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Abstract

Polystyrene is frequently used for food packaging because of its easy processing, rigidity, and low cost. Styrene,
which is present in detectable amounts in the polymer, is usvally considered to be the substance responsible for
the possible tainting of a polystyrene-packed food by migration. The contamination of foods and beverages by trace
amounts of materials which have migrated from plastics used in packaging is a concern both on the grounds
of adversely affecting product quality and of foed safety. These lead to increasing attentior to the potential hazards
of a large variety of plastic materials which are used in the food packaging indusiry and the interaction between
plastic packaging materials and foeds. In this paper we reviewed the history of styreme and various analytical
methods of sample preparation and detection to assess the extent to which styrene is present in food-grade
polystyrene materials and to what extent it leaked into foods and food stimulants.
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INTRODUCTION

The quality of a food product depends in some degree on
the quality and nature of its packaging materials. A variety
of packaging technelogies are being developed to provide
consumners with high quality, minimally processed foods that
have a long shelf life. Food packaging has been dominated
in the last few decades by innovations in plastic packages.
These materials may be extruded into films, blow-molded intc
bottles, or layered onto each other for increased resistance to
light, air, moisture, heat, puncturing and tearing. These include
the development of different types of polyimers, copolymers,
the laminates, and packaging matetials suitable especially for
microwave heating,

Common flexible package materials are regenerated cel-
fulose (cellophane), cellulose acetate, cthylene vinyl acetate
{EVA), polyarnide (Nylon-6), polyester, polyethylene tere-
phthalate (PET), polystytene, polyvinyl chioride (PVC), poly-
vinylidene chioride (PVDC), and acrylonimile (AN} (1). It is
extremely difficult to obtain information on which plastics
are used with what foods. For flexible films, the situation
is further complicated because they are used in combination
with one another, for example as coatings, as co-polymers and
as laminates where complex systems are frequently necessary
to achieve desired physical properties for specific applications
{(2). In addition to retail food packaging one should also be
aware of the potential for contarination of foods arising from
contact with plastics during food processing (e.g., plastic pip-
ing, processing equipment), during bulk storage and at the
other exireme, from contact with plastics in the consumer
home during food preparation in the kitchen (3).

The detection in beverages of vinyl chioride in 1974, as-
sociated with earlier findings on its carcinogenicity, has tended
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to center attention on the migration of monomers (3,4). These
lead to an increasing attention to the potential hazards of
a large variety of other plastic materials which are used in
the food packaging industry and the interaction between
plastic packaging materials and foods.

Rigid polystyrene (PS) and polystyrene-related plastics
which are used as food-packaging materials have had a longer
history of use than polyvinylchloride (PVC). Some of the
physical characteristics of PS, for example, its low impact
strength, easy processing, good transparency, rigidity, and
chemical resistance, have led to the development of other
food-use plastics in which styrene is copolymerised with
monomers like butadiene and acryloniirile, to give a [lexible
rubbery solid (1).

In this paper we reviewed the history of styrene and vari-
ous analytical methods of sample preparation and detection
to assess the extent to which styrene is present in food-grade
FS materials and to what extent it leaked into foods and food
stimulants. One of the practical concerns related to polymer
packaging is not the presence of compounds in toxicologically
insignificant amounts, but at levels affecting aroma andfor
taste of the packaged food.

HISTORY OF STYRENE

Styrene (CeHsCH=CHz) was first discovered in 1827 vig
the pyrolytic decarboxylation of organic acids of Storax bal-
sam. Storax (styrax) is a pathological exudate produced in
sapwood (balsam) and bark tissues of the trees Liguidambar
orientalis and Liguidambar styraciflua (3).

Since that time, styrene has been identified as a natural
constituent in a wide variety of foods and beverages. Styrene
can be formed by bacteria in moid-ripened cheese, during the
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storage of grain (6,7), or during the fermentation of grapes.
It is also possible that styrene can be formed during the bio-
degradation of structurally similar flavoring molecules (e.g.,
cinnamic acid, cinpamic aldehyde, cinnamyl acetate, cinnamyl
alochol, cinnamyl benzoate, and cinmamyl cinnamate) which
occur naturally (8),

The French scientist Pierre Berthelot discovered a method
for making styrene synthetically early in the 19th century.
It was after World War II that styrene has used in the man-
ufacture of numerous types of plastics. Approximately two-
thirds of styrene monomer production is used in the manu-
facture of polystyrene (8).

Styrene is used in the production of plastics and resins
such as polystyrene resins, acrylonitrile-butadiene-styrene pol-
ymer resins, styrene-acrylonitrile resins, styrene-butadiene co-
polymer resins, styrene-butadiene rubber, and unsaturated pol-
yester resins, Examples are formed trays for meat or crystal
clear trays for candy and cookies (Table 1). Polystyrene con-
tains detectable amounts of residual styrene monomer which
may be released into food and can be a potential source of
off-flavor in the food product.

Styrene is efficiently metabolized to styrene oxide, which
is itself readily detoxified by the same enzymes as those
involved in the metabolism of various foodstuffs. Styrene
oxide, like many intermediate metabolites of foodstuffs, is
genotoxic and, if introduced directly into the stomach of ro-
dents in high doses/concentrations, gives rise to cancers of
the forestomach. Occupational exposure to styrene does not
increase the risk of cancer generally or of cancers of the respi-
ratory, digestive, or blood-forming tissues in particular. There
is absolutely no basis for concern that nonoccupational ex-
posure to styrene, which often occur as a consequence of
migration from food-wrapping materials or through contact
with styrene-based polymers, might increase the risk of devel-
oping any form of cancer, Tests for reproductivity have given

Table 1. Examples of polystyrene packaging and foods packaged

Form Examples of food applications
Cups Hot drinks
Dairy products (yogurt, crearm, cottage
cheese)
Honey
Chocolate spread
Trays
Formed Fresh meat
Fish
Fruit
Take-out food
Crystal clear Candies
Cookies
ABS" tubs Margarines
Cutlery Rigid polystyrene fork
Thermoset For microwave
polyester

UARS (acrylonitrile-butadiene-styrene copolymer)

negative results, but effects on blood dopamine and hypo-
thalamic and pituitary function and menstrual cycling under
conditions of very high exposure have been reported. In light
of all the available information, it was concluded that mi-
gration of styrene from food-wrapping materials was not a
matter for toxicological concern (4,9,10). Although the sty-
rene monomer has been established as safe, its metabolism
involves phenyloxirane, a mutagenic compound. Styrene is
also considered to be the probable substance responsible
for the tainting of a polystyrene-packed food by migration.
Contaminated foods maybe (and in fact are) rejected by
consumers due to off-tastes: it is well known that styrene has
a very strong and repelient smell, and can be tasted in sour
cream at a level as low as 5Sppb (11).

Polymers based on the styrene monomer can be produced
with a wide range of properties by co-polymerization and
the incorporation of rubber impact improvers (1,12). General
purpose polystyrene (GPPS) gained early acceptance in the
packaging field because of its easy processing, good trans-
parency and rigidity, but these properties are offset by its
poor impact strength, the ease of stress cracking and other
characteristics such as the tainting of food by residual traces
of monomeric styrene (1). The improvement in impact strength
of more than 4 times by inclusion of synthetic rubber into
the polymerization stage of manufacture led to the develop-
ment of high impact polystyrene (HIPS). The important differ-
ences between general purpose and high impact grades are
not only relative impact strength but also much higher duc-
tility which is indicated by elongation at break. For food pack-
aging applications, the permeability to moisture and atmo-
spheric gases is also important.

Styrene, which is present in detectable amounts in the pol-
yroer, is usually considered to be the substance responsible
for the tainting of a polystyrene-packed food by migration.
Styrene can arise because of incomplete polymerization, fol-
lowed by only partial removal during the devolatilization
process and because of a breakdown of the polymer during
processing. The level of monomer in commercial grades of
polymer has been gradually reduced over recent years and
is now generally guaranteed at less than 0.1% with a working
level of about 0.03% (1).

MIGRATION

Migraiion is the term used to describe any mass transfer
from the surface of the packaging to the food by physical
and chemical action. The compounds which migrate (migranis)
from plastic materials are usually residual polymerization res-
idues (monomers, oligomers, catalysts, etc.) and polymer addi-
tives (antioxidants, plasticizers, heat/light stabilizers, antistatic
agents, etc.). The extent of migration for a given migrant from
a given polymer under defined storage conditions depends
essentially upon the partition coefficient (K) which defines
the ratio of the equilibrium concentration of the migrant in
the polymer to that in the food. The partition coefficient, in
turn, is a function of the composition of the foodstuff and
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depends mainly upon its fat content (13).

In some food packaging, where there is no direct contact
of the food surface with the polymer, vapor-phase migration
of residual monomers and additives into food 18 thought fo
be a significant mode of transfer. This mode of transfer has
heen proposed for the migration of packaging compornents
to dry foods (14) and has been shown to be possible for
styrene nigration from polystyrene (13).

For vapor-phase migration to occur, the styrene must first
diffuse from the polystyrene-packaging material into the air
space surrounding the food and then migrate from the air
space into the food. Studies of the migration of styrene from
GPPS and HIPS into air with subsequent absorption of the
monomer intc cooking oil, “vapour-phase” migration, was
determined in a sealed sysiem (16). The result showed that
for both polymers the amount of styrene rgrating from the
polystyrene and being absorbed by the oil was proportional
to the square root of the time of exposure. The diffusion co-
efficients that were calculated for the vapor-phase migration
of styrene from GPPS and HIPS were found to be in good
agreement with the diffusion coefficients determined for the
liquid-phase migration of styrene from similar polymers where
the polymers were completely submerged in cooking oil at
or below 150°F (12), and indicated that vapor-phase migra-
tion is equivalent to liquid-phase migration for temperatures
studied below 18C°F. It was also indicated that the styrene
concentrations measuted in both experiments {12,16) were
due to fhe intrinsic diffusion of styrene from polystyrene,
and that the external matrix had little or nc effect on the
diffusion of styrene from the polymer (below 130°F) (16).

EXPERIMENTAL MIGRATION STUDIES

Sampling

Experimental determination of styrene migration was con-
ducted through several methods. The following steps were
used in general: (1) comtact the samples of the packaging
material with a food or food-simulating liquid (FSL), (Z) at
regular intervals withdraw a sample of the FSL and determine
the quarntity of the substance that has migrated from the
plastic, and (3) collect and analyze the data.

Several sampling methods have been developed for testing
the amount of styrene monomer migration. Usually, migration
studies are carried out using food-simulating agents, such as
distitled water, vegetable oils or HB 307 (17,18), because it
is impractical to use real food products in migration tests
(19). Contact with the polymer can be established by cutting
the material into pieces, immersing in a food-simulating agent
and incubating the sample at a given temperature, usually
40°C (20,21 (Immersion sampling). Cutting the styrene poly-
mer can disturb its physical structure, results in an overes-
timarion of migration in food simulants (22). The United States
Food and Drug Administration in cooperation with Arthur .
Litile Inc. developed standard tests using sampling cells for
carrying out migration experiments with liquid and solid foods

(17,23-26). The area of contact between liquid and polymer
can be varied by the number of polymeric disks used (Cells
for sampling). Giacin (27) describes migration as a two-step
process: diffusion of migrani through the potymer tulk phase
to the polymer sutface and subsequent dissolution or evap-
oration of migrant present at the surface. It was suggested
that transfer at the interface involves a vaporization step from
the plastic package followed by absorption into the solid food
(14). Vapor-phase migration could be carried out by cutting
the polystyrene and attaching it to a thread fastened on a
wire, which is clenched in an excavated Erlenmeyer stop
(15,16).

Foods are complex systems which do not lend themselves
readily to isolation and identification of trace components
that have migrated from packaging materials at levels of ppb
or below. Sensitive analytical techniques are required to mea-
sure residual monomers in the polymer matrix when present
at the part-per-million level and below. Currently, volatiles
are analyzed using either headspace or purge-and-trap methods.
The main difficulty in their determination is their isolation
from various matrices. The isclation of styrene from solid,
fatty of aqueous matrices has been carried out. Methaods for
isolation of styrene from dairy products have involved solvent
extraction (28), distiliation (29,30), or azeotropic and vacuum
distillation (31,32) and also by static and dynamic headspace
methods.

Analysis
Headspace gas chromatographic analysis

Several authors have deseribed headspace gas chroma-
tographic methods for the determination of volatile compo-
nents in polymeric materials (3,4,28,29,33-38). These tech-
niques offer distinct advantages over direct-injection GC
techniques, The most important advantages are prevention of
column contamination, reduction of inierference arising from
the injection of large amounts of solvent, ard enhanced
sensitivity. Headspace gas chromatography consists, essen-
tially, of placing the sample for analysis in a closed vessel,
allowing the compound of interest to equilibrate between the
sample and the surrounding vapor usually by heating in order
o obiain rapid equilibration and finally to inject a sample
of this equilibrated “headspace” inte a gas chromatograph. At
low concentrations the ratio of the concentration in gaseous
phase to the concentration in aqueous phase is a constant
(partition coefficient) and is unique for each organic comi-
pound. By analyzing the gaseous phase and applying the ap-
propriate partition coefficient, one can calculate the concen-
tration of each organic initially present in the aquecus phase.

1t also offers a distinct advantage in that sample work-up
procedures have been avoided. The latter ysually involves dis-
tilation, extraction, andjor adsorption processes, and almost
invariably engenders quantitative loss and, frequently lead to
qualitative changes in the composition of the sample, which
are certainly good reasons 1o favor simple headspace injections.
Unfortunately, these simple headspace injections also suffer
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a disadvantage: to obtain optimum chromatographic results,
it is necessary that the injected sample occupies a minimum
length of column as the chromatographic process begins. If
this concept is violated, one pays the price in broad, poorly
resolved peaks: hence the size of sample gas that can be in-
jected is seriously limited.

Both the chemical composition and physical state of the
sample matrix can affect the head space composition, The anal-
ysis of flavor in packaging materials generally involves head
space gas chromatographic techniques. It is simple and repro-
ducible; however, sensitivity of the analyses is too low.
Although concentration of headspace onto polymers can in-
crease the sensitivity, it requires the use of correction factors
because individual volatile compounds have different affin-
ities for the adsorbent.

Styrene is not an ideal candidate for analysis by headspace
chromatography, for with a boiling point of 145°C its volatil-
ity is low in comparison with VC, VDC, or even AN. However,
as the concentration of styrene in polymers is relatively high,
the limit of detection of 1 mg/kg styrene can be achieved by
a modified solution headspace approach (38). This modified
technique involves dissolving the polymer in an organic sol-
vent (N, N-dimethylacetamide) in the normal manner and then
altering the composition of the solvent phase to decrease sty-
rene solubility and thereby increase its equilibrium concen-
tration in the headspace. For this purpose water was found
to be the most effective solvent, since water is normally free
of interfering organic contaminants and it will not be sensed
by the GC/FID.

Purge and trap gas chromatographic analysis

Dynamic headspace/gas chromatography (DH/GC) has gain-
ed popularity as an effective and sensitive technique for the
analysis of volatile compounds (8,39,40-42). The study of a
dynamic system was initiated whereby a sweep (purge) gas
is bubbled through the sample until the volatile organics are
quantitatively transferred to the gaseous phase. The organics
that are guantitatively transferred to the gaseous phase could
then be concentrated for gas-chromatographic analysis with
the use of a noncryogenic trapping technique for ambient-air
and dilute-emission analysis. In this manner an analysis pet-
fortned upon the gas phase would have a direct relationship
to the aqueous-phase concentration (39).

This can be either on-line or off-line. In off-line GC, sty-
rene is swept from the matrix by a purge gas such as helium
or nitrogen and trapped in a solvent or an adsorbent, from
which it is then eluted. In on-line GC, preconcentration catt
be carried cut on an adsorbent, or on a cryogenic trap. The
saturation by a gas (CO,, He, or H) of saturated sodium
chloride solution strongly enhanced desorption of the aro-
matic hydrocarbons from model media (40). The nature of
the purge gas has little effect on purge efficiency: nitrogen,
carbon dioxide and hydrogen gave similar recoveries (40). The
best conditions for the desotption of the volatile aromatic hy-
drocarbons involve a short preliminary bubbling of carbon
dioxide into a saturated NaCl solution, which is then added

to the sample just before starting the purge. When this method
was applied to dairy products, use of CO; was distegarded
since it induced extensive foaming of the dairy products in
the cell. Helium was preferred to H» as carrier gas since it
enabled better regulation of pressure.

It is necessary to use both conventional food simulants
and standardized test conditions which are supposed to sim-
ulate the migration behavior of substances into foods under
actual conditions of use. The EC (13) directive lists the fol-
lowing food simulants: (1) distilled water or water of equiv-
alent quality; (2) 3% (w/v) acetic acid in aqueous solution;
(3) 15% (v/v) ethanol in aqueous solution, and (4) rectified
olive oil; if necessary, a synthetic wriglyceride (e.g., HB 307)
or sunflower oil may be used. For example, milk product,
as widely consumed foodstuffs with fat contents ranging
from 0 to 80% and commonly packed in polymeric materials,
merited investigation with respect to possible migration. Milk
products have been generally considered to be agueous systems
due io the fact that an aqueous solution of carbohydrate,
protein and salts represents the continuous phase of milk
surrounding fat globules and casein micelles, The EC directive
prescribes the use of water or 3% acetic acid for migration
testing of packaging materials for milk products, depending
upon pH. Recent study of measurement (13) of styrenc mon-
omer migration from polystyrene cups into milk containing
0.5, 3.5 or 10% fat into four waterfethanol mixtures, con-
taining 0, 15, 50 or 100% ethanol, indicated that pure water
gave migration values considerably lower than all of the three
milks. Only 50% ethanol was shown to correlate approx-
imately with 3.5% fat milk. They concludec migration testing
employing such aqueous food simulants will necessarily lead
to underestimation of the migration processes occurring in
real milk products

SENSORY EVALUATION

Sensory test results of single stimulus do not necessarily
provide information for the understanding of the more com-
plex stimuli which arise from mixtures. It has been found
that, even for simple mixtures, components may interact to
produce marked and unpredictable changes in the quality and
intensity of the stimulus (43). A series of reports were pro-
posed to characterize the threshold properties of the mixtures
in one of the following four possible categories (44,45): (1)
independency: no stimulus would be perceived unless at least
one compound in the mixture was at or above its threshold
concenrration. (2) addition: a stimulus would first be per-
ceived in a mixture where individual subthreshold fractional
concentrations reached a total threshold of 1. (3) synergism:
stimulus would first be perceived in a mixture of compounds
each at less than its individual (hreshold concentration and
the total of the fractional contributions was less than 1. (4)
mask; no stimulus would be perceived in a mixture with each
compound at its threshold concentration. A numetical taste
unit formula was developed (45) to place mixtures into these
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categories.

Recent studies focused on the effect of mixtures of styrene
and ethylbenzene on detection threshold level (46). A 5%
oil-in-water (O/W) emulsion was used as a food stimulant
becanse styrene and ethylbenzene can be easily dissolved in
the fat fraction. A detection threshold concentration of 1.0
ppm for styrene and 3.0 ppm for ethylbenzene was found
in a 5% OfW emulsion using the constant stimulus differ-
ences test and mixing of styrene and ethylbenzene showed
an additive effect at subthreshold levels. Finally, the resulis
showed that composition of the mixture does not influence
the mixing effect at subthreshold levels. Since both compounds
are aromatic hydrocarbons with monosubstituied benzene
rings, the results correspond with the findings of Guadagni
et al. (44), i.e., compounds closely related in structure and
functional groups exhibit additivity. However, opposite results
were also found in the literature. Durst and Laperle (41) cal-
culated that styrenefethylbenzene mixtures showed a syner-
gistic influence on off-flavor detection. In their study, a
plastic-like off-flavor in food packaging in muitilayered
polystyrene containers was determined o be predominantly
caused by a residual styrene monomer, in conjunction with
ethylbenzene, that had diffused into the food product. When
the styrenefethylbenzene concentration was reduced to 25
ug/L, a significant flavor difference could be detected. In con-
irast, 50 llg/L styrene alone was necessary to be petceived by
the panel at the 9% confidence level, and ethylbenzene could
not be perceived at ever 100 pg/L. when added alone to the
juice. This synergistic relationship between styrene monomer
and ethylbenzene is important in cotrecting styrene-like flavor
problems.

Partition coefficients and absolute flavor thresholds were
determined in high-fat containing cookies for 11 organic
compounds to study the partitioning behavior and absolute
flavor thresholds of two series of compound by Halek and
Levinson (47), They consisted of a homologous series of ali-
phatic esters and of aromatic hydrocarbons selected to deter-
mine if structural features or functional group similarities
would elicit definite relationships. The two groups of struc-
turally and functionally related compounds exhibited similar
individual thresholds but the heterogeneous group gave widely
different values. Mixtures of these compounds at subthresh-
old and threshold concentrations gave interactions that could
be sorted into additivity or independency according to group
strnilarities. Application of numerical categorization formulas
did not show consistent correspondence with word definitions
of additivity or independence.

In another case, chocolate and lemon cookies packed in
polystyrene trays and overwrapped with cellophane devel-
oped an off-flavor due to migration of residual styrene mono-
mer from the polystyrene trays (47). Analysis of the trays,
however, showed residual monomer levels of 0.18 ~0.20%,
well below the specification maximum of (.5%. The package
was thus acceptable according to compositional limits but
resulted in the tainting of the food.

TYPICAL STYRENE LEVELS

It is obviously difficult to generalize about levels of mono-
mers likely to be found in retail packaging and foods. Only
very limited data are currently available for styrene levels.
It is generally recognized that styrene levels in plastics are
significantly higher than those found for the other monomers,
partly because of polymer solubility in the monomer and
facile depolymerization which occurs on heating of the
polystyrene. The limited data available for retail foods however
show that styrene levels are not proportionally higher than for
other monomers, and example levels ranging from 0.005 to
0.04 mg/kg have been found in single cream (3).

Following the increased use of microwave ovens and com-
bination ovens, there has been a corresponding requirement
for cooking articles which can be used in both a microwave
oven and a conventional oven, i.e., dual-ovenable. Plastics
used in microwave cooking have shown an increase in migra-
tion with the higher temperatures experienced during the cook-
ing (48). In conventional ovens, temperatures up to 210°C may
cause even greater migration (49). The identification of volatile
potential migrants including styrene from dual-ovenable plas-
tics by dynamic headspacefgas chromatography/mass spec-
trometry was described by Gramshaw et al. (50).

Thermoset polyester is made by cross-linking chains of
an unsaturated polyester with a third monomer, usually sty-
rene. There is a high residuat styrene content after curing in
the mould, which is reduced by a period of heating (post-
curing) for up to 15 min. The finished product is a hard, dura-
ble plastic with a ceramic-like feel, Thermoset polyester is
used for dual-ovenable cookware designed for repeat home
use, such as roasting racks, cake dishes and casserole dishes.

Static headspace analysis in conjunction with solvent extrac-
tion has been used to measure the levels of some volatiles
in thermoset polyesier. However, the solvent extractionfstatic
headspace analysis cannct guarantee complete extraction and
can only give a lower limit for the levels of volatiles in the
plastic (51). The static headspace methods used were only
suitable for compounds with a low boiling point. Migration
of styrene into foods and olive oil was measured by a similar
method with the addition of cyclohexane to the slurred food
to improve headspace partition (37).

The levels of styrene in samples of thermoset polyester
were deterrmined by dynamic headspace/gas chromatography.
Styrene was present at levels from 50 to 1400 mg/kg. Styrene
was shown to be produced by thermal depolymerization at
temperatures of 175°C and above. The migration of styrene
into pork belly (bacon) cooked in thermoset polyester dishes
for 1.5 h at 175°C was measured by Likens-Nickerson extrac-
tion of the cooked meat and GC/MS analysis of the extracts
were in the range of 6 to 2400 pgfkg (52).

CONCLUSION

Despite the complexity of the topic of food packaging, sub-
stantial advances have been made over the past 15 years,
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which offer benefits to the consumer. The visual and aes-
thetic image created by packaging is now a sales strategy
of the same order as the quality of the food product itself,
However, precautions have to be taken to avoid off flavor
development during production as well as during packaging
by sensitive and efficient quality control so that satisfactory
products can be presented to consumers. Finding the causes
and origins of the off-flavor is of importance, so that new
and more suitable packaging materials may be selected. De-
veloping a better understanding of the theoretical basis of
migration as well as representative analytical methods will
lead to the reduction of the level of trace contamination of
foods from packaging materials,

In order to predict the potential exposure of consumers to
styrene from food packaging applications, the cotrelation of
residual styrene concentrations in polystyrene packaging with
styrene migration into food simulating solvents or retail foods
were examined using various sensitive analytical techniques.
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