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Abstract: A precautionary specific migration limit of 40 ug/kg for styrene from food contact materials
is currently under evaluation in Europe. In the ongoing discussion about applicable methods to
demonstrate compliance, testing with food instead of simulants or total transfer calculations has
been proposed. In this study, the residual styrene levels in high-impact polystyrene (HIPS) blended
with general-purpose polystyrene (GPPS) were determined at several levels of the processing chain
of yoghurt pots (from pellets to sheets, then to pots). The styrene migration from extruded sheets
and thermoformed pots was analyzed in food simulants at 10 days/20 °C and 40 °C, as well as in
yoghurt after storage at 8 °C after 50 days. The obtained results show that the residual styrene
content in the PS materials correlates with migration. However, the migration of styrene was far
below the total transfer assumption. Styrene migration from the sheets into food simulants and into
yoghurt exceeded that migrating from the pots. Styrene migration into food simulants in 20% ethanol
at 10 days/20 °C and 40 °C and, more clearly, in 50% ethanol at 10 days/40 °C, was higher than
that into yoghurt tested on the best-before date. Styrene migration from PS pots into yoghurt after
storage at 8 °C for 50 days reached up to 15 pug/kg (applying the EU cube model), which would be
conservatively covered by testing the PS pots with 20% ethanol at 10 days/20 °C.

Keywords: styrene; migration; polystyrene; food packaging; compliance testing

1. Introduction

The production of a food contact material (FCM) typically passes through numer-
ous processing stages. In Europe, the compliance of FCMs with the applicable legal
requirements must be assured at each stage of the supply chain. Plastics Regulation (EU)
No. 10/2011 (for plastics used in applications with food contact) requires a written dec-
laration of compliance (DoC), which is to be provided at all stages of the supply chain
excluding the retail stage [1]. Therefore, each manufacturer must declare compliance with
respect to their responsibility and role in the supply chain. Communication through the
production chain is essential, clarifying what work has been performed and what tasks
are delegated to actors further down the supply chain [2]. The compliance of FCMs can
be verified by migration testing. The above Plastics Regulation sets a maximum overall
migration limit (OML) and specific migration limits (SMLs) for toxicologically relevant
substances. Furthermore, it describes the required testing procedure [1]. Migration testing
in food legally prevails. However, migration is usually tested with ‘simulants’, which
are used to represent defined food categories. The migration testing is performed under
standardized time/temperature conditions, chosen depending on the intended specific
food use and the maximum shelf-life of packaged food. Yogurts and similar dairy products
are usually stored at refrigerated temperatures, with shelf-lives of about 40 to 50 days. The
official simulant for milk products is 50% ethanol (simulant D2). The contact condition
of 10 days at 40 °C represents long-term storage for more than 30 days in refrigerated
conditions, according to Regulation (EC) No 10/2011, Annex V.2.1.4 [1].
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High-impact polystyrene (HIPS) is used for packaging fresh dairy products like yo-
ghurt, buttermilk, puddings, and dairy desserts in small cups, pots, or tubs [3]. Crystal
polystyrene (or general-purpose polystyrene, GPPS) is converted to HIPS by adding impact
modifiers like butadiene rubber in order to improve the flexibility of the materials. Com-
mercial HIPS grades are usually blended further with additional GPPS at the stage of the
production of sheets for dairy applications. The final cups are directly thermoformed from
sheets at the creamery in form—fill-seal (FFS) packaging machines, with subsequent filling
of the product and sealing while in-line; alternatively, dairy manufacturers buy preformed
cups from packaging material converters and then only have to fill and seal them [4].

Polystyrene contains residues of styrene monomer, which partially migrate from the
food contact article into the foodstuff. A precautionary specific migration limit (SML) for
styrene of 40 ug/kg has been recently proposed by the EU Commission [5]. The European
Food Safety Authority (EFSA) is currently evaluating the available studies to assess the
genotoxicity potential of styrene after oral exposure to foods in plastic FCMs [6].

The residual levels in the PS material, the characteristics of the polymer, and food
properties such as fat content, as well as the contact temperature and the duration of
storage of the packed food are the main factors influencing the migration of styrene [7-15].
The latest research reveals that when testing PS materials with food simulants under the
conditions defined by Regulation (EC) No 10/2011, there is a risk of obtaining overly high
migration results for styrene that are not comparable to the level of migration seen into
real food [16-19]. In a previous study [20], we found that the levels of styrene migrating
into different refrigerated dairy products (packed in PS pots) ranged from 2.8 ug/kg to
22.4 ng/kg; in contrast, when PS pots were tested with food simulants comprising 10%,
20%, and 50% ethanol for 10 days at 40 °C, the migration results were higher and, in
most cases, exceeded 40 ng/kg. The explanation of such findings was that ethanol/water
mixtures cause (especially at elevated temperatures) the swelling of PS. Only using 10%
or 20% ethanol at a lower time and temperature (i.e., 10 days at 20 °C) was revealed to
be adequate to simulate styrene migration in food products stored under refrigerated
conditions (e.g., yoghurt).

The scope of the present work was to evaluate the residual levels and the migration
of styrene from intermediate and final food contact PS materials into food simulants and
yoghurt. The analyses were carried out at several levels of the processing chain of yoghurt
pots: (1) content of styrene in GPPS and HIPS pellets; (2) content of styrene in the extruded
PS sheets; (3) content of styrene in the PS pots after thermoforming the sheets; (4) migration
of styrene into food simulants after contact with the sheets and the pots; (5) migration of
styrene in yoghurt after contact with the sheets and the pots. The same source of HIPS and
GPPS was used for the materials employed in each of the steps, from pellets via sheets to
pots, which enabled direct comparisons to be made.

2. Materials and Methods
2.1. Sample Materials

The study was initiated and financially supported by the Styrenics Steering Committee
of Plastics Europe (Plastics Europe AISBL, Rue Belliard 40, 1040 Brussels, Belgium), which
represents the relevant manufacturers of styrene polymers. According to the guidelines of
pre-competitive studies within the framework of Plastics Europe, the trade names of the
polymers used may not be mentioned. The companies involved in the Styrenics Steering
Committee selected representative materials for the yoghurt sector in this study. Five types
of pellets were provided. These included three grades of general-purpose polystyrene
(GPPS-1, GPPS-2, GPPS-3) and two grades of high-impact polystyrene (HIPS-1, HIPS-2).
Their physical properties were as follows: the Vicat softening temperature was approx.
100 °C and the melt volume rate ranged from 3 cm?/10 min (GPPS-2) to 12 cm3®/10 min
(GPPS-3); the Charpy notched impact strength was approx. 12 kJ/m? (HIPS-2). Addi-
tionally, three types of extruded sheets (PS-5-11, PS-S-22, PS-5-32) and three types of
thermoformed pots (PS-P-11, PS-P-22, PS-P-32) were provided. The sheets were produced
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using a 50:50 blend of the GPPS and HIPS pellets (the typical composition of PS pots for
food contact); from the sheets, the pots were thermoformed by two different converters. The
number codes refer to the GPPS and HIPS grades (see Table 1). The sheets had a thickness
of approx. 1000 um and an area weight of approx. 10 g/dm?. The pots had a thickness
ranging from 150 to 300 um (depending on the pot type and the local measurement point
on the wall of the cup) and an area weight ranging from 1.6 to 3.2 g/dm?. Regarding the
age of the samples, they are representative materials within the current supply chain. After
receipt in the laboratory, all the materials were stored refrigerated (5 °C) until analysis.

Table 1. Content of styrene monomer in the investigated PS sample materials.

Sample Name

. Styrene Residual Content + SD
Description

[ng/gl
GPPS-1 GPPS pellets grade 1 373+5
GPPS-2 GPPS pellets grade 2 407 = 8
GPPS-3 GPPS pellets grade 3 505 £ 15
HIPS-1 HIPS pellets grade 1 248 +3
HIPS-2 HIPS pellets grade 2 312 £3
PS-5-11 PS sheets made with GPPS-1 and HIPS-1 (converter A) 286 + 2
PS-5-22 PS sheets made with GPPS-2 and HIPS-2 (converter B) 381+5
PS-S-32 PS sheets made with GPPS-3 and HIPS-2 (converter B) 412 +4
PS-P-11 PS pots made from PS-5-11 (converter A) 262+ 6
PS-P-22 PS pots made from PS-5-22 (converter B) 376 +4
PS-P-32 PS pots made from PS-5-32 (converter B) 394 £5

SD: standard deviation of triplicate analysis.

2.2. Concentration of Styrene Monomer in the Sample Materials

Gas chromatography with flame ionization detection (GC-FID) was used to determine
the residual levels of styrene monomer in the sample materials after statical extraction in
acetone, as described in a previous publication [20]. Triplicate experiments were performed.
An Agilent 6890 GC/FID system (Agilent Technologies, Santa Clara, CA, USA) equipped
with a DB 1 column was used. The styrene was quantified through external calibration
using a reference standard (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan); additionally,
to check the stability and the performance of the GC analysis, di-(tert-butyl)-hydroxyanisol
(BHA) (Fluka, Seelze, Germany) and Tinuvin 234 (Ciba, Basel, Switzerland) were used as
internal standards. The exhaustiveness of the extraction and recovery of the whole analysis
procedure was checked by spiking styrene on PS sheets before extraction. The recovery
percentages for styrene ranged between 88% and 108%.

2.3. Specific Migration of Styrene Monomer from PS Pots and Sheets into Food Simulants

Determination of the specific migration of styrene monomer into food simulants was
achieved using the thermoformed PS pots and the extruded sheets.

Migration testing was carried out by the total immersion of the test specimen in
pressure-resistant stainless-steel cells under the conditions of 10 days/40 °C in the 50%
ethanol food simulant. Additionally, migration experiments were performed under the
conditions of 10 days/40 °C and 10 days/20 °C in the 20% ethanol food simulant. Each test
was carried out in triplicate. The test specimens were made into strips, with dimensions
of 2.5 cm x 10 cm, cut from the pots and the sheet samples. These strips were placed in
stainless steel migration cells containing 80 mL of food simulant, minimizing the remaining
headspace. The applied surface/volume ratio in the migration experiments corresponded
to the conventional EU cube model of 6 dm?/kg. The total surface (0.5 dm?) in the total
immersion test was calculated by considering both sides of the test specimens, excluding
the area of the cut edges. This choice was made by taking into account that PS is a low-
diffusive polymer and migration is independent of both sides, in accordance with the draft

“Technical guidelines for compliance testing” [21].
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Static headspace GC, coupled with FID, was applied to determine the migrated amount
of styrene in the simulants. An Agilent 6890 system (Santa Clara, CA, USA) equipped with
a ZB 624 column was used, under the same conditions as those described in a previous
publication [20]. The quantification of styrene was carried out by external calibration
in 20% ethanol using m-xylene (CAS: 108-38-3; Sigma-Aldrich, Saint Louis, MO, USA)
as the internal standard. Independent triplicate migration experiments and triplicate
measurements of each migration solution were performed.

The HS-GC-FID method used for the analysis of food simulants has a detection limit
of 1.3 ug/kg in 20% ethanol and of 3.2 pug/kg in 50% ethanol.

2.4. Concentration of Styrene Monomer in Yoghurt (Migration Kinetics)

Migration kinetics (from both sheets and pots) were measured at 8 °C by total im-
mersion in yoghurt using glass vials. Five time points were measured (i.e., 10, 20, 30, 40,
and 50 days of storage). Natural yoghurt (3.5% fat content) that had not been in previous
contact with styrene-based materials (500 g packaged in PP) was used and was preserved
by mixing with 0.1% sodium azide in order to avoid mold growth during the migration
experiment. Test specimens with dimensions of 3.8 cm x 1.6 cm (0.12 dm? total surface,
considering both sides and excluding the edges) were cut from the pots and the sheet
samples and placed in glass vials containing 20 g of yoghurt. The applied surface/volume
ratio in the migration experiments corresponded to the conventional EU cube model of
6 dm?/ kg. Each migration test series was carried out in triplicate. At each contact time
point, the test specimens were removed from the vials, and the remaining yoghurt clinging
to the samples was scraped off into the vials using a metal spatula. The vials containing
yoghurt were stored at 5 °C until analysis.

The concentration of styrene in yoghurt was measured by dynamic headspace (purge
and trap) gas chromatography coupled with mass spectrometry (Thermo GC Trace Ultra
MS-System Thermo Scientific ISQ 7000, with VSP 4000 Autosampler, IMT, Moosbach,
Germany), using a previous published method [20]. After mixing the yoghurt samples with
water (HPLC grade) and spiking them with styrene d-8 (CAS 19361-62-7) (Sigma-Aldrich,
Saint Louis, MO, USA), the analyses were performed with a VSP Autosampler (40 °C), a
Peltier water trap, and a cooled Tenax® trap. The GC column was a Restek RX1-624Sil MS.
Quantification was obtained by monitoring the ions at 7/z 104 for styrene and m/z 112
for styrene d-8. The calibration in yoghurt (using the same yoghurt as for the migration
experiment) was prepared for external quantification at six levels, diluted from a stock
solution prepared in dimethylacetamide. Additionally, independently prepared control
standards (of a known spiked amount) in yoghurt were analyzed in parallel to the samples
to check the recovery. Triplicate migration experiments and duplicate measurements were
performed. The detection limit of the P&T-GC-MS in yoghurt was 0.4 pg/kg.

2.5. Characterization of the Sample Materials by Scanning Electron Microscopy

The surface morphology of the specimens was studied using a field emission SEM
JEOL JSM-7200F (JEOL Ltd., Tokyo, Japan) with an acceleration voltage of 5 kV. To avoid
charging effects in the SEM analysis, the prepared surfaces were sputtered in advance
with a thin gold layer, using argon plasma at 5 kV and 20 mA for 1 min. The sample was
placed into a vacuum chamber and rinsed with a gentle stream of argon to a final pressure
of 0.016 kPa. The plasma was then ignited for 1 min. After introducing the sputtered
polymer samples into the high-vacuum chamber of the SEM, the working distance was set
to 10 mm. Magnification up to a factor of 50,000 established the surface qualities; finally,
the nanoscaled gold layer could be obtained.

3. Results

The contents of styrene monomer in the investigated PS sample materials (pellets,
extruded sheets, and thermoformed pots) are summarized in Table 1.
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Styrene Migration [pg/6dm?]
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20% Ethanol 20% Ethanol 50% Ethanol Yoghurt
10 days/20°C 10 days/40°C 10 days/40°C 50 days/8°C

The migration rates of styrene into food simulants and into yoghurt under different
time/temperature conditions from the extruded sheets (PS-S-11, PS-5-22, PS-5-32) and the
thermoformed pots (PS-P-11, PS-P-22, PS-P-32) are depicted in Figure 1.

| KSR

mPS-5-11 mPS-S-22 mPS-S-32 &PS-P-11 ©PS-P-22 ©®PS-P-32

Figure 1. Specific migration of styrene into food simulants from the extruded sheets (solid bars) and
the thermoformed pots (dashed bars).

The relevant exemplary chromatograms are available in the Supplementary Materials
for the detection of styrene with: (a) GC-FID (in the acetone extracts of the PS samples),
(b) HS GC-FID (in 20% and 50% food simulants), and (c) P&T-GC-MS (in yoghurt).

All migration experiments in food simulants and in yoghurt were carried out as
independent triplicates. The migration from extruded sheets and thermoformed pots was
determined in the yoghurt after storage at 8 °C for 10, 20, 30, 40, and 50 days. The mean
values and standard deviations of all the measurements are reported in Table 2. Migration
values are given in ug/kg (food), which correspond to j1g/6 dm? according to the EU cube
model (where 1 kg of food is in contact with 6 dm? of packaging), and which were used for
the migration contact experiments in this study.

In Table 3, the relative migration of styrene is given, expressed as a percentage; it was
calculated by dividing the mass of styrene found in the food (simulant) by the initial mass
determined in the sample material.



Appl. Sci. 2024, 14, 9056

6 of 12

Table 2. Migration of styrene in food simulants and in yoghurt under different testing conditions.

Food Testing Styrene Migration [ug/kg] ! + SD

(Simulant) Conditions PS-S-11 PS-S-22 PS-S-32 PS-P-11 PS-P-22 PS-P-32
20% Ethanol 10 days/20 °C 38+3 53+£2 68 +1 16 +1 22+3 21+2
20% Ethanol 10 days/40 °C 83+2 110 £2 116 £ 12 65+1 93+3 98 +1
50% Ethanol 10 days/40 °C 188 £13 231+ 4 241 £12 155+ 4 204 £7 212 +5

Yoghurt 10 days/8 °C 17 +1 2243 23+5 5+1 4+1 7+1
Yoghurt 20 days/8 °C 23+2 39+8 38+3 7+1 5+1 10+1
Yoghurt 30 days/8 °C 21+3 53+4 64+1 9+1 12+1 7+1
Yoghurt 40 days/8 °C 24+3 53+3 59 +10 9+1 7£1 11+1
Yoghurt 50 days/8 °C 24+4 73+ 8 94+4 13+2 14+1 15+1
! The experiment was performed by applying the EU cube model of 6 dm?/kg.
Table 3. Relative migration of styrene as a percentage.
Food Testing Relative Migration of Styrene [%

(Simulant) Conditions PS-S-11 PS-S-22 PS-S-32 PS-P-11 PS-P-22 PS-P-32
20% Ethanol 10 days/20 °C 0.2 0.2 0.3 0.3 0.6 0.5
20% Ethanol 10 days/40 °C 0.4 0.5 0.5 13 2.6 2.6
50% Ethanol 10 days/40 °C 1.0 1.1 1.0 3.1 5.7 5.6

Yoghurt 10 days/8 °C 0.1 0.1 0.1 0.1 0.1 0.2
Yoghurt 20 days/8 °C 0.1 0.2 0.2 0.1 0.2 0.3
Yoghurt 30 days/8 °C 0.1 0.2 0.3 0.2 0.3 0.2
Yoghurt 40 days/8 °C 0.1 0.2 0.2 0.2 0.2 0.3
Yoghurt 50 days/8 °C 0.1 0.3 0.4 0.3 04 0.4

! Calculated by dividing the mass of styrene found in the food (simulant) by the initial mass determined in the
sample material (considering the area weight of each sample material).

4. Discussion

The residual content of styrene monomer in the PS sample materials (pellets, sheets,
and pots) ranged from 248 to 505 pg/g of polymer. These results are consistent with the
previous reported values for various food-grade non-expanded PS resins [22-24]. Three
different grades of GPPS (GPPS-1, GPPS-2, GPPS-3) and two grades of HIPS (HIPS-1,
HIPS-2) in the form of granules were analyzed in this study. The concentrations of styrene
in the GPPS pellets were found to be slightly higher than those in the HIPS pellets. However,
when also considering the data available in the literature, GPPS does not generally show a
higher residual content of styrene compared to HIPS. The differences may be related to the
different polymer grades used.

The pellets were converted to sheets by extrusion, blending a 50:50 mixture of
GPPS/HIPS pellets, which is a typical composition of PS pots for food contact. Three
types of extruded sheets were produced: PS-S-11 (blending GPPS-1 and HIPS-1), PS-S-22
(blending GPPS-2 and HIPS-2), and PS-5-32 (blending GPPS-3 and HIPS-2). The residual
content of styrene monomer found in the extruded sheets reflects their composition. In
fact, blending the GPPS and the HIPS grades with higher styrene residuals also resulted in
higher styrene residual content in the sheets manufactured therefrom and vice versa. The
sheets were further processed to create three types of pots (PS-P-11, PS-P-22, and PS-P-32)
by thermoforming. The residual styrene contents in both the granulate and sheet were
similar, at the most slightly decreasing during thermoforming. A decrease of approx. 10%
in the styrene content was found in pot PS-P-11, obtained from sheet PS-5-11; however, in
the other pots PS-P-22 and PS-P-32, it corresponded only to 1% and 4%, respectively, which
can be regarded as insignificant. Previous studies involving the processing of PS granules
into either cups or containers for dairy products support the evidence that there is a general
tendency for residual styrene levels to decrease during thermoforming, which reflects and
depends upon the temperature and vacuum conditions applied during processing [25].
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The migration of styrene in food simulants and in yoghurt was tested using extruded
sheets and thermoformed pots made of PS (using three types of pots manufactured from
the corresponding sheets).

For compliance testing according to the EU Food Contact Regulation [1], standardized
experimental conditions and proper food simulants must be chosen, depending on the food
contact applications and time/temperature conditions of use.

During the industrial production and filling of stirred yoghurt, the temperature at
the point of contact with the PS containers does not exceed 20 °C (in the first hours);
the subsequent storage usually takes place below 5 °C. The common shelf life given by
producers is about 40-50 days [19]. For household refrigerators, 8 °C is a representatively
conservative temperature. These filling, fermentation, and storage conditions are tested
using the standardized condition of 10 days/40 °C, which also covers hot-fill conditions
according to Regulation 10/2011 (Annex V, chapter 2.1.4 (b)).

For yoghurt (ref. food category N. 07.02, shown in Table 2 of Annex III) the simulant
D1 (50% ethanol) is specified and was used for the study. Simulant B, for the acidic character
of yoghurts, was not considered in this study as the solubility of styrene is worse in 3%
acidic acid compared to yoghurt or ethanol-water mixtures. Styrene, with a Log K, /y, of
2.95, dissolves only slightly in water. However, it is soluble in alcohol. In the scientific
literature, it has also been reported that testing styrene migration from PS by employing
aqueous food simulants may lead to underestimation of the migration processes occurring
in real food products [9-13].

As it has already been shown in previous studies that 50% ethanol swells the surface
and leads to exaggerated migration values in relation to real foods [17], in the present
study, 20% ethanol for 10 days/40 °C and for 10 days/20 °C were tested additionally as
less severe simulants. According to Regulation 10/2011 (Annex III), 20% ethanol (food
simulant C) should be used for alcoholic foods with an alcohol content of up to 20% and for
those foods containing a relevant amount of organic ingredients that render the food more
lipophilic, while 50% ethanol (food simulant D1) should be used for alcoholic foods with
an alcohol content of above 20% and for oil-in-water emulsions, including milk products
(Annex III, Tables 2 and 3 of the Regulation).

However, for some substances listed in Annex I, additional rules are given (Table 1,
column 11) that should be respected in situations where there is a risk of non-compliance.
Among these, the notes on the verification of compliance N.22 state that “when used in
contact with non-alcoholic foods for which Table 2 of Annex III assigns food simulant
D1, food simulant C (20% ethanol) shall be used for verification of compliance instead
of food simulant D1”. This recommendation followed an EFSA Scientific Opinion [26],
in which it was noted when the compliance of polyethylene furanoate (PEF) polymer is
verified with 50% ethanol, interactions (i.e., swelling) between this food simulant and the
plastic can occur, which would not take place in real food contact applications. A similar
situation might be stated for polystyrene. As expected, the migration results from the tested
food simulants and from the yoghurt confirm that the migration of styrene depends on
its residual content in the PS materials, with migration from grades with higher styrene
residuals resulting in higher migration and vice versa. Moreover, as previously reported,
the migration of styrene depends on the ethanol content of the food simulant and the
temperature used [13,15,20,24,27]. This applies to both pots and sheets. However, the level
of migration from the extruded sheets was found to be clearly higher than that from the
thermoformed pots (solid bars versus dashed bars in Figure 1). This confirms our findings
in a previous study [20]. The migration of styrene in 50% ethanol from the sheets ranged
between 188 and 241 pg/6 dm? and from the pots between 155 and 212 ng/6 dm?. In 20%
ethanol tested at 10 days/40 °C, it ranged between 83 and 116 pg/6 dm? for the sheets and
between 65 and 98 ng/6 dm? for the pots. The migrations in 50% and 20% ethanol, tested
at 10 days/40 °C, from the pots were only 12-22% lower than those of the corresponding
sheets (produced with identical PS grades). The migration levels in 20% ethanol, tested at
10 days/20 °C, ranged between 38 and 68 1g/6 dm? from the sheets and between 16 and
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22 ug/6 dm? from the pots. This means that in these conditions, the migration from the
pots is approx. 58-70% lower than that of the corresponding sheets. The styrene migration
in food simulants exceeded the predicted precautionary SML for styrene of 40 ug/kg for
all the tested sheets. When testing the pots with food simulants, the results exceeded this
limit, with the exception of the conditions for 20% ethanol of 10 days/20 °C.

Similarly, the migration of styrene in yoghurt from the extruded sheets was found to
be higher than that from the thermoformed pots. The migration from pot PS-P-11 was half
of the one obtained from sheet PS-5-11. The migration from the other pots, PS-P-22 and
PS-P-32, was 80% lower than that in the corresponding sheets (produced with the identical
PS grades). At a temperature of 8 °C, the migration in yoghurt from the sheets with the
higher styrene residual content (PS-5-22 and PS-S-32) already exceeded 40 pg/6 dm? after
20 days of storage, reaching 73 nug/6 dm? and 94 pg/6 dm? after 50 days. It was only from
the sheet with the lowest residual styrene content (PS-S-11) that migration did not exceed
this limit. Additionally, only for this sheet, the migration seemed not to increase over time
(in contrast to the other two sheets; see Figure 2). This finding might be due to surface
effects that were possibly caused by the converting process during the manufacture of
this sheet, which might have affected the surface of the material and caused a different
migration behavior compared to the other two sheets. When testing the pots with yoghurt,
migration remained below or at 15 j1g/6 dm?, even after 50 days of storage at 8 °C. All the
pots complied with the SML of 40 pg/kg that has been proposed for styrene. Additionally,
as found for the sheet with the lower residual styrene levels (PS-S-11), migration from the
pots seemed not to considerably increase over time. After 30 and 40 days, respectively,
the migration of styrene from pots PS-P-32 and PS-P-22 into yoghurt seemed slightly to
decrease, but considering the low levels measured, this could be due to the uncertainty of
the analytical method.
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Figure 2. Relative migration of styrene in yoghurt at 8 °C (area weight normalized to 1 g/dm?).

In Figure 2, the relative migration of styrene in yoghurt was depicted after storage at
8 °C for 10, 20, 30, 40, and 50 days. In this figure, to allow for comparisons, the percentage
values have been recalculated with an area weight normalized to 1 g/dm? for all the
sample materials.

The styrene levels measured in yoghurt within this study are in general agreement
(only slightly higher) with previously published data on refrigerated dairy products packed
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in PS pots taken from the supermarket [19,20]. In these studies, using natural stirred
yoghurt products with 3.5% fat content analyzed on their best-before date (BBD), the
styrene levels ranged from 5.2 pg/6 dm? to 11 pg/6 dm?. In different milk desserts with
a fat content of 0.2-15%, on their BBD, migration values ranged from 2.8 pug/6 dm? to
10 pug/6 dm?. Tt should be noted that in the present study, for experimental reasons, strips
cut from the pots were used for the migration contact. These strips were totally immersed
in yoghurt within a glass vial with minimal headspace. In this experimental design, the
edges of the PS material were in contact with the yoghurt, and the losses of styrene were
minimized. This does not reflect the real-use contact conditions of pots filled with yoghurt
but can be considered the worst case.

Polystyrene is a low-diffusive polymer. Therefore, the migration of styrene from
sheets of approximately 1000 um in thickness and pots of approximately 150 um-300 um
in thickness should be similar from a theoretical migration point of view. From both
types, only a minor percentage of the initial residual styrene content was transferred
to the simulants or yoghurt (Table 3). Therefore, both thicknesses can be regarded as
infinite for migration. In Figure 2, the migration of styrene is normalized to equal material
thickness (area weight) and equal styrene concentration (expressed as a percentage of the
initial amount) for better comparison. The reasons for the higher styrene migration from
the extruded sheets compared to the thermoformed pots are not clear. The minimally
different residual contents of styrene that were determined in the sheets and in the pots
(manufactured from the corresponding sheets) do not explain these findings. The sheets
with greater thickness have more cut edges relative to the surface area, compared to the
pots. More precisely, the area of the sheet-edges was approx. 2.5 cm? (with simulants) and
1.1 cm? (with yoghurt); the area of the pot-edges was approx. 0.5 cm? (with simulants)
and 0.2 cm? (with yoghurt). In all the cases, the area of the cut edges was less than 10%
of the surface area. The “edge effect” is known, especially for some polymers like PS,
to influence the migration extent when testing by total immersion [22]. Cut edges have
different migration properties compared to the smooth surfaces of the sheets or the pots.
Another explanation might be differences in the depletion of styrene in the near-surface
region of the sheets and the pots during production, which were not equalized during
storage before the experiment. The pots were manufactured by thermoforming. This
process involves heating the extruded sheet to the point of thermal deformability and then
forming it using a mold by means of vacuum or air pressure to obtain the desired pot
shape. Previous studies [22,23,28] have already postulated that some physical treatments
such as injection molding, extrusion, and thermoforming could lead to a deviation from
the expected diffusion-controlled (Fickian) migration process. In thermoforming, the
polymer chains become more orientated compared to the sheet, which improves the barrier
property of the PS and might partly explain the lower migration of styrene from the pots.
Scanning electron microscopy (SEM) images of the surfaces of the pots and sheets are
shown in the Supplementary Materials. The pictures of the sheets show some surface
damage (probably barrel scratches) parallel to the extrusion direction. Such scratches
are less evident in the microstructures of the pots. An elongation of the polymer matrix
around spherical or elliptical holes takes place, following the direction of thermoforming.
However, the SEM pictures did not allow for a clear interpretation of differences in polymer
orientation or material porosity. However, other authors [29] investigated HIPS yoghurt
pots using transmission electron microscopy (TEM) and could clearly see the stretching
of both the polymer matrix and the embedded rubber particles when using different
processing conditions. Higher temperatures and production rates during thermoforming
lead to higher degrees of stretching, which result in an increase in the mechanical quality
(i.e., strength and stiffness) of the products.

The relative migration of styrene from the tested PS materials (calculated by dividing
the mass of styrene found in the food simulant by the initial mass determined in the sample
material) ranged from 1% to 6% in 50% ethanol samples tested at 40 °C. That recorded
in yoghurt stored for 50 days at 8 °C ranged from 0.1% to 0.4%, which agrees with the
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previously reported values [19,20]. These values demonstrate that actual styrene migration
in food (and also in simulants) is far below the total transfer of the residual monomer level
in the PS materials.

The styrene migration levels measured in yoghurt from the PS pots were lower than
those from the same pots in the food simulants. Styrene migration from PS pots into
yoghurt after storage at 8 °C for 50 days reached up to 15 pug/kg (when applying the EU
cube model), which would be conservatively covered by testing the PS pots with 20%
ethanol at 10 days/20 °C. A significantly higher migration was found with the 20% ethanol
and 50% ethanol food simulants when tested for 10 days at 40 °C. These values ranged from
65 to 98 ng/kg (20% ethanol) and from 155 to 212 ug/kg (50% ethanol), respectively, at the
surface-to-volume ratio of the EU cube model. In previous studies [16-18], the swelling
effect caused by ethanol/water mixtures at elevated temperatures on the different styrene
polymers was related to the major overestimation of styrene migration. Other authors [15]
have already shown that the level of styrene migration after 24 h at 40 °C in 3.6% fat
milk correlates approximately with that seen in 15% ethanol. In a previous study [26],
the styrene concentration found in 3.5% fat milk was found to be comparable to that in
50% ethanol. However, in that study, the experiments were carried out by article-filling
and storage at 30 °C for 10 days in pots sealed with aluminum lids. Eventually, the losses
of styrene from the 50% ethanol solution were higher during migration contact with this
experimental design, although 50% ethanol was less critical in terms of losses than 10% or
20% ethanol. However, a major difference is that the samples were stored under gentle
movement conditions, which might increase the migration of styrene into the liquid milk
compared to semi-solid yoghurt in static contact.

The styrene migration levels measured from the extruded sheets in simulants and after
50 days of storage in yoghurt would exceed the foreseen precautionary SML for styrene of
40 ug/kg [5]. Even testing the sheets with yoghurt at 8 °C for more than 20 days shows
non-compliance results. When sheets or pots are tested using 20% ethanol or 50% ethanol
for 10 days at 40 °C, unrealistically high migration levels may be obtained (due to the strong
interaction between this food simulants and PS), leading to the risk of falsely categorizing
materials as non-compliant (exceeding the SML). Similarly, testing the extruded sheets
using 20% ethanol for 10 days at 20 °C or with real food, such as yoghurt, is associated
with a high risk of obtaining non-compliant results.

According to the results obtained in the present study, only testing the final article
(the PS thermoformed pots) for 10 days at 20 °C with 20% ethanol would lead to migration
levels comparable to or slightly higher than those found in food products, such as yoghurt,
stored under refrigerated conditions. Testing intermediate materials such as extruded
sheets and using other time/temperature conditions that appear to be too severe may also
lead to significantly higher styrene migration levels. This means that the demonstration of
compliance of FCMs with respect to styrene migration may be difficult (or uncertain) at an
early production stage of the supply chain.

This case study shows that if the food contact regulations are moving in the general
direction of keeping substances down to lower and lower levels, not only will the analytical
identification/quantification of these substances be an issue, additionally, the processing
conditions of FCMs may have a significant impact and (especially at low concentrations)
increase the variability of the findings.

5. Conclusions

In the present study, the residual levels and the migration of styrene from intermediate
and final food contact PS materials into food simulants and in yoghurt were assessed.
Migration testing was performed with extruded sheets and thermoformed pots in 50%
ethanol for 10 days at 40 °C and in 20% ethanol for 10 days at 40 °C and 20 °C, as well as
in yoghurt after storage at 8 °C for 50 days. From an evaluation of the data obtained, the
following conclusions can be drawn:
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e  The residual styrene content in the PS materials correlates with the migration values
and is far below a total transfer assumption.

e  Styrene migration levels, measured in food simulants and in yoghurt, from interme-
diates (i.e., extruded sheets) were higher than those found in the final materials (i.e.,
thermoformed pots) and exceeded the precautionary specific migration limit (SML)
for styrene of 40 pg/kg, as proposed by the EU Commission [5].

e  Styrene migration from pots, using conventional food simulants and under the test con-
ditions specified in Regulation (EU) No. 10/2011 for refrigerated dairy products (50%
ethanol for 10 days at 40 °C), overestimates the styrene migration values compared to
its migration into food (yoghurt) under real-life storage conditions.

e  Styrene migration from PS pots into yoghurt after storage at 8 °C for 50 days reached
up to 15 ng/kg (applying the EU cube model), which would be conservatively covered
by testing the PS pots with 20% ethanol at 10 days/20 °C.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/app14199056/s1, Scanning electron microscopy (SEM) images of PS pots
and sheets and exemplary chromatograms.
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