrant g i n the polymer phase can be plotted as 
a function ( i . e . abscissa) of Boltzmann variable, η , defined i n 
Equation 40. 

In the case of constant D^"F, the general solution can be 
ea s i l y modified to lead to the required equations. As pointed out 
by Rudolph (73), by putting D^"F = and k 2 = 1/ ηρ = ηγ = 0, 
i.e . no d i f f u s i o n of f l u i d phase into polymer phase, the general 
solution can be converted into the i d e n t i c a l equation of so-called 
square root relationship f o r i n f i n i t e and semi-infinite media 
given by (16) fo r d i f f u s i o n without swelling. I f O^F i s not a 
constant, C^ f F(ry) f o r the swelling region can then be 
mathematically described i n four different cases as indicated i n 
curves a through d i n Figure 5. Curve a represents the case that 
the value of D^4"F(r7) i s differ e n t from that of Ό^Έ(η) and D^(r?) 
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test food F 

A 
polymer Ρ 

'growing 
layer at 
swollen 
polymer 

P.F 

Figure 4. Model of the system polymer/test food. 
(Reproduced with permission from Ref. 72. Copyric£it 1986 
Elsevier Applied Science.) 

D 

Figure 5. Various choice f o r the function DjSp"F(h) 
(schematic). (Reproduced with permission from Ref. 74. 
Copyright 1980 John Wiley & Sons.) 
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236 FOOD AND PACKAGING INTERACTIONS 

at η =77p and g F, respectively. Curve b describes the condition 
that Drg^fa) equals t o τξ(η) at η = rçp/ but not equals t o ϊξ(η) at 
η = η γ . Both curves c and d portray the condition that (η) 

equals to Ό^(η) and Ό^(η) at η = r j p and η ρ , respectively; however, 
the f i r s t derivative of Drf 4" 1^) to η, ό£^Έ(η)/6η, at χ = Xp and 
x F are different. In curve c, άύ^Έ(η)/όη f 0 and the curve i s 
concave or convex, while i n curve d, 6D^~F (η)/όη = 0 and the curve 
i s sigmoidal. Therefore, depending upon given conditions, change 
i n d i f f u s i v i t y of a penetrant i n the swelling region can therefore 
be mathematically described. 

I f D^ F i s fixed by previously determined parameters such as 
D̂ , Dr|, k i , k 2, η ρ , and η ρ , some special cases of the general 
solutions can be obtained. For instance, i n the case of = « 
along with other with parameters, the f l u i d phase i s treated as a 
well " s t i r r e d " medium. The polymer phase swells by the influence 
of the w e l l - s t i r r e d f l u i d phase, while the penetrant g diffuses 
into the polymer phase, as shown i n Figure 6. Noticeably, the 
jump i n concentration of the penetrant g as a function of η i s 
dependent on ryp or η ρ , k^ or k 2, and the respective square root of 
D^ F and D§. 

In the cases of Dtg = i. e . treating the polymer phase as a 
well s t i r r e d medium, only one swelling front at η = ηρ i s 
considered, as shown i n Figure 7. In the case of =0, then the 
di f f u s i o n of the penetrant g occurs only into that part of the 
polymer phase which i s swollen, i . e . the swelling region, as shown 
i n Figure 8. 

Detailed solution forms of the above-mentioned cases along 
with other special ones such as the cases of D̂  = 0, D^fF = °°, D̂  
= « and D̂  = « were l i s t e d i n (74). With properly selected 
parameters, these solutions can provide a unique model to describe 
the transient mass transfer of a penetrant inside the swelling 
region. F i g g i et a l . (75,76) reported the application of the 
above model t o the results of d i f f u s i o n experiments f o r the system 
of p l a s t i c packaging (polymer + additive) contents. 

Since the general solutions of the model involves many 
integration constants, the calculation procedures are thus 
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18. CHAO & RIZVI Ο and H2 Ο Vapor Transport 237 

Figure 6. Concentration of C§ of Cg i n three regions. (R=P, 
PfF, F) vs. h with = oo (schematic). (Reproduced with 
permission from Ref. 74. Copyright 1980 John Wiley & Sons.) 

POLYMER PHASE FLUID PHASE 

Dg»a> 

Figure 7. Concentration of of Cg i n three regions (R=P, 
PfF, F) vs. h with = oo (schematic). (Reproduced with 
permission from Ref. 74. Copyright 1980 John Wiley & Sons.) 
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238 FOOD AND PACKAGING INTERACTIONS 

Figure 8. Concentration C§ of i n three regions (R=P, PfF, 
F) vs. h with Pg = 0 (schematic). (Reproduced with 
permission from Ref. 74. C o p y r i ^ t 1980 John Wiley & Sons.) 
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18. CHAO & RIZVI Ο and H2 Ο Vapor Transport 239 

d i f f i c u l t and time-œnsuming. Also, some major constants such as 
p a r t i t i o n coefficients of a penetrant i n polymer and f l u i d phases 
are independent of the model and needed to be determined before 
using the general solutions of the model. 

Concluding Remarks 

Modeling of oxygen and water vapor permeation through 
polymeric f i l m needs to consider whether the f i l m i s hydrophobic 
or hydrophilic. Based on the extent of the interaction between 
water vapor and the polymeric f i l m , several modeling approaches 
were described. The governing d i f f u s i o n equations used f o r these 
modeling approaches are Fickian. 

The model developed by Peppas and Khanna (46) i s a good model 
to account f o r both the packaged food and the polymeric f i l m which 
are sensitive t o vapor sorption. They also developed some 
generalized curves to predict the water a c t i v i t y and, therefore, 
the s h e l f - l i f e of dehydrated food packaged i n d i f f e r e n t films. 

The model developed by Rudolph (74) i s obviously the most 
generalized and comprehensive one. M though the model can predict 
the mass transfer of a penetrant with good estimation of the 
d i f f u s i v i t y of penetrant as function of swelling front movement, 
the general solution of the model, however, involves many 
variables and i s time-œrisuming. Further, some variables such as 
the d i f f u s i v i t i e s of a given penetrant i n the polymer and f l u i d 
phase, the p a r t i t i o n coefficients at interfaces between di f f e r e n t 
phases need t o be indi v i d u a l l y determined before being applied to 
the model. 

Meanwhile, the above-mentioned modeling approaches only 
consider the permeation of single penetrant and do not include the 
case of simultaneous oxygen and water vapor transport through a 
f i l m except the model proposed by Schwartzberg (39). Mthough 
Schwartzberg's model i s based on si m p l i f i e d assumptions related to 
surface adsorption and desorption of water, which may not be 
ea s i l y j u s t i f i e d , the experimental set-up to determine the major 
variables of the model, such as the mass transfer c o e f f i c i e n t of 
water vapor f l u x , the water vapor pressure at the evaporation 
interface of the polymeric f i l m , i s , however, we l l established 
(68). Also, the computer-aided calculation procedure and l i b r a r y 
software used are easy to i n s t a l l . 

Although the above-mentioned modeling approaches have 
provided some satisfactory representation of oxygen and water 
vapor transport, i t must be reminded that each approach i s often 
based on rather dras t i c assumptions and the knowledge of the 
nature of the complex s o l u b i l i t y - d i f f u s i o n system i s s t i l l 
incomplete. With continued e f f o r t further knowledge of a l l 
factors influencing the protective properties of a related f i l m 
related to food quality w i l l be gained and t h i s may lead t o the 
development of new packaging materials and a new modeling 
approach. 
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Chapter 19 

Moisture Transfer and Shelf Life 
of Packaged Foods 

P. S. Taoukis, A. El Meskine, and T. P. Labuza 

Department of Food Science and Nutrition, University of Minnesota, 
St. Paul, MN 55108 

Control of moisture exchange with the environment, accomplished through 
packaging, is crucial for moisture sensitive foods. Moisture transport 
prediction models for packaged foods, based on the linear and GAB 
isotherms, are presented. The models can be used for the selection of 
the appropriate food-package systems, for the estimation of the effects 
of changes in the package or environment parameters and for the 
prediction of the shelf life of the product under variable conditions. 
A dimensionless number, L, that can serve as a simple quantitative cri
terion for the applicability of the packaging models, is introduced. L 
relates the resistances to moisture transport through the film barrier 
and inside the food itself and is used to test the models' assumption 
that the film resistance is the dominant one. 

Foods are complex biologically and chemically active systems that require strict 
control of their manufacturing, distribution and storage conditions in order to 
maintain their safety and their sensory and nutritive values. The time period, 
from processing, during which a food stays within acceptable limits of quality 
is defined as shelf life. To ensure a high quality product for at least the 
extent of its targeted shelf life, environmental conditions such as temperature, 
moisture, gas composition and light and changes thereof have to be accounted for 
and, if possible, controlled. Packaging is one of the means employed to 
accomplish that, especially with regard to moisture, gas composition and light. 
The primary function of a food package, besides serving as the containing unit, 
is to keep the food in a controlled microenvironment. The package itself be
comes part of the food's environment, and the food-package interactions have to 
be considered. The paper focuses on the role of packaging in controlling the 
water content of the food and its effects on shelf life. 

Water In Foods 

Water is of major importance in food preservation. Reduction of available water 
is the basis of some of the earliest preservation techniques. In the last 30 
years the physico-chemical and biological principles governing the mechanisms of 

0097-6156/88/0365-0243$06.00/0 
© 1988 American Chemical Society 
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244 FOOD AND PACKAGING INTERACTIONS 

water-food interactions have been systematically investigated (_1). The single 
most important physico-chemical property in food systems is the water activity, 
â j, of the food defined from the theirmodynamic equilibrium state (2)· 
Under normal pressure conditions, a^ is practically equal to the ratio of the 
water vapor pressure of the food, p, at equilibrium divided by the vapor 
pressure of the pure water, p0, at the same temperature and is related to the 
equilibrium relative humidity (% ERH): 

a w = p/p0 = %ERH/100 (1) 

At a constant temperature a unique relation exists between moisture content and 
a w of a specific food, depending on its method of preparation (i.e. adsorption 
versus desorption). This relation is depicted by the moisture sorption isotherm 
of the food. In Figure 1 a typical food moisture isotherm is shown. The range 
of aw for different types of food is also presented. A comprehensive treatment 
of moisture sorption is given by Labuza (1984) (3). 

Moisture Content and Food Stability 

Water activity describes the degree of boundness of the water contained in the 
food (4) and its availability to act as a solvent and participate in chemical or 
biochemical reactions. Critical levels of aw can be recognized above which 
undesirable deterioration of food occurs, from a safety or quality point of 
view. From a safety standpoint, we are basically concerned with microbial 
growth. The ability of a microorganism to grow in a given environment depends 
on the complex interactions of a number of factors: water activity, temperature, 
pH, oxidation-reduction potential, preservatives and competitive microflora (_5, 
6). For set values of the other factors, a minimum aw for growth can be defined 
for a given microbial species. The most tolerant pathogenic bacterium is 
Staphylococcus aureus, which can grow down to an a w of 0.84-0.85. This is often 
used as the critical level of pathogenicity in foods. This limit is pertinent to 
intermediate moisture foods (IMF) that are manufactured at that range of aw (7). 
Xerophilic molds and osmophilic yeasts can grow down to 0.6-0.7 and can 
become of importance in dry foods. Beuchat ( 1981 ) (8) gives minimum values 
for a number of commonly encountered microorganisms of public health signifi
cance. Richard-Molard et al. (1985) (9) reviewed the effect of aw on molds and 
give mimima for growth and mycotoxin production, and Tilbury (1976) (10) pre
sented a comprehensive treatment of aw tolerant yeasts. The Food and Drug 
Administration (FDA) in the recently revised Current Good Manufacturing Practice 
regulations (0GMP) under 21 CFR 110.3(n) defined "safe moisture level" as a 
level of moisture low enough to prevent the growth of undesirable microorganisms 
in the finished product under the intended conditions of manufacturing, storage 
and distribution. The maximum safe moisture level is based on the aw of the 
food. An aw is considered safe if adequate data are available that demonstrate 
the food at or below the given aw will not support the growth of undesirable 
microorganisms. In 21 CFR 110.80(b)(14) the FDA requires that intermediate 
moisture and dry foods that rely on aw to prevent growth of undesirable 
microorganisms should be processed to and maintained at a safe moisture level. 
One means to do this is 21 CFR 110.80 (b)(14)(iii) "Protecting finished food 
from moisture pickup, by means of a moisture barrier or by other means...." 

Textural quality is also greatly affected by moisture content and water 
activity. Dry, crisp foods like potato chips, popcorn, crackers and cornflakes 
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19. TAOUKIS ET AL. Moisture Transfer & Shelf Life of Packaged Foods 245 

Figure 1. Example of a typical food isotherm. Also the water activity ranges 
of different food categories is shown. 
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246 FOOD AND PACKAGING INTERACTIONS 

lose crispness and become texturally unacceptable upon gaining moisture usually 
in the a w range of 0.35 to 0.5 (12). Intermediate moisture foods like dried 
fruits, pet foods, bakery goods and some confectionery items upon losing moisture 
below the range of 0.5 to 0.7 aw, become unacceptably hard (_13). Unpopped pop
corn below 0.3 to 0.4 a w will result in a significantly reduced popping volume 
(14). Pasta, especially larger cuts like lasagna noodles, becomes prone to 
cracking (checking) below 0.4 (15). Another serious problem is encountered in 
the case of products containing amorphous sugars, such as many spray-dried foods 
that contain soluble carbohydrates. When the increases above 0.35 to 0.4, 
amorphous sugars cake and recrystallize releasing water and thus significantly 
affect texture and quality (16). 

Another critical limit can be set based on economic and regulatory con
siderations. Foods losing moisture beyond a "reasonable" level (not well defi
ned) become illegal from a net weight point of view (17). The critical aw will 
be variable in this case, depending upon the food isotherm. 

Besides the specific critical aw limits, water activity has a pronounced 
effect on chemical reactions. The ability of water to act as a solvent, reac
tion medium and as a reactant itself increases with increasing aw. As a result, 
many deteriorative reactions increase exponentially in rate with aw above the 
value corresponding to the monolayer moisture, the value at which most reactions 
have a minimum rate (18). The above can be schematically represented in a glo
bal food stability map (Figure 2). The critical aw limits for microbial growth 
and the relative rates of reactions important to food preservation such as lipid 
oxidation and non-enzymatic browning can be seen. Most reactions have minimal 
rates up to the monolayer value. Lipid oxidation shows the peculiarity of a 
minimum at IUQ and increased rates below and above i t . 

From the above discussion on the significance of water in foods, the 
importance of being able to maintain a food within certain aw limits through use 
of appropriate packaging is apparent and the ability to predict the change of 
moisture and aw throughout shelf-life under different storage conditions is a 
key to maintaining packaged food quality. 

Moisture Transport in Packaged Foods 

In most packaged foods the major moisture transport mechanisms are water vapor 
diffusion through the packaging barrier and within the food (Figure 3). Usually 
the transport through the film barrier controls the phenomenon. The moisture 
transport through a thin packaging film is described by a pseudo-steady state 
equation based on Fick's and Henry's laws: 

Ws d£ = χ A ( p e " P ) ( 2 ) 

where dm/dt = the rate of moisture per unit dry weigjht transferred per day 
k/x = the film permeance to moisture (in g/day π£ mriHg) 
A = the effective area of diffusion 
Ws - the food's total dry weight in the package 
p, p e = water vapor partial pressure in the package and in the 

environment, respectively 

This equation is valid for a thin, non-porous, hydrophobic film, with low water 
solubility, non-swelling and with constant permeance over time. The package is 
assumed sealed without a total pressure difference from the environment (19). 
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19. TAOUKIS ET AL. Moisture Transfer & Shelf Life of Packaged Foods 247 

F i g u r e 2 . G l o b a l f ood s t a b i l i t y map. 

F i g u r e 3. M o i s t u r e t r a n s f e r i n a food -package s y s t e m . 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, D.C. 20036 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 9
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
36

5.
ch

01
9



248 FOOD AND PACKAGING INTERACTIONS 

Permeance measurements. The standard method of film permeance measurement 
(ASTM-E-96) is a method in which a metal cup is filled with desiccant, the cup 
is covered and sealed with the film and the weight gain under constant con
ditions of 100°T7 (37.7°C) and 90% RH is recorded. The vapor pressure gradient, 
Δρ, is constant and integration of Equation 2 gives a linear relation of 
moisture vs. time, from the slope of which the film permeance can be calculated. 
Caution should be drawn to the fact that often in the available literature, 
instead of the permeance, values of water vapor transmission rate (WVTR) are 
given where: WTR = slope χ A = k/x Δρ. A number of other methods for permeance 
measurements can also be used (20). The most prominent uses a device that 
measures the vapor pressure change with time with a moisture vapor sensor. It 
gives the permeance value directly as a readout (Mocon Instruments). The typi
cal range of moisture permeances of different packaging materials is shown in 
Table I. 

Table I. ^ilm Permeances at 35°C 
k = Kg water 10-7 
χ π£ hr mm Hg 

Paperboard 3333 
Polypropylene 137 
Cellophane/polyethylene 102 
1 mil polyethylene 86 
Polyethylene-terephthalate 50 
Polyester 33 
PET/PE 19 
Polyester/foil/PE 1 

100% RH driving force 

Permeance Parameters. A number of factors affect the permeance of packaging 
materials. These factors were reviewed by Salame and Steingiser (1977) (21) and 
Pascat (1986) (22) and will be treated in a following chapter. To summarize, 
with regard to moisture, permeance depends on the nature of the polymeric film. 
Varying functional groups in the repeating unit give different k/x, depending on 
their polarity and stereochemical properties. An increase in crystallinity, 
molecular orientation, density and molecular weight results in decrease of per
meance. An increase in double bonds and polarity results in increased per
meance. Additives, plasticisers, inert fillers, reticulation and irradiation 
also affect k/x. Permeance is also affected by thickness. Trick's Law considers 
permeance to be inversely proportional to the thickness, x, but in general it is 
proportional to x~n, where η = 0.8 to 1.2 (23). Most importantly, permeance 
depends on temperature, T, and external relative humidity, %RH. In general, it 
follows the classical Arrhenius relationship with the activation energy, E^, 
being a function of RH where E^ ranges from 5 to 20 kcal/mol (23). As a rule of 
thumb, permeance increases by 30 to 50% for every 5°C (21). In figure 4, an 
Arrhenius plot of log(k/x) versus 1/T for a packaging film showing the effect of 
external %RH is presented. The temperature dependency (E^) changes when the 
material goes below its glass transition temperature (Tg), thus the permeance 
data at temperatures above Tg should not be extrapolated below that temperature 
(24, 25). 

Permeance values and related information are available in a number of 
literature sources compiled in tables (26), or nomagraphs (27) or in the form of 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 9
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
36

5.
ch

01
9



19. TAOUKIS ET AL. Moisture Transfer & Shelf Life of Packaged Foods 249 

Figure 4 . Arrhenius plot of &n k/x versus reciprocal absolute temperature for 
polyethylene terephthalate/polyethylene laminate illustrating effect of external 
%RH on film permeance. 
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250 FOOD AND PACKAGING INTERACTIONS 

prediction equations (21, 28). Manufacturers of packaging materials also pro
vide relevant information. Nevertheless, the large number of parameters that 
affect permeance including stress and stretching during the actual package for
mation may result in significant deviations from the quoted permeance values. 
The effect of pinholes has also been considered and studied (29). It is thus 
often advisable to measure permeance of the formed package using the foremen-
tioned gravimetric method with desiccant being put into the package, sealed and 
stored at relevant temperature and humidity. 

Packaging Equations 

If we assume that the vapor pressure in the package is in equilibrium with the 
food, the moisture transport equation (Equation 2) can be integrated (for 
constant external temperature and relative humidity) to give the following 
packaging equations: 

m 
F(m) dm = - i - t (3) χ Ws 

*w 
J G C ^ d a w ^ l ^ - t (4) 

where F(m) and G(aw) are functions that depend on the form of sorption isotherm 
equation used. A number of different isotherm equations have been used for 
derivation of F(m) or Gia^) and use in Equations 3 or 4, by various researchers 
in the area of packaging predictions. A compilation of some of these equations 
is shown in Table II. 
Linear Isotherm Solution. No single isotherm equation is univerally acceptable 
and each equation is applicable at a certain a^ range and for certain categories 
of foods. It is noted that only for the linear and Langmuir isotherm equations 
have analytical solutions to the packaging model been presented. The other 
solutions are based on numerical integration of Equations 3 or 4. 

The linear approximation of the food isotherm, usually good between 0.2 
to 0.6 a W j was first used by Karel and Labuza (1969) (32) as seen in Table II. 
Using the linear isotherm, Equation 2 can be integrated to Equation 3, where 
F(m) = b/poOî -m), and a simple analytical solution can be given: 

ΙηΓ = <f>ext t (5) 
nig - mf k A Ρ 

with Γ = — — (6a) <J>ext = Π A~ (6b) 
mg - m e L χ Ws b 

In this case, m̂  is the initial moisture content of the food (dry basis) and nig 
is the equilibrium moisture corresponding to the external RH from the linear 
isotherm. Γ is the unaccomplished moisture fraction and the overall per
meance of the system. Equation 6 shows that Φθχϋ depends on the film's proper
ties and thickness, the environment temperature, the slope of the isotherm and 
the A/Ws ratio. The linear model has been extensively used in our laboratory 
and by other researchers (^, 35) and has been found to be in very good 
agreement with experimental results, especially in the range where the linear 
isotherm closely follows the actual isotherm. 
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19. TAOUKIS ET AL. Moisture Transfer & Shelf Life of Packaged Foods 251 

Table II. Isotherms used in packaging predictions 

Isotherm equation Form Reference 
Oswin 

30 

Graphic f i t 31 

Linear m = ba^ + c 32, 33, 34, 
35, 19 

b+m 

Two parameter a^ = 33 

Kuhn m = j^r~ + c 33 BET m = = % c aw 36, 19 
( l - a w ) ( l - a w + caw) 

Langmuir 19 
aw aw — — = c + — m ÎOQ 

Freudlich m = b aw 19 
Hasley aw = exp[-b/n£] .19, 37 
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252 FOOD AND PACKAGING INTERACTIONS 

GAB Isotherm Solution. A moisture sorption isotherm equation that has lately 
emerged as applicable to most foods is the Guggenheim-Andersen-DeBoehr or GAB 
isotherm equation (38): 

It is a three-parameter equation based on the BET sorption theory and developed 
independently on principles of statistical mechanics and kinetics. The parame
ters of the equation have physical significance, TOQ being a monolayer moisture 
value and C and k relating to interaction energies between water and food and 
between the multiple layers of water respectively. For k=l the equation reduces 
to the well-known BET sorption isotherm equation. The GAB equation applies very 
successfully to a large number of foods in the range of 0 to 0.9 a^. It has 
been shown that the GAB equation fits food isotherms in that range as well or 
better than other equations with four or more parameters (39). Figure 5 
illustrates an isotherm for sodium caseinate with the GAB equation fit shown. 
The GAB equation can also describe water activity dependence on temperature 
since mo, C, k are exponential functions of inverse absolute tempearture (1/Τ) 
(40). It has become the standard sorption isotherm equation used in Europe 
(E.E.C. COST 90 project on water activity) and is being established in U.S. 
laboratories. 

The packaging prediction equation, using the GAB equation, has been solved 
by us and takes the following form: 

where a is the water activity of the food at time t and a£ the initial water 
activity. Equation 8 can be solved both numerically and analytically. Using 
this equation, the predicted increase in moisture and water activity with time 
for a packaged sodium caseinate sample is shown in Figure 6. It can be seen 
that up to 0.5 aw, where the isotherm is almost linear, predictions from the two 
models almost coincide. Above that, through equilibrium, the GAB and the linear 
models deviate because the linear isotherm cannot describe the actual isotherm 
very well in this range. In general, in comparing the two packaging models it 
can be shown that they are equally accurate for the linear portion of the 
isotherm while the GAB model is more accurate closer to equilibrium and can be 
used to predict equilibrium time. The linear model is simpler to use however. 
Nevertheless, there is difficulty in defining the ,fbest" linear fit to the 
isotherm which is usually different for different initial and critical con
ditions. The GAB equation with the three parameters defines the whole isotherm. 
Literature values can be easily used for a quick packaging estimation. 
Tabulation of GAB isotherms for more than 160 foods has been published from our 
laboratory (41, 42). 

Use of Packaging Models 

The moisture transport prediction models can be used to determine the optimum 
package system to keep the product within certain aw limits for its shelf-life 

TOQ C k aw 
(7) m = 

(l-kaw) (1-kaw+Ckaw) 

(8) 
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254 FOOD AND PACKAGING INTERACTIONS 

p e r i o d . D i f f e r e n t o v e r a l l permeances c a n be used t o d e t e r m i n e t h e b e s t com
b i n a t i o n , ΐ η F i g u r e 7, t he change w i t h t i m e f o r sod ium c a s e i n a t e i n d i f 
f e r e n t packages i s shown. I t c a n be seen t h a t i f t h e o b j e c t i v e i s t o keep t h e 
p r o d u c t b e l o w 0.6 f o r one y e a r t h e b e s t f i l m i s p o l y e t h y l e n e , w i t h t h e paper 
b e i n g i n a d e q u a t e and t h e P E T / p o l y e t h y l e n e o v e r p r o t e c t i n g t he s y s t e m . 

The mode ls c a n a l s o be u s e d t o p r e d i c t t h e e f f e c t o f change o f pa ramete rs 
l i k e e x t e r n a l R H , a r e a o f package t o f o o d s w e i g h t r a t i o ( A / W s ) and t e m p e r a t u r e , 
f o r t h e same f i l m . The e f f e c t o f d i f f e r e n t e x t e r n a l r e l a t i v e h u m i d i t i e s on 
s o d i u m c a s e i n a t e packaged i n p o l y e t h y l e n e i s shown i n F i g u r e 8. The e f f e c t o f 
change o f package s i z e on c o r n f l a k e s packaged i n a pape rboa rd b o x w i t h a 
g l a s s i n e l i n e r (WTR=0.1) was s t u d i e d i n ou r l a b o r a t o r y based on e x p e r i m e n t a l 
i s o t h e r m d a t a . I t was e s t i m a t e d t h a t t h e c o r n f l a k e s i n t he l a r g e s i z e package 
(A/Ws=0.3), w i l l k e e p under t he 0.4 c r i t i c a l w a t e r a c t i v i t y f o r c r i s p n e s s f o r 
more t h a n s i x months i n a humid env i ronment (75% R H ) , whereas c o r n f l a k e s i n t h e 
i n d i v i d u a l s i z e package (A/Ws-0.6) w i l l keep f o r o n l y t h r e e mon ths . 

F u r t h e r m o r e , t h e p a c k a g i n g p r e d i c t i o n model c a n be u s e d i n s h e l f - l i f e p r e 
d i c t i o n s o f f oods d e t e r i o r a t i n g due t o w a t e r a c t i v i t y s e n s i t i v e r e a c t i o n s l i k e 
n o n - e n z y m a t i c b r o w n i n g (43) o r a s c o r b i c a c i d l o s s i n IMF o r d r y f o o d s . F o r 
e x a m p l e , t h e e f f e c t o f aw on n o n - e n z y m a t i c b r o w n i n g r a t e s o f d e h y d r a t e d cabbage 
was s t u d i e d and mode led by M i z r a h i and c o - w o r k e r s (1970) (44). The s t u d y showed 
a n i n c r e a s i n g b r o w n i n g r a t e w i t h an i n c r e a s e i n a w . U s i n g t h i s i n f o r m a t i o n and 
t h e p a c k a g i n g m o d e l s , one c a n p r e d i c t t h e e x t e n t o f b r o w n i n g w i t h t i m e f o r d i f 
f e r e n t p a c k a g i n g m a t e r i a l s and s t o r a g e c o n d i t i o n s . D a t a were p r e s e n t e d f o r two 
d i f f e r e n t f i l m s (45). E x p e r i m e n t a l v a l u e s were i n v e r y good agreement w i t h p r e 
d i c t e d o n e s . S i m i l a r s t u d i e s and p r e d i c t i o n s were p u b l i s h e d f o r a s c o r b i c a c i d 
l o s s (45, 36). The same app roach c a n be used f o r a c c e l e r a t e d s h e l f - l i f e t e s t i n g 
o f m o i s t u r e s e n s i t i v e p r o d u c t s (45, 47). 

The mode ls c a n a l s o be u s e d f o r v a r i a b l e s t o r a g e c o n d i t i o n s i f t h e e f f e c t 
o f t h e s e c o n d i t i o n s on t h e f i l m and t h e f o o d i s o t h e r m a r e known. The s t o r a g e 
t i m e i s d i v i d e d i n t o s m a l l t i m e i n t e r v a l s and f o r e a c h t he c o n s t a n t s t o r a g e c o n 
d i t i o n s model i s u s e d (48 , 49). The GAB model w o u l d be p r e f e r a b l e i n s u c h an 
a p p l i c a t i o n s i n c e t he GAB e q u a t i o n c a n d e s c r i b e t h e tempera tu re dependence o f 
t h e s o r p t i o n i s o t h e r m v e r y w e l l . The app roach was used t o model s t o r a g e o f w i l d 
r i c e under c o n d i t i o n s s i m u l a t i n g a v e r a g e warehouse c o n d i t i o n s i n d i f f e r e n t U . S . 
c i t i e s d u r i n g a y e a r ' s p e r i o d ( F i g u r e 9) (50). 

T e s t o f A p p l i c a b i l i t y o f P a c k a g i n g M o d e l s 

The d i s c u s s e d p a c k a g i n g mode ls were d e v e l o p e d b a s e d on the a s s u m p t i o n t h a t t h e 
c o n t r o l l i n g mechanism i s t h e m o i s t u r e t r a n s p o r t t h r o u g h t h e f i l m , t he r e s i s t a n c e 
o f m o i s t u r e v a p o r d i f f u s i o n i n t o t h e f o o d b e i n g r e l a t i v e l y n e g l i g i b l e . I f t h e 
i n t e r n a l r e s i s t a n c e were c o n t r o l l i n g t he phenomenon, t h e shown u n s t e a d y s t a t e 
d i f f u s i o n e q u a t i o n w o u l d h o l d ( f o r one d i m e n s i o n a l d i f f u s i o n ) : 

3m _ BD 9 2P ^ 3?m , λ 

3 t ~ - p T x * " 1 * ^ ax? ( 9 ) 

where i s t he p e r m e a b i l i t y o f t h e f o o d (kg /m h r nmHg), Ρ i s t h e d e n s i t y o f t h e 
f o o d and D e f f i s t h e e f f e c t i v e d i f f u s i v i t y o f m o i s t u r e i n t h e f o o d ( r n ^ / h r . ) . 
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19. TAOUKIS ET AL. Moisture Transfer & Shelf Life of Packaged Foods 255 

1 r 

0 0 2 0 0 4 0 0 6 0 0 ' 8 0 0 1 0 0 0 

T I M E C d a y s ) 

Figure 7. ^ increase prediction for sodium caseinate packaged in lined paper, 
polyethylene and PET/polyethylene (respectively from top), stored at 80% RH, 
25°C. 

0 0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 

T I M E C d a y s ) 

Figure 8. P^j change prediction for sodium caseinate packaged in polyethylene 
and stored at different ambient relative humidities (at 25°C). 
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256 FOOD AND PACKAGING INTERACTIONS 

M . C . ( 7. D . Β . ) 
1 8 . 0 T 

MIAMI 

1 i7ô I 3*70 I ?7ο I 77Ô I 77o I ΓΓΤο I 
0 . 0 - 2 . 0 4 . 0 6 . 0 8 . 0 1 0 . 0 1 2 . 0 

MONTHS 

Figure 9. Predicted change in moisture content of packaged wild rice under the 
different storage conditions that would be encountered in five cities starting 
with production on January 1. 
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19. TAOUKIS ET AL. Moisture Transfer & Shelf Life of Packaged Foods 257 

Using the linear isotherm and Equation 9, a relation between food permeability 
and effective diffusivity can be deduced: 

D e f f = ^ % (10) 

Under the simplifying assumptions of negligible surface resistance, no change in 
Deff with moisture content, slab geometry of 2 LQ total thickness and long times 
(such that Deff t / l ^ >0.1) an approximate analytical solution to Equation 9 (51̂  
- 53) can be written as: 

2 

£ηΓ = (f)int t + £n-^§— (11) 

Deff π 2 

where <»int = —±— (12) 
4 L 0 

Equation 11 can be used to estimate Deff by a simple gravimetric experiment 
where the moisture increase of the slab shaped food stored under constant rela
tive humidity conditions is measured with time. The slope of In Γ vs time 
(Equation 12) is used to calculate Deff. From it , if the food isotherm is 
known, the food permeability is calculated. Alternatively, 3β can be measured 
in a steady state permeability apparatus (54). This involves the very difficult 
task of shaping the food into a film and very few measurements of this type are 
reported in the literature. 

One can assess the relative importance of the two mechanisms by comparing 
the values of the external permeance, <j>ext and the internal permeance (55). 
φ β Χ£ and <f>£nt are equal to the rate of change of in Γ in the cases where the 
transport through the film or the internal diffusion mechanism is controlling, 
respectively from Equations 5 and 11. If the rate of change of in Γ due to one 
mechanism is much larger than the one due to the other mechanism, then the first 
mechanism can be neglected without significant error being introduced. To put 
that into quantitative terms, the ratio of the two permeances is considered. 
From Equations 6, 10 and 12, this ratio can be approximately written as: 

^ Z 5 ^ 2 (13) 

We can define the dimensionless number L# as: 

L # - — 0 4 ) 
k/x 

This is similar to the Sherwood number used in mass transfer, which is a ratio 
of internal to external mass transfer. The L number can be used as a criterion 
for the applicability of the simple external mass transfer packaging models. If 
Φίηί > 20 <\>ext then the effect of the internal diffusion can be neglected. 
Based on this the following criteria can be used: If L# > 4, the film is the 
major resistance to moisture transfer and the packaging models apply well; if 
0.2 < L# < 4, the diffusion mechanism introduces error but the film barrier model 
can still be used if overestimation of the transported moisture is acceptable; 
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258 FOOD AND PACKAGING INTERACTIONS 

IB 

14 

-Q 12 

2 

0 ι < . . . . . . . . . 
0 100 2 0 0 3 0 0 4 0 0 5 0 0 

T I M E C d a y s ) 

Figure 10. Moisture gain of cornflakes packaged in polystyrene. Points are 
experimental data and continuous lines are predictions using packaging models. 
Parameters: k/x=3.334 χ ΚΓ 6 kg/m2 hr mmHg, Deff=4.68 χ 1(H> n̂ /hr., %=2.44 χ 
10~5 kg/m2 hr rrmHg., L Q = 7 cm. 
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T I M E C d a y s ) 
Figure 11. Moisture loss of dates packaged in cellophane. Points are experimen
tal data and continuous lines are packaging model predictions. Parameters: 
k/x=3.61 χ lO^4 kg/m2 hr nnflg, Deff=4.2 χ 10~7 n^/hr, 0̂ 2.6 χ ΚΓ 5 kg/m2 hr 
mmHg, LQ-7 cm. 
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19. TAOUKIS ET AL. Moisture Transfer & Shelf Life of Packaged Foods 259 

if the lXO.2, the diffusion in the food mechanism is dominant and the use of the 
packaging model is not recommended. A more complex model involving the simulta
neous numerical solution of the two transport equations (Equations 2 and 9) 
should be used. 

Figures 10 and 11 illustrate the applicability of the L number criterion. 
In these figures, prediction values are compared to experimental data generated 
in our laboratory (56). Corn flakes packaged in polystyrene film (Clysar 125 
EHC) with Ly^l0.4, stored at 35°C and 75% RH, showed a moisture increase that 
was very closely predicted by the packaging models (Figure 10). On the other 
hand, the models performed poorly in the case of dates stored in a cellophane 
(195 PSD) film. The L number of this second system is 0.10 and the packaging 
models overestimated the moisture lost by the dates (Figure 11). In Table III 
the L number is given for a variety of foods packaged in three materials 
covering the whole permeance range and for two package thicknesses (LQ=1 cm and 
10 cm). The permeabilities of the foods were calculated from Deff values 
measured in our laboratory (57). For the high barrier films, foil and polyethy
lene, the L number is in the applicability range of the packaging model in 
almost all cases. For low barrier materials like lined paperboard and 
cellophane the model will often not be accurate, especially for foods with a low 
effective diffusivity, and a more complex model may be needed. 

Table III. Values of L Number for a Variety of Packaged Foods 

L Number 
PRODUCT 3D x 10~5 (k/x)c = 1 χ 10"7 (k/x) = 5 χ 10~6 (k/x) = 1 χ 10-4 

FOIL POLYETHYLENE PAPERBOARD 
1 cm 10 cm 1 cm 10 cm 1 cm 10 cm 

Flour 0.19a 1900 190 95 9.5 1.9 0.19 
NFTJM 0.09 900 90 45 4.5 0.9 0.09 
Dried Vegetable 0.03 300 30 15 1.5 0.3 0.03 
Peanut 0.02 200 20 10 1.0 0.2 0.02 
Cookie 0.017 170 17 8.5 0.85 0.17 0.017 
Raisin 0.002 20 2 2 0.1 0.02 0.002 
Turkey^ 4.5 45000 4500 2250 225 45 4.5 
Values calculated from Deff data and an average isotherm slope b=0.25; in kg/m hr mmHg 
^Experimental permeability value for freeze dried material; cvalues in kg/m2 hr mmHg 
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Chapter 20 

Emerging Technology 
at the Packaging-Processing Interface 

Aaron L. Brody 

Schotland Business Research, Three Independence Way, Princeton, 
NJ 08540 

This review enumerates the various contemporary food 
packaging technologies in which processing, product 
and packaging are interdependent; describing the 
technologies, the interactions and issues; and 
providing references. Brief discussions are given 
on some emerging future food packaging technologies 
in which the interactions are anticipated to be 
crucial. 

In the early history of food technology, except f o r canning and 
glass packing, packaging was an incidental operation. Food 
technologists recognized, however, that the canning process was an 
integration of package, product and process, and so the two were 
developed as one from the early years of the twentieth century 
u n t i l the I960 1 s. Subsequently, and u n t i l the early 1980's, 
technical and economic r i f t s among i n d u s t r i a l and research 
interests l ed t o sharp d i v i s i o n between food processing and food 
packaging. As a res u l t of severe issues and potential problems 
which surfaced as a res u l t of the œmmercial introductions of 
ret o r t pouch, hot f i l l pouch, aseptic packaging, and modified 
atmosphere packaging, a heightened awareness of a need to l i n k 
food processing, product and packaging has emerged. Among the 
interactions of concern have been migration of p l a s t i c components 
into foods from packaging materials; removal of desirable food 
components by the packaging materials; heat seal i n t e g r i t y ; 
package i n t e g r i t y ; chemical s t e r i l a n t residuals; oxygen 
transmission; and the creation of anaerobic conditions within 
u n s t e r i l e packages. 

Not a l l of these issues have been addressed by regulatory 
authorities nor thoroughly investigated by independent research 
groups. Since most of the problems became v i s i b l e a f t e r 
cxanmercialization, and r e l a t i v e l y few are regarded as potential 
safety hazards, research t o characterize and solve the problems 
has been r e l a t i v e l y sparse. The benefits p o t e n t i a l l y attributable 
t o f u l l - s c a l e commercialization i s driv i n g government agencies, 

0097-6156/88/0365-0262$06.25/0 
© 1988 American Chemical Society 
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20. BRODY Technology at Packaging-Processing Interface 263 

independent laboratories, u n i v e r s i t i e s and industry t o study these 
and other food processing: packaging relationships more closely. 

The bulk of the v a l i d reference material on these topics i s 
found i n the presentations and proceedings of dedicated 
conferences sponsored by f o r - p r o f i t organizations because the 
technologies have been in d u s t r i a l i z e d with r e l a t i v e l y l i t t l e 
peer-review research. As more independent research i s conducted, 
the information base w i l l be completed, i h i s s i t u a t i o n i s not f a r 
dif f e r e n t from that of canning, when technologists from can making 
companies and trade associations wrote the l i t e r a t u r e based on 
t h e i r own research. 

Shelf L i f e 

Concepts of shelf l i f e are changing as a re s u l t of d i s t r i b u t i o n 
economics, raw material sources, marketing needs and technology. 
In Western economies, long shelf l i v e s i n excess of one year, and 
very short shelf l i v e s of less than two weeks are becoming 
exceptions. Food industries are tending towards a shelf l i f e mode 
i n the v i c i n i t y of s i x months. 

Distribution Economics. Costs of inventory are now measurable and 
are recognized as important. With computer-based control, 
inventories of packaged foods may be minimized without adversely 
affecting the a b i l i t y of food processors and di s t r i b u t o r s t o 
deli v e r product i n a timely fashion. 

Raw Material Sources. In the past, much food was processed at or 
near a g r i c u l t u r a l sources, with seasonal packing the accepted 
practice. Increasingly, food raw materials such as tomatoes are 
p a r t i a l l y processed i n bulk during harvest season, stored, and 
withdrawn throughout the year for further processing. 

Further, large quantities of food raw materials such as 
tomato puree, concentrated juices and wine are .pa imported from 
off-shore sources throughout the year and used as the base f o r 
food products. 

Thus, broadening of the geographic and time range f o r foods 
and t h e i r ingredients has supported the business concept of 
reducing inventories and d i s t r i b u t i o n times. 

Marketing Needs. Decreasing available r e t a i l shelf space, even 
for basic foods, has drawn marketers t o a variety of strategies to 
maintain and extend r e t a i l market position. More products and 
product forms with lower volumes and shorter runs have become 
common practice. Consumer desires f o r higher qualit y ; to t r y new 
foods; and convenience of storage, use and consumption have led 
food marketers to double the rate of new food product 
introductions since 1980 and to f a r outstrip the capacity of 
r e t a i l e r s to acxonmodate the product array available (1). 

Technology. Both food and packaging technology have 
contributed to the altered view of shelf l i f e . Marketing needs 
appear to be dividing food quality into several c l a s s i f i c a t i o n s : 
premium quality; high quality; good quality; standard; and 
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264 FOOD AND PACKAGING INTERACTIONS 

sub-standard, i . e . , safe, edible and nutritious. Retention of 
qual i t y i s based on the target market and consequently the 
technologies selected to meet the needs. 

The extreme p e r i s h a b i l i t y of so-called "fresh" foods has been 
extended by raw material selection, rapid p a r t i a l processing, 
hygienic handling, packaging and controlled d i s t r i b u t i o n (1). 
Shelf l i f e of dairy products including f l u i d milk i s prolonged by 
processing and packaging under aseptic-type conditions, but 
maintaining low temperature d i s t r i b u t i o n . Quality of both fresh 
and processed meats i s extended by modified atmosphere/vacuum 
packaging coupled with low temperature d i s t r i b u t i o n (2). 

Both of these food categories, as well as others, are now 
capable of shelf l i v e s of up t o s i x weeks as contrasted to one to 
two days f o r f l u i d milk or a few hours for freshly ground beef 
less than a generation ago. These technologies are representative 
of the evolutionary processes that are applying the p r i n c i p l e s of 
biochemistry, enzymology, itdcrobiology and packaging t o prolong 
shelf l i f e of highly perishable foods i n directions that permit 
regional and even national d i s t r i b u t i o n . 

Each technology integrates multiple s c i e n t i f i c and 
engineering pr i n c i p l e s t o achieve the marketing and d i s t r i b u t i o n 
objectives. 

Open Dating. Beneath the quantitative shelf l i f e objective i s the 
now-accepted practice of open date coding. Despite the 
well-documented d i f f i c u l t i e s of ascribing an accurate v i s i b l e 
package date code to a food product, most major food processors 
and marketers are indicating p u l l and "best-by" dates. With j u s t 
a few days 1 shelf l i f e , assurance that over-age inventories do not 
e x i s t depends on the shelf l i f e extension technologies. 

Shelf Stable Foods: 

Shelf-stable i s a term usually describing foods processed, 
packaged and distributed t o ret a i n quality f or periods of months 
under ambient temperatures. Included are canned, dry and 
semi-moist foods. In t h i s review, those shelf stable foods f a l l i n g 
i nto the r e t o r t pouch/tray and aseptic packaging categories are 
s p e c i f i c a l l y discussed i n separate sections. 

Canned Foods. Included i n canned or thermally processed foods are 
juices and j u i c e drinks packaged i n two piece aluminum cans with 
l i q u i d nitrogen t o vaporize and generate an internal pressure to 
maintain package shape and secondarily t o help r e t a i n product 
qual i t y by reducing product oxidation. The i n i t i a l reason was to 
reduce packaging costs by employing cans manufactured i n very high 
quantities f o r carbonated beverages and beer. 

By a l t e r i n g product pH and f i l l i n g hot, reduced thermal 
treatment pasta entrees i n glass j a r s have been developed. 

Confectionery. Although infrequently classed as a product 
category benefitting from processing: packaging technology, 
consumer acceptance of granola-type confections which are moisture 
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20. BRODY Technology at Packaging-Processing Interface 265 

and oxygen sensitive has led t o a reassessment of product shelf 
l i f e f o r the entire category. 

Because of t h e i r environmental s e n s i t i v i t i e s a r i s i n g from 
t h e i r whole grain and f r u i t content, granola-type confections are 
packaged i n heated sealed aluminum f o i l lamination. Muminum f o i l 
o f fers maximum moisture b a r r i e r at low cost. When the f o i l i s 
protected by p l a s t i c and/or paper, the b a r r i e r properties of the 
f o i l are maximized. F o i l cracking p a r t i c u l a r l y i n corners permits 
minute openings through which moisture can enter. I n t e r i o r heat 
sealing polyolef i n coatings have been demonstrated t o be capable 
of adding undesirable flavors and/or to scalp f l a v o r notes from 
the contained product. 

Mainstream confections such as coated chocolate bars undergo 
flav o r s t a l i n g as a re s u l t of exposure t o heat, moisture and a i r . 
Glass ine provides grease resistance and s t i f f n e s s . With coating 
and heat sealing, glassine provides a modest moisture b a r r i e r . 
The introduction of cavitated core or pearlized oriented 
polypropylene has provided a base sheet with the s t i f f n e s s , grease 
resistance and opacity of glassine plus inherent moisture bar r i e r . 
When coated, fl a v o r b a r r i e r i s imparted, and a cold cohesive 
sealant may be applied. Although higher cost than equivalent 
glassine, coated coextruded opaque polypropylene has captured the 
majority of candy bar wrapping market by providing greater 
moisture and o f f - f l a v o r protection and hence better shelf l i f e . 
Further enhancing the b a r r i e r properties of the packaging 
materials are vacuum metallized polypropylene and polyester films 
(3). 

Dry Mixes. Since t h e i r inception, dry bakery mixes have been 
protected from moisture. With the marketing objectives of quality 
niches, premium and high quality, dry mix technologists became 
aware of flavor nuances that establish quality d i f f e r e n t i a t i o n . 

By incorporating flavor b a r r i e r p l a s t i c such as nylon into 
coextruded polyolef i n films, moisture proof pouches of dry mixes 
may have s i g n i f i c a n t l y superior flavor b a r r i e r and hence qua l i t y 
retention. 

Cookies. The introduction of soft cookies required techniques to 
re t a i n the textural and b i t e q u a l i t i e s of the o r i g i n a l baked 
product. Unlike dry cookies which could tolerate modest moisture 
gain or loss, the quality of soft cookies i s s i g n i f i c a n t l y altered 
by the addition or subtraction of moisture. Further, as a re s u l t 
of higher moisture content, f a t oxidation rates are increased. 

The œmmercial introduction of sof t cookies which are 
distributed through r e t a i l grocery warehouse channels dictated 
high moisture/high oxygen ba r r i e r packaging coupled with i n e r t 
atmosphere with the package. Further, since the cookies are 
f r a g i l e , physical protection must be integrated into the 
packaging. 

Soft cookies are placed i n crampartmented thermoformed p l a s t i c 
trays which are, i n turn, hermetically sealed i n printed aluminum 
f o i l lamination bags. The bags are squared t o help protect the 
cookies and improve shelf display. F l e x i b l e structures used 
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266 FOOD AND PACKAGING INTERACTIONS 

include cŒiibinations of nylon or polyester f i l m or paper on the 
exterior, aluminum f o i l and polyethylene or polypropylene on the 
i n t e r i o r . Nylon or polyester f i l m ensures the gas b a r r i e r of the 
pinhole-prone aluminum f o i l when an in e r t atmosphere pack i s used. 
Polypropylene on the i n t e r i o r eliminates p l a s t i c : cookie fl a v o r 
interactions. 

Thermally S t a b i l i z e d Foods: 

Detailed i n t h i s section are those foods with water a c t i v i t i e s 
above 0.85 which are heated t o destroy microorganisms and enzymes 
and hermetically packaged before or a f t e r heating f o r long term 
ambient temperature shelf s t a b i l i t y : aseptic hot f i l l e d and r e t o r t 
pouch/tray packaging. Not included here since the f i n a l r e s u l t i s 
not ambient temperature s t a b i l i t y i s thermal pasteurization f o r 
the purpose of extending refrigerated shelf l i f e , a subject 
discussed i n the section on modified/controlled atrtosphere/vacuum 
packaging. 

Aseptic Packaging. Defined as the independent s t e r i l i z a t i o n of 
food and packaging and assembly under s t e r i l e conditions, aseptic 
packaging has ranged from ultra-clean i n glass bottles and j a r s to 
superheated steam to s t e r i l i z e cans i n sizes ranging up to 10 
gallons t o sanitation of multi-thousand gallon tanks t o the more 
widely known use of hydrogen peroxide to s t e r i l i z e packaging 
materials p r i o r to delivery of s t e r i l e l i q u i d product. 
S t e r i l i z a t i o n of products p r i o r to introduction into the aseptic 
packaging systems has been generally by continuous heat exchange 
systems to achieve high temperature/short time (HIST) or u l t r a 
high temperature/ultra short time (UHT) thermal conditions. The 
thesis i s that since microbicidal and spori c i d a l effects take 
place at logarithmic rates and biochemical effects at geometric 
rates, the faster the heating, the greater the desired s t e r i l i z i n g 
e f f e c t while itiinimizing the cooking or biochemical e f f e c t (4-5). 

For milk and dairy-based products, which are heat sensitive, 
and f o r most juices and j u i c e drinks, the theory was proven. With 
a l l products, and especially f l u i d milk, however, the biochemical 
changes subsequent to packaging were unlike those experienced 
before i n short-term storage refrigerated d i s t r i b u t i o n or i n 
long-term storage af t e r excess thermal treatment. In some 
instances, the changes can be attributed to i n s u f f i c i e n t enzyme 
destruction or enzyme regeneration, an effect that accelerates 
oxidative browning and o f f - flavor developments. In other 
situations, the presence of minute quantities of residual 
dissolved or occluded oxygen i n the s t e r i l e product, while of 
l i t t l e consequence i n short-term refrigerated conditions or i n 
long-term storage of already severely heated product, i s a very 
s i g n i f i c a n t deteriorative vector i n long term storage f o r product 
that i s supposed to ret a i n i n i t i a l high quality. Removal of 
occluded oxygen i s recommended for products p r i o r t o aseptic 
packaging. 

Headspace oxygen i s another contributor to product 
deterioration. While some aseptic packaging systems seal the 
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20. BRODY Technology at Packaging-Processing Interface 267 

package through the product and thus preclude headspace oxygen, 
most other systems employ flowing i n e r t gas which does not 
completely eliminate headspace oxygen. Pressurized gas flow does 
not wholly remove headspace a i r . Only those packaging systems 
i n i t i a l l y engineered to omit headspace oxygen, e.g., f i l l i n g and 
closing under i n e r t atmospheres, e f f e c t i v e l y overcome the 
headspace oxygen problem. Non-oxidative biochemical reactions not 
id e n t i f i e d i n refrigerated or canned product storage are also very 
s i g n i f i c a n t degradation vectors i n aseptic products engineered f o r 
long term retention of i n i t i a l good quality. These reactions are 
attributed t o the proximity presence of larger quantities of 
reactants over extended time. 

M though suspected f o r many years, only recently has the 
scalping of flavor from fruit-based products been demonstrated 
quantitatively as a major contributor to product quality 
alterations i n storage. Polyolef i n i n t e r i o r l i n i n g s have been 
proven to remove desirable flavor attributes from juices and j u i c e 
drinks (6-9). 

Mthojgh the permeability of p l a s t i c s t o oxygen has been 
studied extensively, the major external oxygen source may be 
breaches of packaging i n t e g r i t y and consequent transmission rather 
than permeation. Seal i n t e g r i t y i s a c r u c i a l issue r e l a t i v e t o 
microbiological recontamination, and heat seals through 
thermoplastics have not proven as r e l i a b l e as mechanical seals, a 
subject discussed below. When seals are not microbiologically 
sound, they do not exclude oxygen (10). 

Further, where scored and bent, aluminum f o i l often displays 
cracking and consequent entry paths for oxygen (11). 

Heat sealants such as polyethylene, polypropylene, ionomer or 
ethylene/vinyl acetate copolymer have high oxygen permeability. 
Although the area facing the a i r i s very small and the distance to 
tr a v e l i s very long i n heat seals, oxygen has a path and i s able 
to enter heat sealed packages. Passage edgewise through 
thermoplastic heat seals has been proven t o be a s i g n i f i c a n t 
source of oxygen to contained product. 

In general, the structural strength of p l a s t i c and 
paperboard/aluirdnum f o i l / p l a s t i c lamination i s less than that of 
metal cans and glass j a r s , and thus t h e i r a b i l i t y t o withstand 
impact vi b r a t i o n stress, compression, etc., i s not great. 
Structural i n t e g r i t y may be impaired by physical abuse, and 
oxygen, as well as micro-organisms, may enter. 

Thus, i n aseptic packaging, product quality may be 
compromised by: 

- f a i l u r e to inactivate enzymes 
- enzyme regeneration 
- f a i l u r e t o remove oxygen from the product 
- oxygen i n the headspace 
- oxygen permeation through the packaging material 
- oxygen transmission through breeches i n the packaging 
- structural f a i l u r e 
- oxygen permeation edgewise through heat seals 
- accelerated biochemical action due to high reactant levels 
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268 FOOD AND PACKAGING INTERACTIONS 

- i n a b i l i t y of high temperature/short time thermal processes 
to d e l i v e r product with perceptibly better quality than by 
low temperatirre/long time thermal methods (12). 

- residual hydrogen peroxide s t e r i l a n t when t h i s s t e r i l a n t i s 
used (13). 

Low Acid F l u i d Foods. Worldwide, f l u i d milk and analogues, almost 
a l l of which are low acid, represent the largest volume packaged 
under aseptic conditions. Despite the higher s t e r i l i z i n g values 
required, low acid f l u i d foods are readily s t e r i l i z e d i n 
continuous heat exchangers. 

Issues of seal i n t e g r i t y which may lead to microbiological 
reœntaitiination are f a r more serious with low acid foods because 
of the potential f o r pathogenic growth and toxin or infect i o n 
formation. F i l l e r s that permit seal area product œntamination; 
sealers that are not properly controlled with respect t o 
temperature, pressure or time; undue stresses on the seals; 
inconsistent sealant d i s t r i b u t i o n , etc., a l l can lead t o 
coipromises i n heat seals and potential - microbiological 
œntamination problems (10). 

Low Acid Particulate Foods. Foods containing p a r t i c l e s below 5 mm 
diameter behave thermodynamically l i k e homogeneous f l u i d s and so 
may be thermally s t e r i l i z e d i n conventional continuous heat 
exchangers. As the mirrimum dimension increases, p a r t i c l e s assume 
the thermodynamic characterization of s o l i d s and so f l u i d / s o l i d 
heat transfer must be computed. Time/temperature considerations 
become increasingly d i f f i c u l t to compute when several d i f f e r e n t 
particulates, e.g., meat and potatoes, are involved. Heat 
transfer i s f a c i l i t a t e d by the presence of c a r r i e r f l u i d s , but the 
heating and heat transfer characteristics of each of the 
components are different. Thermal inputs must be f o r the slowest 
heating component, which means that other components are 
necessarily overheated (13-16). 

Because of the CŒtplexity of computing heat transfer into 
multiple particulates, i n practice the entire mass i s generally 
overheated t o ensure sterility (17, 13). 

Newly engineered continuous heat exchangers with larger entry 
and e x i t ports and wider rotator blade spacing are claimed t o be 
able t o permit heat transfer without undue physical damage to 
particulates passing through. 

Assurance of the heat transfer into larger s i z e , i . e . , 
greater than 15 mm particulate foods, without physical damage 
appears t o require discontinuous heat exchangers which are 
es s e n t i a l l y batch heaters i n which the product may be readily put 
i n and discharged (18). 

A further issue of s t e r i l i z a t i o n of low acid particulates i s 
that high temperature/short time heat treatment i s not only not 
b e n e f i c i a l t o many foods, i t i s actually detrimental. Meats such 
as beef have higher quality a f t e r low temperature/long time 
heating; s h e l l f i s h often are not tenderized under Υήφ. 
temperature/short time heating; many sauces require very long 
times to properly develop flavors (13. 19). 
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20. BRODY Technology at Packaging-Processing Interface 269 

Aseptic Packaging; Future Considerations. Aseptic packaging has 
been demonstrated as advantageous f o r high acid f l u i d s such as 
juices and j u i c e drinks, provided the shelf l i f e and p a r t i c u l a r l y 
oxidation- sensitive shelf l i f e i s taken into consideration. With 
proper f i l l e r s capable of handling large p a r t i c l e s , high acid 
particulate foods such as f r u i t can be benefited. 

Employing extended thermal processes and higher pressure 
f i l l e r s , tomato-based products including those containing 
particulates, should become more s i g n i f i c a n t cxaonmercially. 

Notions of a l t e r i n g pH fo r the sake of aœcamnxxaating f o r 
aseptic techniques do not recognize fundamentals that stipulate 
that process and packaging technologies should be directed t o 
advantage and not the reverse. Aseptic packaging f i t s natural 
high acid f l u i d and f l u i d i z a b l e foods, when the oxygen i s removed 
and kept out. 

The a b i l i t y t o s t e r i l i z e low acid particulates i s 
questionable from a thermodynamic standpoint, and only s l i g h t l y 
less marginal from a quality benefit perspective. 

Aseptic packaging requires the perfect integration of a 
number of simultaneous and sequential u n i t operations. Failure of 
any can re s u l t i n spoilage and economic problems f o r high acid 
foods and potential public health hazards with low acid foods 
(20). 

The problems associated with aseptic packaging of low acid 
particulate foods coupled with the apparent marginal benefits do 
not signal a hopeful future. 

Retort Pouch/Tray Packaging. Since the l a t e 1940·s, r e t o r t pouch 
packaging has been the subject of intense development with the 
objective of lower cost packaging and higher qua l i t y contents. 
The lower cost was t o arise from the lower quantities of packaging 
materials, a fact that overlooked the complexity of the lamination 
required. The higher quality was t o come from lower heat input 
from the higher package surface to volume r a t i o . 

As was discussed above i n the section on aseptic packaging, 
but preceding i t h i s t o r i c a l l y , high temperature/short time heating 
does not necessarily d e l i v e r better i n i t i a l q u a l i t y food. 
Further, terminal heating a f t e r packaging accelerates interactions 
of food and i n t e r i o r sealants on packaging materials. 

Except f o r m i l i t a r y applications, r e t o r t pouch packaging has 
been a commercial f a i l u r e f o r the following reasons: 

economics of materials over c y l i n d r i c a l cans have not been 
realized and are not projected to be achievable i n the 
foreseeable future 
economics of f i l l i n g and closing are s i g n i f i c a n t l y worse than 
for canning l i n e s 
100% inspection and quarantine are required f o r r e t o r t pouch 
packaging 
pressure override retorts with accurate controls are required 
structural i n t e g r i t y of reto r t pouches must be maintained by 
external secondary packaging 
quality benefits from high temperature/short time thermal 
processing are not universal 
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270 FOOD AND PACKAGING INTERACTIONS 

storage quality losses are s i g n i f i c a n t l y greater with r e t o r t 
pouches than with cans 
food:packaging material interactions are greater with 
thermoplastic packaging materials than i n cans 
p r o b a b i l i t i e s of microbiological recontamination and hence 
public health hazards are f a r greater with r e t o r t pouches 
than with cans 
few, i f any, perceptible consumer benefits 

Early i n the development of the reto r t pouch, the tray shape 
became interesting because of the a b i l i t y t o fusion seal around a 
r e l a t i v e l y clean flange perimeter. Muminum f o i l polypropylene 
lamination have been i n tray forms have been œmmercialized with 
a l l of the lim i t a t i o n s indicated for r e t o r t pouches. The two 
advantages are more r e l i a b l e heat seal (10-11) and convenience of 
eating from the tray a f t e r cutting open the closure (18). 

With the coincidental development of high oxygen b a r r i e r 
coextruded p l a s t i c sheet and domestic miŒowave ovens, a move 
began towards the integration of p l a s t i c trays and terminal 
s t e r i l i z a t i o n . With only aluminum f o i l structures t o act as heat 
seal closures, almost a l l of the problems of r e t o r t pouches are 
present with p l a s t i c r e t o r t trays plus: 

slower heat transfer since p l a s t i c has r e l a t i v e l y poor Κ 
value 
li m i t a t i o n s on the high temperature that can be used f o r 
heating due to softening and melting points of the p l a s t i c 
d i f f i c u l t y of achieving a fusion seal 
non-uniformity of d i s t r i b u t i o n of the c r u c i a l high oxygen 
ba r r i e r p l a s t i c i n the formed tray 
non-uniformity of physical resistance of the tray due t o 
fabrication l i m i t a t i o n s 
necessarily shorter shelf l i f e because of the p l a s t i c 
permeability 

- moisture s e n s i t i v i t y of the p r i n c i p a l oxygen b a r r i e r p l a s t i c 
employed (21). 

Qn the other hand, advantages were i n i t i a l l y perceived: 

the tray shape can be v i r t u a l l y any form t o s a t i s f y consumer 
and product needs 
the convenience of eating from the tray i s enhanced (22). 

Neither of these proposed benefits was i n i t i a l l y achieved. The 
impact of the microwave oven on the domestic kitchen generated 
another clear advantage f o r the p l a s t i c tray, a more l o g i c a l means 
to reheat the retorted tray than immersion i n b o i l i n g water. 
Further, retorted p l a s t i c trays do not suffer from the 
d i f f e r e n t i a l itdcrowave energy absorption and consequent 
non-uniform reheating of frozen entrees and dinners. The imposed 
advantage of microwaveability brought an accompanying obstacle of 
having to fabricate p l a s t i c structures capable of dual 
ovenability, i . e , reheating i n either microwave or conventional 
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20. BRODY Technology at Packaging-Processing Interface 271 

œnduction/ convection ovens. Combination heat resistant/oxygen 
b a r r i e r p l a s t i c structures are d i f f i c u l t t o fabricate (23). 

Commercializations are being made with extraordinary caution 
due t o the many problems that have surfaced, plus as yet 
incomplete resolution of problems such as heat sealing that had 
been anticipated. 

The hopes f o r rapid acceptance by processors, packagers and 
marketers have not materialized and perhaps w i l l not u n t i l 
e f f e c t i v e and t o t a l l y r e l i a b l e technologies became available. 
With almost a l l the development now being conducted on a 
proprietary i n d u s t r i a l basis, and with each organization 
uncovering and resolving each developmental issue on an individual 
basis, the route to widespread commercialization w i l l be much 
longer than i f the technological issues were aired openly so that 
a l l could benefit. 

Quasi Retort Tray Packaging. Intruding into c l a s s i f i c a t i o n of 
ret o r t tray i s a group of low acid foods that are not retorted: 
pasta and f i l l e d pastas that are reduced moisture and are 
thermally treated at j u s t below 100 degrees C. Packaged i n 
p l a s t i c b a r r i e r materials using therrtoform/vacuum seal techniques, 
the f i l l e d packages are exposed to sequences of microwave energy 
and hot a i r to develop uniform heat within the food mass and 
impart s u f f i c i e n t heat to destroy micro- organisms of concern. By 
maintaining the water a c t i v i t y below 0.85, the potential f o r 
growth of pathogenic micro-organisms without the vacuum package i s 
reduced. The potential f o r spoilage i s , however, present and 
microwave energy across an a i r boundary fosters non-uniform 
heating of the mass with potential stresses on the heat seal (24). 

With no validated published reports on the microbiology of 
these food packages, no v a l i d judgement can be made. 
This i s another example of a technology which i s being developed 
on a proprietary basis without the benefit of complete a i r i n g of 
key public safety issues. 
Hot F i l l . High acid f l u i d s may be heated to s t e r i l i z a t i o n 
temperatures within heat exchangers and then f i l l e d hot into 
packages. Exposure of the package i n t e r i o r s t o the hot f l u i d 
contents s t e r i l i z e s them, insofar as the entire package i n t e r i o r 
i s exposed. Hot f i l l i n g with or without some post-closure 
heating, followed by cooling, has been œmmercial fo r high acid 
products such as juices, j u i c e drinks, sauces, etc., f o r many 
decades. In a l l instances, hot f i l l i n g has been into metal cans 
or glass bottles/jars with inversion to ensure that shoulders, 
necks and closure i n t e r i o r s are subjected to thermal s t e r i l i z a t i o n 
conditions. 

Issues i n hot f i l l i n g include: 

assurance that the entire f l u i d volume has been exposed t o 
s t e r i l i z i n g values 
assurance that the entire package i n t e r i o r has been exposed 
to the appropriate s t e r i l i z a t i o n value before losing heat 
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272 FOOD AND PACKAGING INTERACTIONS 

removal of heat a f t e r s t e r i l i z a t i o n t o ensure that the 
product does not continue t o cook or that heat resistant 
spores do not germinate 
headspace oxygen 
product overheating t o achieve s t e r i l i z a t i o n values 

Application of hot f i l l i n g t o new and supposedly less expensive 
p l a s t i c and p l a s t i c composite packaging materials and forms has 
required addressing issues basic t o a l l hot f i l l i n g plus other 
issues unique to the new packaging forms: 

temperature l i m i t a t i o n of the p l a s t i c s i n terms of softening 
and melting points 
a b i l i t y to invert or otherwise expose closure and headspace 
areas t o f l u i d food thermal s t e r i l i z a t i o n values 
s e n s i t i v i t y of heat seal closures to hot f l u i d s 
headspace oxygen 
interactions of hot f l u i d s and p l a s t i c i n t e r i o r s 
long term interactions of ambient temperature f l u i d s t o 
i n t e r i o r p l a s t i c s 
potential itdcrobiological reccntamination through ccaipromised 
closures 
oxygen permeation through p l a s t i c walls, especially when the 
bar r i e r p l a s t i c materials are not uniformly distributed 
hydraulic stresses on the heat seals during 
d i s t r i b u t i o n v i b r a t i o n and impact 

As a r e s u l t of these issues, much food hot f i l l e d into p l a s t i c and 
p l a s t i c composites i s distributed under refrigeration. Among the 
package forms now being hot f i l l e d are: 

high b a r r i e r coextruded p l a s t i c bottles f o r catsup, barbecue 
sauce, j e l l i e s , r elishes, etc. 

* polypropylene/EVOH 
* poly<^arbonate/EVŒ/polyprcpylene 

high b a r r i e r coextruded p l a s t i c cups with heat seal aluniinum 
f o i l closure for apple sauce 

polypropylene/EVOH 
polystyrene/PVDC 

aluniinum f o i l lamination pouches i n 
hotel/restaurant/institutional sizes f o r tomato- based 
products 

gable top aluminum foil/polyolefin/paperboard lamination f o r 
juices and j u i c e drinks 

heat set polyester bottles f or juices and j u i c e drinks 

PVC bottles f o r juices and ju i c e drinks 
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20. BRODY Technology at Packaging-Processing Interface 273 

The upper temperature lim i t a t i o n s of PVC at 68 degrees C render 
t h i s material somewhat questionable r e l a t i v e t o assurance of 
s t e r i l i z a t i o n value. The oxygen b a r r i e r l i m i t a t i o n s of the 
polyester and the PVC render the packages marginal from an oxygen 
permeation and therefore shelf l i f e standpoint. 

With proper attention to the problems, and especially 
s t e r i l i z i n g values i n closure and headspace regions, and residual 
oxygen i n the headspace, hot f i l l i n g into p l a s t i c and p l a s t i c 
composite packaging can prove to be an effe c t i v e commercial means 
to take advantage of the lower weight, cost and space volume of 
p l a s t i c packaging. In some instances, because i t represents a 
r e l a t i v e l y simpler technology than aseptic packaging, i t can be 
introduced i n place of or even possibly displace aseptic 
packaging. 

Retortable P l a s t i c Can. The problems c i t e d above fo r heat sealing 
of p l a s t i c trays have led some cautious food packagers and t h e i r 
suppliers t o develop high b a r r i e r p l a s t i c cans with mechanical or 
mechanically- assisted closures. Long experience with r i g i d metal 
end double seaming has demonstrated i t s r e l i a b i l i t y f o r seal 
i n t e g r i t y with metal bodies. Although the r e l i a b i l i t y with 
paperboard composite bodies i s somewhat lower, the l e v e l i s s t i l l 
better than with heat sealing i n the context of r e t o r t trays. 

Double seaming r i g i d metal ends to p l a s t i c bodies generally 
involves the fabrication of uniform body flanges followed by 
mechanical clinching of the end flanges t o the body without 
damaging the p l a s t i c which often has a propensity t o flow or crack 
under stress. Developments i n I t a l y demonstrated that an 
inj e c t i o n molded c y l i n d r i c a l polypropylene can with tapered body 
flange could be successfully double seamed with a r i g i d s t e e l end. 
Later work i n England demonstrated that a thermoformed die-cut 
flange could provide an adequate basis f o r the application of an 
aluminum end. In more recent manifestations, coinjection blow 
molded wide mouth cans have been fabricated to accept aluminum 
ends with seam i n t e g r i t y r e l i a b i l i t y reported t o be the same as 
that experienced with either ste e l or aluminum bodies, a f t e r 
careful double seam machine adjustments. Further, the seam 
in t e g r i t y i s reported as intact during and af t e r retorting, 
attributable i n some measure t o engineering concentric c o l l a p s i b l e 
rings into the base of the p l a s t i c can body (25-27). 

By fabricating the can body from high oxygen b a r r i e r ethylene 
v i n y l alcohol p l a s t i c plus desiccant plus polypropylene, a can 
with temperature resistance of up to 130 degrees C i s possible. 
The desiccant i n the structure aids i n removing water from the 
moisture- sensitive p l a s t i c and helps preserve i t s oxygen b a r r i e r 
properties (28-29). 

Shelf l i f e of the contents i n the b a r r i e r p l a s t i c can with 
seamed aluminum end i s reported at 18 months as not d i f f e r e n t from 
that from a three-piece bi m e t a l l i c can f o r contents such as 
lasagna, spaghetti and meat b a l l s , c h i l i con came and three-bean 
salad. The product categories being canned are not noted f o r 
t h e i r s e n s i t i v i t i e s t o deterioration. Further, i n eight- ounce 
cylinders, the thermal s t e r i l i z a t i o n processes do not induce high 
qua l i t y i n the foods packed. 
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274 FOOD AND PACKAGING INTERACTIONS 

As with f l e x i b l e lamination heat seal r e t o r t trays, these 
p l a s t i c cans are retorted under water with counterpressure to help 
maintain shape (28). 

At present, the only v i s i b l e advantage of the p l a s t i c can i s 
i t s a b i l i t y t o be reheated i n a microwave oven. The metal 
remaining a f t e r f u l l panel pullout of the closure i s too small a 
mass of metal t o constitute a microwave radiation hazard. A 
secondary advantage might be convenience of eating d i r e c t l y from a 
can with a white i n t e r i o r and exterior, which would be the only 
benefit f or bean-type salads which, of course, are not heated 
before consumption (28). 

Bowl-shaped cans with double seamed r i g i d metal ends have 
been multi-layer melt phase thermof ormed with apparently adequate 
flange uniformity t o permit r e l i a b l e high speed double seam 
closing. Also fabricated with EVOH as the sole oxygen bar r i e r , 
these cans employ asymmetric placement, i . e . , placing the EVOH 
layer away from the contents, t o minimize the deteriorative 
effects of moisture on the b a r r i e r p l a s t i c (23.29). 

Again, the food products contained do not suffer seriously 
from flavor deterioration i n ambient storage. 

Since both cans receive thermal s t e r i l i z a t i o n values f o r 
s o l i d pack low acid foods, the i n i t i a l q uality cannot be regarded 
as premium. 

Ihe major advantages of the bowl shaped p l a s t i c can are 
a b i l i t y t o be reheated by microwaves (abetted by a snap-on overcap 
that reduces the adverse effects of spattering) and convenience of 
eating d i r e c t l y from the package. 

Development i s underway i n Sweden of a polypropylene can 
which employs aluminum f o i l i n intimate contact with the p l a s t i c 
as the oxygen barrier. Closure i s by an integration of mechanical 
c l i n c h with induction fusion sealing of i n t e r i o r p l a s t i c l i n e r s . 

I t i s instructive to review the sequence of dri v i n g forces 
for the development of the evolution of retortable pouches, trays 
and p l a s t i c cans: 

Retort Package 
Driving Forces 
i n Seguence 

- consumer s i z e pouch * economics 
* product quality 

- m i l i t a r y pouches * volume 
* soft 

- hotel/restaurant/ 
i n s t i t u t i o n a l pouches 

* economics 
* volume 
* waste 

- aluminum tray * product quality 
* shelf display 
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20. BRODY Technology at Packaging-Processing Interface 275 

- p l a s t i c b a r r i e r tray * econcmics 
* uniqueness 
* ambient temperature 

shelf s t a b i l i t y 
* micTOwaveability 
* consumption from 

package 

- p l a s t i c cans, r i g i d metal 
closure 

* economics 
* microwaveability 
* consumption from 

package 

Ihe sequence appears t o emphasize a r a t i o n a l i z a t i o n t o employ 
aluminum f o i l lamination or p l a s t i c rather than a clear market 
need, i . e . , supply side driven. Ihe reasons f o r development of 
t h i s evidently very d i f f i c u l t technology have not been obvious. 

Carbonated Beverage/Beer P l a s t i c Cans. Ihe evolution of polyvinyl 
chloride t o p o l y a c r y l o n i t r i l e to polyester for carbonated beverage 
bottles has been widely discussed. Ihe further evolution of 
polyester from the o r i g i n a l t w o - l i t e r s i z e to the present h a l f 
l i t e r f o r carbonated beverages despite the increased surface t o 
volume r a t i o and t o polyvinylidene chloride (PVDC) coated versions 
to contain English beer has also been well-documented (30). 

Since the can shape involves a much smaller p l a s t i c 
surface-to-volume r a t i o , polyester was expected to have s u f f i c i e n t 
carbon dioxide b a r r i e r t o contain carbonated beverages. The 
notion of containing pasteurized beer i n any p l a s t i c has been 
repeatedly negated by brewery flavor and packaging experts. 
Polyester, even when PVDC coated, has i n s u f f i c i e n t oxygen b a r r i e r 
t o avoid greater than one part per m i l l i o n oxygen i n the can 
demanded to ensure against oxidative flavor change (31). 
Further, beer flavor interactions with p l a s t i c especially as a 
res u l t of heat pasteurization are detectable, and, f o r the 
present, are not acceptable. 

Polyester oxygen permeation, flavor contribution and flavor 
scalping are a l l satisfactory for most carbonated beverages 
including the dominant colas and f r u i t flavors. Further, polyester 
i s capable of containing s u f f i c i e n t carbon dioxide f o r consumer 
acceptance, under t i g h t l y controlled d i s t r i b u t i o n conditions. 
Polyester i s also s u f f i c i e n t l y heat resistant to r e s i s t the heat 
sanitation processes required p r i o r to f i l l i n g of natural juices 
which are being employed as flavor and mouth f e e l enhancers. 

Polyester cans with aluminum double seamed ends have been 
demonstrated t o be technologically feasible i n commercial 
practice; carbonation retention, oxygen transmission and fl a v o r 
interactions a l l proved acceptable. Polyester cans, whether 
produced by thermoforming or by inj e c t i o n flow molding, may be 
handled on moderate speed ( i . e . , 200 - 400 cans per minute) with 
satisfactory double seaming. Ihe major question i s the a b i l i t y of 
suppliers to b u i l d capacity t o meet the demands of high speed 
( i . e . , 1600 cans per minute) œnning l i n e s . A subsidiary issue i s 
the a b i l i t y to recycle polyester cans with metal ends. This 
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276 FOOD AND PACKAGING INTERACTIONS 

corollary problem became the rationale f or the o r i g i n a l program 
termination, but was not a deterrent to a renewed market t e s t by a 
t i n y carbonated beverage canner. 

The commercialization of polyester bottles and cans f o r 
carbonated beverage œntainment implies a compromise i n the flavor 
i n t e g r i t y of the product derived from carbonation. 

Modified/Controlled Atmosphere/Vaoium Packaging 
Controlled atmosphere (CA) packaging, a term applied t o the range 
of œntrolled/modif ied atmosphere/vacaium packaging means that the 
gaseous environment i n immediate contact with the food i s 
controlled with respect t o carbon dioxide, oxygen, nitrogen, water 
vapor and trace gasses. Modified atmosphere (MA) i s defined as an 
i n i t i a l a l t e r a t i o n of the gas followed by time-based a l t e r a t i o n 
stemming from product respiration, microbiological action, package 
gas transmission, etc. Vacuum packaging i s removal of a i r from 
the package with no gas replacement. A l l gaseous environment 
changes may help extend shelf l i f e by mass action biochemical 
k i n e t i c laws that lead t o reduction i n aerobic reaction rates with 
reduction i n oxygen, and, for CA and MA, by dissolution of carbon 
dioxide i n the water to a l t e r pH and consequently slow reaction 
rates. Further, as moisture content i s elevated, evaporative 
losses from the food are reduced and consequently the reaction 
rates are simultaneously slowed. Respiration rates and 
microbiological growth rates may be reduced by factors of two to 
ten, with the greatest effects oœurring at temperatures of 0 - 10 
degrees C. Thus, the be n e f i c i a l effects of CA/MA/vacuum packaging 
for r espiring foods or those susceptible to microbiological 
deterioration are a res u l t of œmplementing some other shelf l i f e 
extension mechanism. CA/MVvaajum f o r such products i s almost 
ine f f e c t i v e alone, but i n conjunction with r e f r i g e r a t i o n plus 
other variables, i s capable delivering shelf l i f e extensions i n 
the range of 1.5 to ten times that i n a i r at the same temperature 
(32-33). 

More than any other new food packaging/preservation 
technology today, CA/MVvacuum packaging must be an integral 
component of t o t a l food systems, or else i t can produce foods that 
are potential public health hazards and foods whose quality i s 
actually deteriorated by the altered gaseous environment. 

In the absence of oxygen, respiring f r u i t and vegetables 
undergo anaerobic fermentations resulting i n alcoholic, aldehyde 
and ketone of f - f l a v o r s that usually render the produce inedible 
(34) · 

By suppressing the growth of aerobic micro-organisms and 
permitting l i f e of up to eight weeks, there i s s u f f i c i e n t time 
without evident spoilage t o permit the growth of psychrophilic 
pathogens such as species of L i s t e r i a and Yersinia whose growth 
might not be slowed as much by CA/MA packaging. Since acid 
formers, proteolytic organisms and v i s i b l e mold grow under aerobic 
conditions, i n an a i r atmosphere, there i s generally clear 
evidence of spoilage well before pathogenic infections or 
intoxications develop. Further, the expression of spoilage 
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20. BRODY Technology at Packaging-Processing Interface 277 

irdcroorganisms w i l l usually dominate and prevent the growth of 
pathogens (35). 

Under the anaerobic conditions ultimately created i n some 
CVMVvacuum packaging i n prolonged periods, aerobes are 
suppressed, permitting anaerobic spore forms and pathogenic 
species of anaerobes t o grow and produce toxins. The av^^vacuum 
conditions can be ideal f o r anaerobic growth and to x i n production, 
p a r t i c u l a r l y because long times are involved and since aerobes 
would not grow. I t has been demonstrated that anaerobic pathogens 
could grow at temperatures as low as 4 degrees C and produce toxin 
without any sensory manifestation of food deterioration (36). 

Minimizing problems with pathogens within OV'MVvaaium 
packaged foods requires that the products be selected f o r highest 
microbiological quality, that they be processed and packaged under 
the s t r i c t e s t sanitation, that temperature reductions be rapid and 
that d i s t r i b u t i o n temperatures be r i g i d l y maintained as low as 
required t o avoid anaerobic pathogenic growth. Compromises with 
these requirements could r e s u l t i n public health hazards i n the 
packaged product (37-40). 

Meats. Muscle food spoilage i s generally microbiological. 
CA/MVvacuum packaging retards microbiological growth, with vacuum 
more eff e c t i v e than CA/MA packaging. 

Beef. Beef cut spoilage may be e f f e c t i v e l y retarded f o r up to s i x 
weeks at -1 to +3 degrees C by vacuum or MA packaging employing 
20+% carbon dioxide i n the environment. Aerobic microorganisms 
grow slowly and, although proteolytic enzymatic a c t i v i t y i s 
retarded, i t proceeds s u f f i c i e n t l y to permit beef tenderizing. 
Ihe sealed package retards water loss through evaporation. This 
system i s employed commercially on a broad scale f o r d i s t r i b u t i o n 
of primal and subprimal beef cuts from packaging house t o r e t a i l e r 
where f i n a l r e t a i l cuts are made. As i s the r u l e with a l l 
CA/MVvacuum packaging, optimum benefits are achievable only when 
s t r i c t hygiene and temperature controls are observed (2). 

Under reduced oxygen conditions, the muscle pigment myoglobin 
i s purple color. Only when exposed to oxygen i s the t y p i c a l 
cherry-red oxymyoglobin formed. Thus, vacuum packaged beef i s 
purple. To obtain the red color claimed to be desired by 
consumers, the beef i s packaged under 20-40% oxygen / 20-40% 
carbon dioxide/balance nitrogen, a combination which fosters 
maintenance of red color while simultaneously suppressing 
microbiological growth, provided a l l other sanitation and 
temperature controls are enforced. 

The growth of irdcroorganisms i n ground beef i s accelerated by 
the grinding process which distributes the c e l l s throughout the 
mass. Shelf l i f e extensions i s achievable by MA, low oxygen or 
vacuum packaging, with only MA permitting the desired red color. 
Upon exposure to a i r , color of low oxygen or vacuum packaged 
ground beef reverts to oxymyoglobin red. Effective shelf l i f e of 
ten or more days i s achievable by using beef cuts and trimmings 
with low i n i t i a l microbiological counts, by grinding cold, and by 
r i g i d adherence to temperatures below +4 degrees C throughout 
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278 FOOD AND PACKAGING INTERACTIONS 

di s t r i b u t i o n . In commerce, beef may be coarse ground and packed 
under low oxygen f o r shipment to r e t a i l e r s where f i n a l grinding 
takes place; may be fine ground and packed under low oxygen 
conditions i n opaque high oxygen ba r r i e r films f o r r e t a i l sale; or 
may be ground and packaged under high oxygen MA f o r r e t a i l 
d i s t r i b u t i o n . 

Despite the marketing admonition against the purple color of 
beef at r e t a i l l e v e l , several high oxygen b a r r i e r skin and vacuum 
packaging systems for r e t a i l beef cuts have been coiranercialized i n 
the United States. The microbiological issues are magnified 
because the packages are out of packer and r e t a i l e r control upon 
leaving the r e t a i l establishment. 

Pork. With less of a color problem than beef, v i r t u a l l y no ground 
pork product and a more oxidation- prone fa t , pork i s more e a s i l y 
packaged under reduced oxygen. Qn the other hand, pork appears to 
be more prone to discoloration from excess carbon dioxide and to 
microbiological deterioration. Therefore, sanitation and 
temperature control, p a r t i c u l a r l y i n removing body heat from the 
carcass as soon as possible a f t e r slaughter, are even more 
important than with beef. 

Commercial pork packaging involving CA/l^vacuum appears to 
be tending more i n the direc t i o n of vacuum packaging of layer cuts 
and of conventional packaging of multiple r e t a i l cuts i n bulk MA 
bags or bag-in-box. By employing t h i s method, consumers see 
fa m i l i a r packaging on r e t a i l display, but the shelf l i f e 
extensions of reduced oxygen are realized. 

Poultry. The microbiology of poultry includes the almost 
ubiquitous presence of Salmonella species. Thus, poultry 
packaging mandates a rapid removal of body heat and maintenance of 
temperatures of -1 degrees C to +1 degrees C. At these 
temperatures, s u f f i c i e n t shelf l i f e f o r œmmercial d i s t r i b u t i o n 
turnovers of under two weeks are achieved. Cut-up c h i l l e d poultry 
i s packaged f o r conventional r e t a i l display and multiple bulk 
packed f o r d i s t r i b u t i o n to r e t a i l stores. The incorporation of a 
carbon dioxide/nitrogen atmosphere within an oxygen/carbon dioxide 
permeable package handled under the same temperature conditions as 
a i r - packed adds another two t o four days shelf l i f e . Gas 
permeable f i l m bags permit same loss of carbon dioxide and ingress 
of oxygen t o avoid anaerobic microbial growth (41-44). 

Fish. Much edible f i s h i n the United States comes from the ocean 
bottom where the f i s h can become œntaminated with Clostridium 
botulinum Type E. This pathogen i s capable of growth and toxin 
formation at temperatures as low as 5 degrees C with no other 
signal of spoilage. Because of the clear danger of toxin 
formation under normal U.S. temperature d i s t r i b u t i o n conditions 
which range above 10 degrees C, FDA and Department of Commerce 
have, with a few exceptions, discouraged MA/CA/vacuum packaging of 
f i s h . The exceptions involve vacuum packaging i n sealed oxygen 
permeable materials of selected microbiologically clean f i s h 
d istributed under t i g h t low temperature control (45,38). In 
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20. BRODY Technology at Packaging-Processing Interface 279 

Western Europe, these r e s t r i c t i o n s are f a r less r i g i d and MA 
packaging of f i s h and s h e l l f i s h i n not urccmmon. 

Bakery Goods. Soft baked goods such as bread and cakes undergo 
s t a l i n g on textural losses as a result of starch rétrogradation. 
Staling increases with decreasing temperature and i s i n perception 
retarded by elevated moisture, a variable than encourages the 
growth of surface molds. Carbon dioxide concentrations above 20% 
ef f e c t i v e l y retard the growth of surface mold by factors of 1.5 to 
2 and thus permit sealed packaging with high internal r e l a t i v e 
humidity. Ihe presence of excess mold cannot be overcome by 
carbon dioxide, however, and so the bakery product must be 
packaged under clean conditions immediately following baking with 
mirrimum or no exposure to the ambient a i r (46). 

Because of the large internal void volume, excess carbon 
dioxide must be introduced, even to the extent of in j e c t i n g the 
gas into the crumb (46-47). 

By employing thermoform/vacaium seal packaging equipment, 
bakery aromas are l o s t i n the vacuum withdrawal phase p r i o r to 
back flushing with gas (48). 

An interesting v a r i a t i o n that compensates f o r most of the 
problems i s p a r t i a l baking i n the package. Carbon dioxide and 
water vapor generated during baking expel oxygen and create the 
internal controlled atmosphere. Ihe package i s sealed immediately 
and condensing internal gases draw the packaging material t i g h t l y 
to the bread or r o l l s . I f the p l a s t i c does not interact with the 
product, and i f the seals remain intact during the dual stresses 
of internal pressure and vacuum, the product can experience a 
shelf l i f e of up to three months. Because i t i s par-baked, the 
product i s reconstituted i n an oven by the consumer to de l i v e r a 
bread or r o l l with a crusty exterior and a soft i n t e r i o r r e s u l t i n g 
from a b r i e f moisture-driven rejuvenation from s t a l i n g (46). 

Some rye breads i n West Germany are being packaged under CA 
to avoid the presence of chemical preservatives. Some 
pumpernickel breads are being long time- low temperature heated 
and packaged immediately to take advantage of multiple effects of 
reduced oxygen, elevated carbon dioxide and moisture and trace 
quantities of ethanol and acetic and formic acids, a l l of which 
are mold i n h i b i t o r s (48). 
Precooked Foods. By car e f u l l y integrating sanitation, low heat 
pasteurization and controlled atmosphere packaging, a new class of 
long shelf l i f e refrigerated entrees, salads and side dishes i s 
being developed (49). Because so many components including 
seasonings and spices are mixed i n these products, they are 
œntaminated with a wide variety of iidcrcorganisms whose count i s 
only reduced, not eliminated by heat pasteurization. Ihe products 
usually enjoy the absence of enzymatic a c t i v i t y but suffer from 
viable mixed microbial f l o r a i n good growth environments. With no 
atmospheric control, shelf l i f e even under the best refrigeration, 
i s on the order of three to s i x days. With controlled atmosphere, 
equivalent shelf l i f e can be extended to three weeks or possibly 
longer (50). 
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280 FOOD AND PACKAGING INTERACTIONS 

Precooked law acid foods under controlled atmospheres 
constitute the product category having the greatest potential 
public health hazard. Qn the other hand, with proper selection of 
raw materials and processing, plus temperature control, product 
qual i t y reaching the r e t a i l consumer can equal that of freshly 
prepared (51). 

An UTK^cmpromising microbiological regimen must be present f o r 
ingredients, components, processing and packaging. Temperature 
control throughout and especially i n reduction from pasteurization 
and i n d i s t r i b u t i o n must be s t r i c t l y controlled. 

The atmospheric environment within the package while 
important i s less c r i t i c a l than sanitation and temperature 
control. 

Among the systems i n commercial development are: 

"souse-vide: 1 1 cooking of individual components to a degree 
that accounts f o r l a t e r pasteurization and reheating; vacuum 
packaging i n a bar r i e r p l a s t i c tray (52) 
coo k - c h i l l : blending and heating of components i n a vacuum 
sealed b a r r i e r p l a s t i c or aluminum f o i l lamination pouch; 
c h i l l i n g by ice water immersion or evaporative cooling (49) 
c h i l l and CA package 
co o k - c h i l l : hot f i l l into pouches and c h i l l i n ic e water or 
by evaporative cooling. 
package i n p l a s t i c trays and heat under steam or steam water 
(24) 
package i n ba r r i e r p l a s t i c trays and apply sequence of 
microwave and hot a i r (24) 
Multitherm: package i n b a r r i e r p l a s t i c trays and apply 
integrated microwave and conduction heat under pressure 

Regardless of the implementation, the operational sequence i s the 
same: 

- assemble components 
- package under reduced oxygen 
- heat t o pasteurization 
- c h i l l rapidly 
- d i s t r i b u t e under refrigeration 
- maintain s t r i c t microbiological standards 

Conclusion 

Those food packaging technologies that are being developed t o take 
advantage of new p l a s t i c and p l a s t i c composite materials are 
generally driven by supply-side objectives. Often, the projected 
economics and quality benefits have not been realized. Food 
product contents have been sometimes overlooked or compromised i n 
the attempts t o create packaging adapted f o r the packaging 
materials. 

Among the issues that have not necessarily been always f u l l y 
comprehended are: 
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20. BRODY Technology at Packaging-Processing Interface 281 

selection of food product components to acxxammodate the 
process or package 
microbiological quality of the food components and processes 
s t e r i l i z a t i o n values 
food - p l a s t i c interactions, especially under elevated 
temperatures or i n long-term d i s t r i b u t i o n 
temperature control 
f i n a l product quality 
package i n t e g r i t y 
stresses on packaging during processing and d i s t r i b u t i o n 

Crucial to the resolution of issues i s the integration of 
packaging and food technologies. 

The slow progress being made i n many of the new technologies 
r e f l e c t s an increasing awareness that the food, microbiology and 
quality elements have only recently been recognized as s i g n i f i c a n t 
and addressed. The issues emerging are so c r u c i a l to public health 
safety and t o commercial success that individual organizations can 
no longer afford to maintain information proprietary. By openly 
sharing i n problems and t h e i r resolution the new food packaging 
technologies can be e f f i c i e n t l y developed. 
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Chapter 21 

New Packaging for Processed Foods 
Opportunities and Challenges 

Michael E. Kashtock 

National Food Processors Association, 1401 New York Avenue, NW, 
Washington, DC 20005 

Packaging in a Changing Food Industry 
One of the most noticeable evidences of change in the processed food 
industry today involves the new forms of packaging that have begun 
to appear on store shelves. The universe of these new structures is 
characterized by terms such as retortable, dual ovenable, 
microwavable, aseptic, hi-barrier, co-extruded, etc. (1). To the 
consumer they offer convenience and quality attributes in step with 
modern lifestyle expectations and demographic factors. 
Consequently, the food processor must meet the challenges of these 
new technologies to prosper, and whoever does this well, may 
determine who remains viable in today's increasingly competitive 
marketplace. 

Not so long ago packaging choices for processed foods were 
relatively few. Retorted and hot filled products were available in 
cans and glass containers of varying sizes. Frozen items were 
available in boil-in-bag type pouches and foil trays. These 
packages were proven performers and played an important role in 
building and maintaining the confidence of the American public in 
the safety and quality of processed food products. 

However, the former state of affairs has given way to an array 
of new packaging choices for processed food products, and to 
understand why this is happening, one must consider the driving 
forces behind these changes. Economic factors have led the industry 
to pursue the use of lighter weight and unbreakable packaging 
materials in the interest of reducing shipping costs and liability 
risks. Perhaps the most visible success story in this regard has 
been the conversion of larger size carbonated beverage bottles from 
glass to polyethylene terephthalate (PET) over the last decade. 
This trend is continuing (with the additional driving force of user 
convenience) with the development of squeezable plastic barrier 
bottles for condiment items such as catsup, jelly, mayonnaise, 
relishes, toppings and sauces. The extremely successful 1983 market 
introduction of Heinz' catsup in a squeezable blow molded barrier 
bottle led the movement in this direction. 

0097-6156/88/0365-0284$06.00/0 
© 1988 American Chemical Society 
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21. KASHTOCK New Packaging for Processed Foods 285 

I t i s generally agreed by industry marketing experts that 
demographic trends have resulted i n an increases i n the numbers of 
dual wage earner households, households headed by one wage earning 
parent, and households without children (either comprised of young 
career types or senior c i t i z e n s ) . These developments have created 
an increasing demand for conveniently prepared food products, 
because i n many such households time i s at a premium. 

One alternative for the time pressured meal server i s the 
tra d i t i o n a l stop at the fast food restaurant on the way home from 
work. Supermarkets are also competing for the convenience business 
with the advent of the pre-prepared food section where items such as 
soups and entrees can be purchased i n a microwavable container for 
quick and convenient reheating at home. 

Food processors are now also entering this market with an array 
of frozen, refrigerated and shelf stable products designed for fast 
heating i n the microwave oven (often i n the r e t a i l container) and 
convenient serving and cleanup. For frozen dinner and entree 
products, this has led to a major s h i f t away from the t r a d i t i o n a l 
f o i l tray to microwave compatible p l a s t i c based structures. Trays 
fabricated from c r y s t a l l i z e d polyethylene terephthalate (CPET), 
thermoset polyesters and polycarbonate based coextrusions have been 
very successful i n f i l l i n g this niche (2-4). These types of 
structures have the additional advantage of being able to be heated 
i n the conventional oven and are thus termed "dual ovenable." 

Shelf stable (retorted) items are also beginning to compete i n 
this category. They offer extremely rapid heating i n the microwave 
oven and surprisingly high quality, because their low p r o f i l e tray 
type packaging reduces the amount of thermal processing required to 
achieve commercial s t e r i l i t y . Packaging of this type must have 
suf f i c i e n t oxygen barrier for a one to two year shelf l i f e at 
ambient temperature, must be compatible with the processing 
environment of a retort and must maintain seal integrity during 
processing and distribution; a tough challenge. Coextruded barrier 
containers u t i l i z i n g ethylene vinyl alcohol or SARAN (copolymers of 
vinylidene chloride produced by Dow) as the barrier material are 
currently the leaders i n this area (5.), but newer barrier 
constructions are under development, with one, SELAR PA, an 
amorphous nylon, produced by Dupont, capable of being formed into 
monolayer containers. 

The microwave oven i s one factor i n this convenience driven 
market for new packaging whose importance cannot be overstated. I t 
i s currently i n use i n about 55% of U.S. households, with this 
figure expected to r i s e to 80% by 1990. 

L i f e s t y l e changes are also playing an important role i n the 
changing face of food packaging, The importance of high quality to 
contemporary consumers has led to the development of many so called 
"upscale" products ranging from premium frozen entrees and dinners 
to microwavable ice cream sundaes. Packaging for such products must 
promote the quality image the product seeks to project. For a 
frozen dinner for instance, this might dictate the use of an 
attractive "table ready" tray that has the appearance of dinnerware 
on the table (_6). Another challenge to be met. 

Extended shelf l i f e refrigerated products such as pasta salads, 
entrees and f u l l dinners are also now beginning to appear i n this 
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286 FOOD AND PACKAGING INTERACTIONS 

quality driven category. They often feature controlled or modified 
atmosphere packaging used i n combination with other control factors 
(see below) to achieve their extended shelf l i f e . For example, 
General Foods CULINOVA dinners currently i n test market, are 
refrigerated controlled atmosphere packaged meals with a dated shelf 
l i f e of three to four weeks (7). Such products as these offer 
minimal preparation time i n the microwave oven and appeal 
particularly to the consumer's perception of refrigerated products 
as a high quality product category. 

Aseptic packaging i s a technology wherein the product and 
package are separately s t e r i l i z e d , and the product i s then f i l l e d 
into the package and the package sealed i n a s t e r i l e environment. 
The product i s commercially s t e r i l e (meaning that any pathogenic or 
other spoilage microorganisms have been destroyed) and shelf stable 
(does not require refrigeration or freezing). 

The emergence of aseptic packaging i n the U.S. represents an 
example of many of the above cited driving forces operating 
together. Economic savings are realized i n many cases by the use of 
ligh t e r weight packaging materials such as polymer/foil/paper 
laminations or coextruded container constructions (8). Many aseptic 
packaging systems are based on f o r m / f i l l / s e a l technologies that 
eliminate the need to ship preformed containers to the processor. 
The processor receives sheet or r o l l stock at his plant which ships 
more densely and at less cost. The lightweight nature of these 
materials also results i n reduced shipping costs for the finished 
product. 

Convenience i n the aseptic product category i s offered by 
products such as snack puddings and dips i n EZ open thermoformed 
containers, and the familiar single serving juices i n brik style 
containers with the punch through attached straw; Instant snacks and 
lunchbox items for busy parents to serve. 

Higher product quality may result from the use of u l t r a high 
temperature (UHT) processes for aseptic products, because these 
usually result i n less heat induced loss of product quality versus 
processes that heat the product i n i t s container. 

Aseptic packaging i s now spreading from predominantly f r u i t 
juices into other product categories such as soups, gravies, baby 
food, tomato sauce, dairy drinks and yogurt (9.). 
Package Requirements 

I t i s evident that packaging i s playing an enhanced role i n bringing 
products to the consumer that are in keeping with today's 
marketplace demands. However, beyond understanding the market 
driven changes affecting food packaging, one should appreciate that 
packaging plays a crucial role i n delivering a safe and wholesome 
product to the consumer. The major packaging challenge facing food 
processors today i s to assure that package related factors that 
affect the microbiological and chemical integrity of food products 
are understood and controlled i n the production, distribution and 
handling of products whether they be frozen, refrigerated or shelf 
stable (aseptic or retorted). 

Frozen products rely on freezing to retard microbial growth and 
chemical degradation. The package i s not generally called upon to 
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21. KASHTOCK New Packaging for Processed Foods 287 

form a microbial or gas barrier around the product. Its principal 
function is to physically protect the product under the stressful 
conditions of frozen distribution and sale. Also, i f the product is 
intended to be cooked in i t s r e t a i l container, the package must not 
chemically adulterate the product through the migration of toxic or 
off flavor components from the package during the cooking process. 
Of course, the latter applies for any food product type that is 
processed or cooked in i t s r e t a i l container. 

Extended shelf l i f e refrigerated products u t i l i z e refrigerated 
distribution, usually in combination with other factors (such as 
control of pH, water activity package gas composition, use of 
chemical preservatives and partial processing) to retard microbial 
growth and chemical degradation, and thus achieve an extended shelf 
l i f e . Such products are likely to be marketed as premium products 
from which the consumer expects a high degree of quality. 

A successful package for this type of product must be capable 
of maintaining the controlled or modified atmospheric composition 
selected for the product, particularly i f such control is crucial to 
the microbiological safety of the product. Much attention and 
research is now being focused on psycrotropic pathogens, a category 
of microorganisms of concern in regard to this type of food product 
(10). As more is learned about the factors that control their 
growth in food media under refrigerated distribution conditions, 
packaging may play an increasingly important role in assuring the 
quality and safety of such products. 

Shelf stable products are rendered commercially sterile by 
heating the product to achieve the destruction of pathogenic 
microorganisms either: 1) within a sealed container, or 2) separate 
from the container followed by aseptic packaging of the product. 
Sterilization of the container may be accomplished by treatment of 
the container with heat, a chemical sterilant (e.g., hydrogen 
peroxide), ionizing radiation or combinations of these. The package 
for any shelf stable product must constitute a microbiological 
barrier to the exterior of the container. Maintenance of the 
product's commercial s t e r i l i t y depends upon this. 

If the product's commercial s t e r i l i t y is compromised through a 
breach in the package's integrity, spoilage of public health 
significance could result depending on the type of microbial 
contamination that occurs, the nature of the product and the 
environment within the container. Because of the potential risks 
involved, the issue of package integrity for shelf stable food 
products is probably the most intensely scrutinized and cautiously 
approached challenge associated with new packaging technology in the 
food industry. 

Challenges to be Met 

This section w i l l address in more detail some of the important 
package related factors that affect the microbiological and chemical 
integrity of packaged food products. From a food processors 
perspective these are factors that must be understood and controlled 
to assure the safety and wholesomeness of processed food products. 
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288 FOOD AND PACKAGING INTERACTIONS 

Seal Integrity. Seal integrity i s c r i t i c a l to assuring the safety 
of shelf stable products. Many new plastic container types u t i l i z e 
heat to seal a l i d to a container body (or to seal the container 
i t s e l f in foldover fashion). Heat sealed containers may employ a 
peelable or fusion (non-peelable) seal. The later, which w i l l 
generally result in a greater seal strength, can be utilized on 
packages such as retortable pouches where the package is not opened 
by peeling at the seal area. Peelable seals are being developed for 
convenience oriented products, many of which are intended to be 
heated and served in their r e t a i l container, such as microwavable 
ready to serve soups. These seals are generally designed to be 
opened by peeling them back from the container flange. For such an 
application to be successful, this should be able to be done by the 
average consumer as opposed to the household "Lurch" who is called 
upon to open the pickle jar. 

A challenge that must be met is the development of lidding 
systems employing a combination of materials and sealing parameters 
(dwell time, seal pressure, seal temperature) that w i l l result in 
peelability and yet maintain seal integrity under the stresses 
associated with retorting, distribution and handling. Packaging 
material converters are developing such lidstock materials at the 
present time. Several products are now in test market in the U.S., 
with larger scale commercialization anticipated in the near future. 

Standard peelable flexible lidding constructions are generally 
laminated structures with a f o i l barrier layer, polymeric inner 
(food contact) and exterior layers, and appropriate adhesives. A 
new and somewhat different approach to l i d construction recently 
introduced by the Continental Can Company on i t s MENU BOX container, 
utilizes a semi-rigid coextruded barrier sheet fabricated with an 
integral pull tab. The l i d i s fusion sealed to the container flange 
and undergoes separation at a material interface within the 
coextruded sheet when the tab is pulled. Continental Can reports 
that the tensile strength and seal strength of this structure 
significantly exceed those of standard flexible lidstocks. 

No lidding/sealing concept is right for every packaging 
application. Factors that should be considered in choosing a 
packaging system include the type of product, i t s intended 
processing, the type of secondary packaging to be used, and the 
rigors of the distribution system. A thorough approach to assessing 
a package's seal performance would include performing simulated 
abuse testing and t r i a l distribution shipments on commercial units 
(i.e., palletized shipping units), followed by an examination of the 
seal and the entire package (11). 

Processors should also have an ongoing quality control program 
for seal evaluation of finished containers prior to commercial 
shipment. Weak or incomplete seals can result from causes such as 
sealing head pressure or temperature drops, inadequate sealing dwell 
time, head misalignment, or product contamination on sealing 
surfaces ( 12). At the present time many processors in test 
marketing programs are relying on 100? visual inspection of 
container seals, and some even hold the product for incubation 
followed by a second examination before shipment. Line samples of 
finished product should also be periodically pulled for seal 
evaluation by a destructive technique such as burst testing (or dye 
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21. KASHTOCK New Packaging for Processed Foods 289 

penetration or electroconductivity testing for aseptic brik type 
containers) (13)» This documents the continuous performance of the 
sealing system within preset parameters. 

Reliance upon manual visual inspection techniques w i l l probably 
not suffice to handle commercial scale volumes of product. 
Automated systems are currently under development and evaluation 
that w i l l provide for on-line high speed non-destructive seal 
testing. For example, one system, developed by Benthos Inc., 
operates by pressurizing a container's seal area and electronically 
monitoring for any deflection of the l i d , which be indicative of a 
possible leak into the container from the seal area. 

An industry committee (Flexible Package Integrity Committee) of 
the National Food Processors Association i s scheduled to publish an 
integrity bulletin for certain types of flexible and semi-rigid 
packages in 1987. It w i l l contain photographic illustrations of 
container defects with classification of the defects into the 
categories of c r i t i c a l , major, and minor, for heat sealed and double 
seamed plastic containers, retortable pouches and paperboard based 
containers used for aseptic packaging. This publication w i l l be 
useful to personnel involved in container inspection and w i l l serve 
as a f i r s t line sorting guideline for potentially defective 
containers prior to laboratory examination. It w i l l also prove 
useful to personnel engaged in package development. 

Another NFPA committee (Plastic Packaging Lab Methods 
Committee) i s assessing the relationship between the manner in which 
destructive container testing is conducted and the results 
obtained. For instance, in burst testing, factors such as the rate 
of internal pressure increase in the container and the manner in 
which container expansion i s restrained, influence test results. 
Data of this type generated for internal use or for submission to 
regulatory agencies should be based upon test procedures that 
minimize the effect of test variables. 

Influence of the Retort Environment. The use of flexible and semi
rigid container types in retort applications requires an 
understanding of retort induced effects that may affect process 
adequacy and package integrity. 

For example, containers build up internal pressure in a retort 
to an extent that depends upon factors such as the type of product, 
pre-processing treatments (blanching), the amount of entrapped gases 
in the product and the temperature within the container (14). If 
internal container pressure distorts the shape of the container 
during processing, the adequacy of the thermal process could be 
affected. In addition, excess internal container pressure could 
place undue stress on the heat seal. In retort systems, 
overpressure, provided by a i r , steam or steam/air mixtures i s 
applied to prevent container deformation, and represents a c r i t i c a l 
process factor. 

Because of the complex and c r i t i c a l nature of process related 
parameters, processors w i l l generally c a l l upon a recognized process 
authority to design and evaluate a thermal process in the product 
development stage. The process authority w i l l also assist the 
processor in any required regulatory f i l i n g of the process. 
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290 FOOD AND PACKAGING INTERACTIONS 

FDA regulations require that thermal processes for acidified 
and low acid commercially ste r i l e foods be f i l e d with the agency 
prior to packing the product, while the USDA's proposed canning 
regulations require that processes be maintained on f i l e for the 
agency's inspection upon request. The United States Department of 
Agriculture is responsible for the regulation of meat and poultry 
products while the Food and Drug Administration is responsible for 
a l l other acidified and low acid product types. 

Aseptic Systems. In a commercial aseptic packaging operation for 
low acid foods, i t is of c r i t i c a l importance that the operator 
control system parameters that affect package s t e r i l i t y and 
integrity. Aseptic packaging equipment must be thoroughly tested 
before commercial operation to assess the system's design and the 
performance of the sterilization, f i l l i n g and sealing operations. 
The techniques for evaluating the equipment are quite sophisticated 
and involve inoculating the packaging material and the equipment 
i t s e l f with selected test organisms, followed by actual packing of 
test product. The product is then microbiologically evaluated to 
demonstrate that product s t e r i l i t y was achieved under operating 
conditions (15). 

As with retorted products, government regulations require 
process f i l i n g and the validation of process adequacy for aseptic 
packaging equipment. Here also, processors generally seek the 
assistance of a recognized process authority in performing system 
evaluations. 

Chemical Considerations for Packaging Materials. Under Section 
201(s) of the Federal Food, Drug and Cosmetic Act (the Act) food 
packaging materials are defined as food additives (when they may be 
reasonably expected to become a component of the food), and must, in 
accordance with Section 409 of the Act, be listed prior to use, in 
the Code of Federal Regulations, in a food additive regulation 
specifying conditions for safe use (Note: there are some exceptions 
pertaining to generally recognized as safe (GRAS) substances and 
prior sanctioned substances that are covered in Dr. Breder's 
presentation in this symposium). Such a l i s t i n g usually occurs in 
response to the submission of a food additive petition establishing 
the safety of the proposed use. 

Provisions in the food additive regulation may limit use of the 
packaging material to contact only with certain types of foods, or 
impose a maximum food contact temperature. The regulation may also 
establish certain specifications for the packaging material. 
Compliance with the applicable food additive regulation w i l l largely 
ensure the safety of a given use of a packaging material. 

However overriding the food additive provisions of the Act is 
the so called general adulteration clause in Section 402 of the Act, 
under which any potentially harmful substance in a packaging 
material can render i t adulterated, even i f the material f u l l y 
complies with the applicable food additive regulation. 

For instance, residual impurities in substances used in the 
manufacture of a polymer, i f such residues are carcinogenic or cause 
an off-flavor or odor in the food, could render the packaging 
material adulterated. The food additive regulations state what the 
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21. KASHTOCK New Packaging for Processed Foods 291 

chemical identity of the polymer must be, but usually do not 
stipulate how the polymer must be made, or what the degree of purity 
of the starting materials must be. Therefore, the method of 
manufacture of a resin as per the catalyst and solvents used, i t s 
curing and drying etc., has implications as to whether the resin i s 
acceptable as a food grade packaging material, even i f the resin 
f u l l y complies with the applicable food additive regulation. 

In this connection, some processors are electing to screen 
prospective packaging materials for volatile substances that may be 
cause for toxicity or off-flavor concerns using methods such as gas 
chromatography/mass spectrometry. Some are asking for more rigorous 
validation of letters of guarantee from their suppliers concerning 
the regulatory compliance of the supplier's packaging materials. 
Users and suppliers of packaging materials should have a mutual 
understanding as to what constitutes an acceptable packaging 
material for a given application. 

Processors whose products w i l l be processed or cooked in their 
r e t a i l container should also assure themselves that excessive 
migration of the container material does not occur at elevated food 
contact temperatures. Many of the existing food additive 
regulations for packaging materials predate the use of plastic 
containers as processing and cooking vessels, and do not contain 
upper use temperature limits, so the s u i t a b i l i t y of a container for 
any application involving thermal processing, hot f i l l i n g , or home 
heating in container should be carefully evaluated. Such 
product/package interaction is likely to be product type dependent 
and may be assessed by conducting extraction studies with food 
simulating solvents or by sensory evaluation to ensure that the food 
i t s e l f does not taste like the package. 

On the regulatory developments front, the FDA is currently 
developing a threshold of regulation policy that is intended to 
define conditions under which certain packaging materials may be 
used without requiring a formal food additive regulation (16). Such 
a situation would involve uses where the extent and nature of 
migration is such that i t could be considered insignificant from a 
regulatory standpoint. This effort is of particular interest to 
packaging suppliers and users because i t may ultimately eliminate 
the food additive petition requirement for certain package 
components such as new barrier materials used in coextruded 
structures, expediting their availability to the industry. 

Sterilants Used for Aseptic Packaging. In aseptic packaging 
applications the treatment of the packaging material with chemical 
or physical sterilants (e.g., irradiation) also has implications 
concerning the food additive regulations. If a proposed s t e r i l i z i n g 
treatment could conceivably modify a regulated packaging material in 
such a manner that i t no longer complies with the food additive 
regulation for the material, FDA could request data concerning such 
effect. If such treatment were shown to modify the packaging 
material, then a separate food additive petition covering the 
proposed use would likely be required. In the absence of any 
sterilant induced modification, the packaging material need only 
comply with the existing food additive regulation. 
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292 FOOD AND PACKAGING INTERACTIONS 

However, there i s one important difference between the use of 
chemical sterilants and irradiation concerning the food additive 
regulations. Chemical st e r i l i z a t i o n of a packaging material is 
likely to leave a residue on the packaging material which w i l l 
i t s e l f be subjected to clearance as a food additive (see the 
regulation for hydrogen peroxide in 21 CFR 178.1005). On the other 
hand, because irradiation of a packaging material separate from the 
food is a physical process that does not leave a residue on the 
packaging material, there i s no requirement to submit a food 
additive petition for the package sterilization process, provided 
the process has not altered the packaging material. 

Irradiation of a food within i t s package is an entirely 
different matter which would li k e l y require a separate clearance 
unless the packaging material has already been cleared for such use 
under 21 CFR 179.45 (17). 

Conclusion 

Conquering the challenges of the new packaging technologies that 
affect food quality and safety, w i l l undoubtedly be major pursuits 
of the food industry in the near and long term future. This paper 
has largely emphasized the safety aspects of this subject, as this 
is where many of the cooperative industry efforts coordinated by the 
NFPA have been concentrated. We are pleased to see some of the fine 
work directed at food quality and safety aspects being done at many 
of our academic institutions, some of which was presented at this 
symposium. 

In our opinion, some primary areas for ongoing research w i l l 
be: 1) ensuring the safety of food products that attain an extended 
shelf l i f e through the application of non-lethal processing and 
packaging technologies such as modified atmosphere packaging, 2) 
developing a better understanding of the factors that govern food 
quality and shelf l i f e and refining this understanding into better 
techniques for modeling shelf l i f e and accelerated shelf l i f e 
testing, 3) the evolution of packaging and products tailored 
specifically for use with the microwave oven. Aspects such as 
package design, construction and product formulation w i l l be 
engineered for optimum performance in the microwave environment, and 
4) establishing the safety of many food packaging materials for 
irradiation of food in the package. Such w i l l be required for FDA 
approval of new applications. 

Obviously, there is much that a user of the new packaging 
technologies must understand. History has taught food processors 
that they cannot simply be "users" of this new technology, but must 
be informed and active users, continually seeking to learn more 
about the relationship of the package to the product. This i s why 
the food processors of the NFPA have made a commitment to u t i l i z e 
their resources in cooperation with suppliers and with each other, 
to stay on top of the challenges that this new technology presents. 
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Subject Index 

Abuse testing and trial distribution 
shipments, 288 

Acrylic plastics, 183 
Additives in total diet, 165/ 
Alpha-eleostearic acid (tung oil) oxidative 

cure, 204/ 
Aluminum foil 

lamination bags, 265 
polypropylene lamination, 270 
protected by plastic and paper, 265 

Anaerobic fermentation, 276 
Analytical methods 

migration from polymers into 
foods, 136-145 

phthalate esters, 118-135 
Analytical procedures, required by 

regulatory agencies, 120 
Analytical technology, 136-137 
Anodic electrodeposition 

basis, 215/ 
can coatings, 213 

Antioxidants, 188 
food additives, 83 
loss from polymeric film, 83-85 
loss of BHA and BHT from 

polyethylene, 85-92 
plastic films, 83 

Apples, 226 
aroma transport, 11-27 
liquid wax, 150 
N-nitrosation inhibitors, 151 

Aroma 
apple, 11-27 
components, gas chromatography, 60 
compounds, 9 
transport in food packaging, 14 

Aseptic packaging 
citrus products, 70-81 
description, 5,286 
fruit juices, 68-82 
future considerations, 269 
juice drinks, 28 
materials, sterilization methods, 94-105 
product quality, 267 
shelf-stable foods, 266 
sterilants, 291 

Aseptic packaging materials, sterilization 
methods, 94-105 

Aseptic systems, 6/,290 
Atmospheric composition, 287 
Attained crystallinity, improvement in 

barrier properties, 199 

Β 

Bacon, ham, or pork, plastic laminates, 190 
Bag-in-the-box, 69 

ascorbic acid, 78/ 
^-limonene, 79/ 
shelf life, 70 
shelf life of aseptically filled orange 

juice, 75-77 
Bakery goods, spoilage, 279 
Bakery mixes, 265 
Baking in the package, 279 
Barrier plastics 

diffusivity, 24/ 
permeability, 24/ 
permeant concentration, 42 
permeant molecular weight, 42 
relative humidity, 42 

Barrier properties 
polymer films, 30,198/ 
relative humidity, 57 

Beef, 277 
Beer 

beverage can developments, 210 
flavor interactions with plastic, 275 

Beverage bottles, 284 
BHA 
loss from polyethylene films, 83-93 
mass transfer and diffusion 

coefficients, 90/ 
volatilization, 92 

BHT 
loss from polyethylene films, 83-93 
mass transfer and diffusion 

coefficients, 90/ 
sorption by oatmeal, 92 

Boundary layer limited migration 
diffusion through a relatively stagnant 

boundary layer, 113 
mathematical model, 113-114 

Bowl-shaped plastic can, 274 
Breads, 279 
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298 FOOD AND PACKAGING INTERACTIONS 

C 

Cabbage, 254 
Can coatings 

oleoresinous coatings, 204-206 
phenolic coatings, 205 
recent developments 

environmental movement, 206 
new technologies, 206-207 
raw material costs, 206 

research, 213 
vinyl coatings 

sensitivity to heat, 206 
thermoplastic, 205 

Can making 
lacquering, 203-204 
organic film formers, 203 
tin can, 203 

Canned foods, shelf-stable, 264 
Carbonated beverage-beer plastic cans, 275 
Carbonated beverages, 275 
Carbonyl compounds, 187 
Carotinoid loss, 228 
Carton packs, interaction with juices, 72 
Cellulose and cellulose-derived 

products, 183 
Chemical changes in food packaging, 181-194 
Chemical sterilants, 292 
Chicken, 191 
Chinalike plate, 170 
Chocolate bars, 265 
Choice of interior spray lacquers, 212 
Clostridium botulinum, 278 
Coextrusion of polymers, 192 
Coated coextruded opaque polypropylene, 265 
Coating requirements for triple-drawn food 

cans, 208/ 
Coffee aroma 

absorption, 62-64 
chromatogram, 61 -64 
commercial value, 61 
concentration of components, 64,65/,66/ 
importance, 60 
profile, 59,62 
sensory evaluation, 61 

Color difference, cartons and glass 
containers, 72 

Compartmented thermoformed plastic 
trays, 265 

Computerized data reduction, 141-145 
Concentric collapsible rings, 273 
Confectionery, 264 
Consumption factor, 164 
Container defects, 289 
Contamination problems, 268 
Continuous-flow permeation system, 221 
Controlled-atmosphere packaging, 276 
Cookies, 265 

Corn flakes 
moisture increase, 259 
packaged in polystyrene, 258/ 
water activity, 254 

Crystallinity 
conformational regularity, 199 
stretch orientation, 199 

D 

Dairy products, 201,264,266 
Dates 

moisture loss, 259 
packaged in cellophane, 258/ 

DEHP and DNBP in laboratory materials and 
reagents, 121/ 

Dehydrated food, 225 
Demographic trends, 285 
Destructive container testing, 289 
Deteriorative reactions, 70 
Diffusion fluxes, 233 
Diffusion in polymeric film, 219 
Diffusion measurements 

steady-state, 220 
unsteady-state 

differential permeation methods, 221 -224 
integral permeation method, 220-221 

Diffusion of chemicals 
FDA regulation, 136 
through polymers into foods, 136 

Diffusion rate of antioxidant, mathematical 
expression, 84-85 

Discoloration 
beef, 277 
pork, 278 

Dispersion fusion process, 209/ 
Draw-redraw technology, 208-209 
Dry mixes, 265 

Dual ovenability, 270-271,285 

Ε 
Economic factors in food packaging, 284,286 
Effective diffusivity, 257 
Elastic rubber nettings 

amine precursors, 155 
high nitrosamine formation, 155 
meat products, 153 

Elasticity, 33,34/ 
Electrocoating chemistry, 215 
Electrocoating of food cans 

advantages, 215/ 
process, 213-215 

Electron beam irradiation 
production of volatiles, 187 
recombination of the primary radicals, 187 
sterilization, 186 

Elongation, 37/ 
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INDEX 299 

Energy of activation, 52 
Enhanced degradation, 60 
Environmental conditions, 243 
Epoxy phenolic coatings, 207 
Epoxy plastics, 184 
Epoxy-acrylic graft copolymer, 212/ 
Estimated dietary concentration, 164 
Ethyl esters, 44 

diffusivity, 48/ 
permeability, 48/ 
solubility, 48/ 
transport coefficients, 47/ 

Ethyl propionate 
concentration, 50 
diffusivity, 49/,51/ 
permeation, 49/,51 / 
relative humidity, 47 
solubility, 49/,51 / 
transport coefficients, 47/,50 

Ethylene vinyl acetate 
copolymers, 184 
diffusivity, 23/ 
humidity effect, 24 
permeability, 22/ 
solubility, 23/ 
transport, 22 

Experimental variables, 13-14 
Extended shelf life of refrigerated 

products, 285,287 
Extraction studies, 162-164 

Fast food, 285 
Feeding studies, 166 
Fickian diffusion process 

mathematical analysis, 107-109 
migration between polymer and solvent, 107 
radioactive liquid migrant, 109 

Film permeances, 248/ 
Films 

barrier, mass transport, 21/ 
ethylene vinyl acetate 

humidity-sensitive, 12 
permeability, 22/ 
transport, 22 

low-density polyethylene, 12 
permeability, 7 
selective barrier, 4 
used for packaging foods, 217-218 
vinylidene chloride, 12,17 

Fish 
spoilage, 278 
vacuum-sealed irradiated pouches 

discoloration, 190 
odor and flavor taint, 190 

Flange, 273 
Flat membrane, 221-224 

Flavor 
deterioration, 42 
imbalance, 26,56 
loss, 267 
management, type of container, 11 
staling, 265 

Flavor-polymer interactions, 59-67 
Flex-cracking, oxygen transmissibility, 77 
Flexible packaging 

bond strength, 191 
diffusion rate, 218 
electron beam irradiation, 191 
flow rate of a penetrant, 218 

Food additives 
acceptable levels, 160-161 
analytical sensitivity, 160 
definition, 159-160 
direct, 168 
indirect, 160 
regulations, 162,290 

Food and food packaging interactions 
light transparency, 9 
migration, 8 
overview, 1-10 
permeation of the food container, 8 
sorption by organic vapors, 9 

Food contact substance 
conditions of use, 161-162 
FDA regulations, 161 
identity, 161 
polyethylene layer, 191 
production of extractives, 191-192 
toxicological concern, 161 

Food ingredient sorption by 
polyethylene, 201/ 

Food isotherm, 245/ 
Food packaging polymers 

classes, 196/ 
performance considerations, 196 

Food packaging technology 
changes, 1-7 
economics, 2 
hydrogen peroxide, 1 
plastic, 1 
processing innovations, 2 
R&D efforts, 5 

Food permeability, 257 
Food preservation, 243 
Food processing technology, changes, 4-5 
Food simulants, 163,171 
Food sorption isotherms, 226 
Food-grade oils, gas chromatograph 

profiles, 172/ 
Food-grade packaging material, 291 
Foods 

low-acid, thermal processing, 2 
oxygen-sensitive, 2 
refrigerated, 4 

Frozen products, 285,286 
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300 FOOD AND PACKAGING INTERACTIONS 

G 

Gamma irradiation 
prepackaged foods, 182 
production of volatiles, 187 
sterilization, 186 

Gas chromatogram, analysis, 64 
Gas permeation rate, 231 
Gas transport, 231 
General adulteration clause, 290 
Glass, 184 
Glass containers, microwave transparency, 7 
Glassine, 265 
Global food stability map, 246,247/ 
Grafted copolymers, 212 
Granola-type confections, 264-265 
Guidelines and regulations for packaging 

materials, 171 

H 

Half-time techniques for calculating 
diffusivity, 222/ 

Headspace content, 70,266-267 
Heat sealants, 267 
Heat sterilization 

dry heat 
effect on product quality, 97 
microbicidal effect, 97 
temperatures required, 97 

effect on packaging materials, 96 
hot fill, 271 
moist heat, microbicidal effect, 96-97 

Heat-induced degradation, 171,174 
//Yws-2-Hexenal, 11-27, 
High-barrier films, 42-58,259 
High-density polyethylene, loss of 

antioxidants, 83-93 
High-oxygen-barrier coextruded plastic 

sheet, 270 
Homogeneous multiphase system with moving 

phase boundaries, 232 
Hot fill, 271-273 
Humidity, 198-199 
Hydration, 229 
Hydrocarbon model permeants, 200 
Hydrogen peroxide 

residual, effect on product 
stability, 100-101 

sporicidal effectiveness, 98 
uniform fluid film, 99 
vapor 

recycling, 101 
respiratory irritant, 101 

Hydrophilic films 
permeation of water vapor and 

gases, 229-232 
swelling, 229 

Hydrophobic film, oxygen transport, 226-228 
Hydrophobic packaging materials, 225 
Hydrophobic polymers, permeation of water 

vapor, 225 
Hypothetical substance analysis, 166-168 

I 

Impact resistance, polymer films, 30 
In-film diffusion of water, 230 
Indirect additives in total diet, 165/ 
Infant formula, nitrosamines from rubber 

nipples, 151,152/ 
Influence of the retort environment, 289 
Integrity bulletin, 289 
Intended conditions of use, 163 
Internal container pressure, 289 
Ionizing radiation, 181-194 

cross-linking, 192 
effect on polymers 

cross-linking, 182 
scission of the polymer chains, 182 

eliminate food-borne pathogens, 181 
impact resistance of polyethylene 

films, 188 
improve packaging properties, 182 
increase shelf life, 181 

Ionomers, 184 
Irradiation, 4,5,292 
Isotherms used in packaging 

predictions, 251/ 

J 

Juices and juice drinks, 269 

L 

Lacquered food can, 212-213 
Lacquers 

most tinplate and all tin-free steel 
containers, 204 

retention of flavor and color, 204 
Laminated carton packages, 29 
Laminated packaging 

cod fillets, 190 
gamma radiation, 190 

Laminates, 200 
Lead contamination, 207 
Lidding systems, 288 
Lifestyle changes, 285 
Limonene, 200 
i^-Limonene 

absorption by polyethylene, 31,69 
absorption by sealant polymers, 28-41 
distribution, 32/,33 
loss, 72 
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INDEX 301 

Linear approximation of food 
isotherm, 250 

Lipophobic barrier, 55 
Liquid wax 

edible protective coating on fruits and 
vegetables, 150 

MOR and NMOR, 150 
Loss of BHA 

at different temperatures, 88/ 
rate constants, 87/ 

Loss of BHT 
at different temperatures, 88/ 
HPLC and U V analysis, 89/ 

Low-acid fluid foods, shelf-stable, 268 
Low-acid particulate foods, 

shelf-stable, 268 
Low-barrier materials, 259 
Low-density polyethylene, delamination 

problems, 69 

M 

Mass spectrometer, 12/, 13 
Mathematical models, 138 
Meats, 264,277 
Membrane barrier, 221 
Metal cans 

interior coatings, 203-216 
manufacturing techniques, 7 

Microbial contamination levels, 95-96 
Microbial growth, 244 
Microbiological regimen, 280 
Microwave ovens, 270,285 
Microwave-compatible plastic-based 

structures, 285 
Microwave-transparent packaging, 4 
Migrants from polyester trays, 176-180 

identification, 180 
measurement, 178 

Migration 
additives, 8 
container material, 291 
package components to food, 106-117 

boundary layer limited 
migration, 113-114 

Fickian diffusion process, 107-109 
flour, 150 
margarine, 150 
quiescent migration, 114-116 
regulatory considerations, 159-169 
solvent swollen system, 109-113 

penetrant, 232 
phthalate esters, analytical 

methods, 120-134 
polyester tray, 177/, 179/ 
quality, 8 
toxicological significance, 8 

Migration cell 
diagram, 139/ 
to study fatty food simulants, 137 

Migration level, 162 
Migration studies, mathematical 

modeling, 138-141 
Milk contaminants, 144/ 
Milk samples, FID chromatograms, 143/ 
Modified atmosphere packaging, 4,276 
Moisture 

food stability, 244 
prediction for sodium 

caseinate, 253/ 
sorption equation, 252 
sorption isotherm, 244 
transfer, 243-261 
transport in packaged foods 

mechanisms, 246 
through thin packaging Film, 246 
prediction models, 252 

Multiresidue headspace procedures 
food packaging-derived volatiles, 141-145 
milk, 142 
purge and trap headspace approach, 142-144 

Nitrosamines 
baby bottle rubber nipples, 151 
inhibited by various liquid infant 

foods, 154/ 
interaction of salivary nitrite with amine 

additives, 151-153 
nettings and cured pork products, 156/ 
reduced level in nipples, 153 
rubber gloves, 153 
rubber-based food contact materials, 151 
vulcanization accelerators, 151 

N-Nitrosamines 
environmental carcinogens, 146 
food contact materials, 146,147/ 
migration and formation, 146-158 
precursor amines in paper-based food, 148 

N-Nitrosation inhibitors 
fruit juices, 153 
infant formulas, 153 

NMOR and MOR in food and food 
containers, 148/ 

No-observable-effect level, 166 
Nondestructive seal testing, 289 
Nonoxidative biochemical reactions, 267 
Nonpolar molecules, 55 
Nylon 

organoleptic qualities of the 
products, 184 

resistance to bacterial penetration, 184 
seal efficiency, 184 
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302 FOOD AND PACKAGING INTERACTIONS 

Ο 

Oatmeal 
oxidation, 83-93 
rate of lipid oxidation, 86 
sorption of BHT, 92/ 

Occluded oxygen, 266 
rt-Octadecane 

migration from branched 
polyethylene, 110/ 

migration from linear polyethylene, 115/ 
migration from polypropylene, 110/ 

Odor-producing volatiles, polyethylene 
film, 186 

Off flavors 
various packages, 70 
water in contact with polyethylene, 75 

Oil absorption by polyester trays, 174/ 
Orange juice, 34/,36/-38/ 

ascorbic acid retention, 71 / 
aseptically packed, 29,32/ 
browning, 71/,74/ 
</-limonene concentration, 73/ 

Organic vapors, 9 
Organosol coatings, 209-210 
Oxidation-sensitive foods, 228 
Oxidative degradation, 228 
Oxidative flavor change, 275 
Oxygen 

permeability 
carton packs, 70 
heat sealants, 267 

transmissibility, 77 
transport, 232 
water vapor transport, 217-242 

Package, barrier properties, 7 
Package sterility and integrity, 287,290 
Packaging equations 

G A B isotherm solution, 252 
linear isotherm solution, 250 

Packaging materials 
approved for irradiated foods, 182 
dollar value, 2/ 
ionizing radiation, 190 
poultry and beef, 190 
radiation effects, 182 

Packaging models 
simple external mass transfer, 257 
test of applicability, 254 
use, 252 

Packaging requirements, 286-287 
Packaging-processing interface 

emerging technology, 262-283 
problems, 262 
technical and economic rifts, 262 

Paper-based packaging materials 
corrosion inhibitor in boiler feed 

water, 149 
MOR and NMOR contents, 148,149/ 
wax coating, 148 

Pasta, 271 
Peelable flexible lidding constructions, 288 
Permeability 

aroma transport, 14 
concentration effect, 17 
/rflKS-2-hexenal, 18/,26 
polyvinyl alcohol, 44-57 
related equations, 219,220 
temperature dependence, 16/ 
theory, 43 
transport rate, 15/ 
vinylidene chloride copolymer film, 19/ 

Permeability constant for semicrystalline 
polymer, 224 

Permeability system, 45/ 
Permeability-sorption constant, 226,229 
Permeance measurements, 248 
Permeance parameters, 248-250 
Permeant molecular weight 

ethyl esters, 50-54 
permeability of polyvinyl alcohol, 46 

Permeation 
general theory 

activated diffusion, 218 
capillary flow, 218 

moving boundaries, 232 
multiple component, 25/ 
plastic, 8 

Pesticide procedures applied to phthalate 
ester determinations, 125/ 

Phase sheet, 222/ 
Phthalate esters 

abbreviations, 119 
analytical determination, 118-135 
background contamination, 120-123 
beer, 126 
carcinogen, 119 
cheese, 124 
chromatography and detection, 126-129 
consumption, 119 
DEHP, laboratory contaminant, 120-123 
electron capture response, 128/ 
food-contact regulations, 119-120 
gas chromatograms, 127/ 
gel permeation chromatography, 131 
high-pressure liquid 

chromatography, 131-134 
HPLC chromatograms, 133/ 
mass spectrometry, 128 
migration in food, 123 
pesticide residue methods, 123 
preparation, 118-119 
steam distillation, 129-130 
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INDEX 303 

Phthalate esters—Continued 
supplementary cleanup, 134 
sweep codistillation, 130-131 

Plastic 
can 

microwave oven, 274 
shelf life, 273 
thermal sterilization, 273 

films, permeability, 42 
laminates, 190 
trays, 270 
use, 3/ 

Plasticized polymer, permeability, 56 
Plasticizers, phthalate esters, 118 
Plasticizing effect, 25 
Plastics, coextruded sheets, 7 
Polycarbonates, 185 
Polyester cans with aluminum double-seamed 

ends, 275 
Polyesters, ionizing irradiation, 185 
Polyethylene 

antioxidants, 188 
ascorbic acid degradation, 76/ 
interaction with citrus products, 68 
i/-limonene, 76/ 
radiation-induced 

cross-linking, 185,187,188 
rate of ascorbic acid degradation, 75 

Polyethylene contact surfaces, effect of 
manufacturing techniques, 75 

Polyethylene films 
ascorbic acid degradation, 72-76 
extractives, 186 
odor-producing volatiles, 186 
radiation-induced volatiles, 186-187 

Polymer films 
barrier properties, 30 
impact resistance, 30 
^-limonene absorption, 30 
mechanical properties, 30 
permeability, 77/ 
permeation, 11-27 
stress-strain properties, 30 

Polymer impact on food, 60 
Polymer structure, 195-202 

barrier performance, 197-200 
close chain-to-chain packing, 198 
crystalline-amorphous, 196 
mechanical performance, 197 
polarity, 196,198 
regularity of molecular structure, 198 
sorption of food ingredients by 

polymers, 200-201 
Polymeric film-aluminum foil laminates, 61 
Polymers 

gas permeation, 16 
performance as food packaging 

materials, 195 
Polymer-test food system, 235/ 

Polypropylene 
gas permeability rate, 188 
ionizing radiation, 188 

Polystyrene, ionizing radiation, 188 
Polytetrafluoroethylene, ionizing 

radiation, 188 
Polyvinyl alcohol 

barrier properties, 44 
diffusivity, 53/ 
effect of relative humidity, 54 
permeant concentration, 55-56 
solubility, 53/ 

Polyvinyl chloride, 188,189 
Pork, spoilage, 278 
Poultry, spoilage, 278 
Poultry and beef, packaging materials, 190 
Powder coatings, 213 
Precooked foods, spoilage, 279 
Pressurized gas flow, 267 
Processed foods, new packaging, 284-293 
Produce, respiration rate, 7 
Purge and trap methods, benzene in 

polypropylene, 144 

Q 

Quality control program, 288 
Quasi retort tray packaging, 271 
Quiescent migration 

diffusion through the solvent phase, 114 
mathematical model, 114-116 

R 

Ramsey proposal, 161 
Recyclability, 275 
Refrigerated distribution, 272 
Regulatory developments, 291 
Relative humidity, 54,55/ 
Research needs 

chemical composition and treatment of 
food, 202 

composition and properties of 
polymers, 201 

interactions between food and packaging 
polymers, 201 

mechanical, barrier, and compatibility 
characteristics, 201 

Residual impurities, 290 
Residue on packaging material, 292 
Resole phenolic structure, 205/ 
Retort pouch packaging, 269-271 
Retorted items, 285 

S 

Salmonella species, 278 
Sanitation and temperature control, 280 
Seal integrity, 267,285,288 
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304 FOOD AND PACKAGING INTERACTIONS 

Seal strength, 38/ 
Sealant films 

absorption of d-limonene, 28-41 
barrier properties, 40 
elasticity, 33,35/ 
elongation, 39/,40 
impact resistance, 40 
mechanical properties, 28-41 
seal strength, 39/,40 
tensile strength, 33,35/ 

Seam integrity, 273 
Semicrystalline cross-linked polyvinyl 

alcohol film, 229 
Sensory evaluation, analytical method, 60 
Shelf life 

aseptically packed citrus products, 69 
citrus juices, 29 
consumer-acceptable, 217 
distribution economics, 263 
extension, 4 
factors affecting, 69 
marketing needs, 263 
modeling, 8-9 
moisture transfer, 243-261 
open dating, 264 
oxygen permeability, 228 
prediction, 7 
raw material sources, 263 
technology, 263,264 

Shelf-stable foods 
aseptic packaging, 266,269 
canned foods, 264 
carbonated beverage-beer plastic cans, 275 
confectionery, 264 
cookies, 265 
dry mixes, 265 
heat sterilization, 287 
hot fill, 271-273 
low-acid fluid foods, 268 
low-acid particulate foods, 268 
meat and poultry, 190 
modified-controlled atmosphere vacuum 

packaging, 276 
retort pouch-tray packaging, 269-271 
retortable plastic can, 273-274 
thermally stabilized foods, 266 

Shrimp, 228 
Side-seam protection, 208 
Silicone oil 

bubbled nitrogen, 176 
steam stripping, 176 
vacuum stripping, 176 

Single-serving meals, 170 
Sodium caseinate, 252-254 
Soft cookies, 265 
Solubility coefficients, 52,54 
Solvent swollen system 

mathematical model, 111-113 
solvent swelling behavior vs. diffusive 

behavior of migrant, 109 

Sorption isotherm equation, 252 
Spiking and recovery studies, 164 
Spoilage 

anaerobic, 276 
bakery goods, 279 
fish, 278 
meats, 277-278 
pork, 278 
poultry, 278 
precooked foods, 279 
quasi retort tray packaging, 271 

Spray coating chemistry, 210-211 
Squeezable plastic barrier bottles, 284 
Standard foods 

defined by standard of identity, 168 
food additive petition, 169 
incidental migration, 169 

Steady-state permeability apparatus, 257 
Sterilants 

aseptic packaging, 291 
ethanol liquid and vapor, 103 
heat, 96 
hydrogen peroxide, 96 
hydrogen peroxide enhanced by U V rays, 102 
indirect additive to food, 95 
ionizing radiation 

effect on packaging materials, 103 
gamma irradiation, 103 
high-energy electron beams, 103 
preformed containers, 103 

mixture of hydrogen peroxide and hot 
air, 101-102 

peracetic acid, 103-104 
removal, 100 
ultraviolet light, 102 

Sterilization, 
12-D process, 95 
aseptic packaging, 266 
container, 287 
continuous heat exchangers, 268 
hot fill, 273 
low-acid particulates, 268 
packaging materials, 94-105 

Sterilization processes 
commercial aseptic packaging equipment 

heat, 99 
hydrogen peroxide, 99 

preformed containers 
hydrogen peroxide, 100 
residue reduction, 100 
test for effectiveness, 98 

Sterilization system, pressurized, 97-98 
Storage temperature, 69 
Stress-strain properties, polymer films, 30 
Stretch orientation, crystallinity 

effects, 199/ 
Structural strength, 267 
Styrene diffusion coefficients, 141/ 
Styrene migration, 138,139/ 
Sulfur-resistant lacquers, 204 
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INDEX 305 

Surface bloom, 140 
Surface evaporation of antioxidant, 

mathematical expression, 84 
Surface hardness, 174,176/ 
Surface-to-volume ratio, 275 
Swelling of packaging material, 229 
Swollen polymer, 232 

Τ 
Taste comparisons, glass jars and carton 

packs, 72,73/ 
Tensile strength, sealant films, 33,36/ 
Terpenes, 69 
Textural quality, 244 
Thermal process, 289-290 
Thermoset polyester tray, 170-180 

conventional oven, 171 
microwave oven, 170 
volatile compounds, 171 

Three-piece can coatings, 206/ 
Tin can, 203 
Tinplate cans 

chicken, 191 
gamma radiation, 191 

Tomato-based products, 269 
Toxicity or off flavor, 291 
Toxicology data, 164 
Transport, vinylidene chloride copolymer 

film, 19 
Transport behavior of gases and vapors in 

polymeric films, 217 
Transport models 

empirical, 224 
mechanistic, 224 
oxygen and water vapors, 224 

Transport rate, 15/ 
Transport simulation, bag-in-the-box, 77-81 
Triple-drawn cans, 208,213 
Two-pack coatings, 213 

U 

Ultraviolet light 
aseptic packaging material 

sterilization, 102 
use with hydrogen peroxide, 102 

Ultraviolet-curable coatings, 213 
Upscale products, 285 

V 

Vacuum metallized polypropylene and 
polyester films, 265 

Vacuum packaging, 276 
Vacuum stripping apparatus, 173/ 
Vinyl copolymer, 205/ 
Vinylidene chloride copolymer film 

diffusivity, 20/,24/ 
humidity, 25 
permeability, 17/-19/,24/ 
solubility, 20/ 
transport, 19 

Volatile migrants from polyester trays 
concentration, 170 
standard test, 170-180 

W 

Water activity 
economic and regulatory 

considerations, 246 
effect on chemical reactions, 246 
inside packages, 227/ 
limit for microbial growth, 244 
textural quality, 244-246 

Water in foods, 243 
Water permeation, 199 
Water vapor permeation tests, 231 
Water-borne can coatings, 211/ 
Water-borne chemistry, 211 
Water-food interactions, 244 
Welded food cans, 207 
Wild rice 

predicted change in moisture content, 256/ 
storage, 254 

Worst-case application, 163 
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