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Abstract: To fulfil the European Green Deal targets and implement a circular economy, there is an
urgent need to increase recycling rates of packaging materials. However, before recycled materials can
be used in food contact applications, they must meet high safety standards. According to the European
Food Safety Authority (EFSA), a worst-case scenario must be applied and unknown substances must
be evaluated as being potentially genotoxic. The Ames test, which detects direct DNA-reactive effects,
together with chromatographic analysis is very promising to complement risk assessment. This study
aims to evaluate the effectiveness of functional barriers in ten different samples, including virgin
and recycled LDPE foils. FT-IR analysis did not show major differences between virgin and recycled
films. Light microscopy revealed differences in quality and an increased number of particles. GC-MS
analysis detected and quantified 35 substances, including eight unknowns. Using a miniaturized
version of the Ames test, four of ten samples tested positive in two individual migrates up to a
dilution of 12.5%. All virgin LDPE materials tested negative; however, recycled material F showed an
increased mutagenic activity, with an n-fold induction up to 28. Samples with functional barriers
lowered migration and reduced mutagenicity. Nonetheless, further investigations are needed to
identify possible sources of contamination.

Keywords: recycling; functional barriers; polymers; polyolefins; low-density polyethylene; light
microscopy; GC-MS; miniaturized Ames test; packaging safety; EU regulations

1. Introduction

In recent times, there has been a shift from using complex multilayer materials for
food packaging to using monolayer recyclable materials. The use of multilayer structures
has provided good barrier properties and food preservation and has thus potentially
prevented food waste but has hindered the recyclability of materials. Also, the reduction in
recyclability has raised several questions for carbon neutrality and sustainability. Thus, the
recent research trend is focused on the improvement of monomaterials for enhanced food
shelf life. Even with the use of monomaterials, difficulties remain in recycling them back to
food packaging grade. The main reasons behind the difficulties are due to the presence of
significant amounts of mixed plastics and foreign substances in the recycling stream that
hampers the quality of thermo-mechanically recycled plastics [1]. The new ‘proposal for
a regulation of the European parliament and of the council on packaging and packaging
waste, amending Regulation (EU) 2019/1020 and Directive (EU) 2019/904, and repealing
Directive 94/62/EC’ (PPWR) [2] also demands a 10% recycled content of polyolefins (PO)
in all PO-based food packaging materials by 2030. The European Union (EU) regulation
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2022/1616 [3] prohibits direct contact between food and recycled materials unless the
recycling technology has been approved, thus bringing in the option of applying functional
barriers, i.e., ABA structures for the use of recycled materials for food packaging. At the
same time, the EU regulation 2022/1616 also mentioned that the ABA structure might fail
to prevent the contaminant transfer from the recycled layer. Thus, an appropriate challenge
test or migration analysis must be conducted for the specific ABA structure to prove the
efficiency of the functional barrier, in accordance with EU Regulation No 10/2011 [4].

A particular challenge in this context is the detection of directly DNA-reactive geno-
toxic substances. For recycled plastics to be used in high-value applications such as
food or near-food applications, they must comply with EU regulations 1935/2004 [5] and
10/2011 [4] in terms of safety. Currently, the threshold for these substances is set at 0.15 µg
per adult person per day. This limit is derived from the Threshold of Toxicological Concern
(TTC) concept of Kroes et al. [6], and its application is also recommended by the EFSA [7].
While the investigation of food contact material (FCM) migrates generally relies on the
use of analytical-chemical methods, primarily gas chromatography–mass spectrometry
(GC-MS) analyses, it has been previously demonstrated by Mayrhofer et al. that these
methods alone are not sufficient to detect low concentrations of unknown DNA-damaging
substances [8]. According to Severin et al. [9], in vitro bioassays can be used to test com-
plex mixtures such as FCM migrates very specifically for hazardous toxicological effects
such as mutagenicity, cytotoxicity or hormone activity. As the investigation is primarily
focused on direct DNA-reactive substances, as clastogenic and aneugenic effects do not
fall under the 0.15 µg/person/day TTC limit [7], the Ames test has proven to be the most
suitable in vitro bioassay to complement chemical analysis, according to Koster et al. [10]
and Rainer et al. [11,12]. The advantages of this assay lie in its combined capabilities of
effect-based detection, low detection limits and the ability to capture cumulative effects of
multiple low-dose contaminants. Although the standard plate Ames test according to the
Organisation for Economic Co-operation and Development (OECD) guideline 471 [13] is so
far the only regulatory accepted format, the majority of miniaturized Ames test formats
have proven their suitability (see Rainer et al. [11]) and can detect lower limits of biological
detection (LOBD) (see Schilter et al. [14]) for a wide range of genotoxic substances (see
Flückiger-Isler et al. [15,16] and Rainer et al. [17]). A miniaturized version of the Ames
test has previously been employed by Rainer and Mayrhofer et al. in the detection of
genotoxins from migrates or extracts of food contact materials [8,12,14]. To the best of the
authors’ knowledge, there are no reports using the Ames test to highlight the effectiveness
of functional barriers for recycled polyolefins. This work is also of particular relevance for
packaging foils, since in previous research, a high percentage of LDPE samples, which is
the most commonly used material for these foils, showed positive results for mutagenicity
in the Ames test (see Mayrhofer et al. [8]).

The aim of the present study was to evaluate the effectiveness of functional barriers
for different film structures including virgin and recycled low-density polyethylene (LDPE)
materials, in terms of their material and safety properties. FT-IR and light microscopy
were carried out to assess whether differences in the material quality of the tested film
structures can be observed. GC-MS was carried out to screen for substances which exceed
their respective specific migration limit (SML) and to evaluate if functional barriers can
reduce the migration of identified substances. To screen for mutagenic effects in the
tested film structures, an optimized sample preparation according to Rainer et al. [12] and
a miniaturized Ames test protocol using only two Salmonella Typhimurium test strains,
namely TA98 and TA100 (see Mayrhofer et al. [8] and Williams et al. [18]), were performed to
assess if functional barriers can prevent the migration of potentially mutagenic substances.

2. Results
2.1. FT-IR Spectroscopy and Light Microscopy

The surface FT-IR measurements of all samples, including virgin and recycled mate-
rials, are shown in Figure 1. All samples show significant peaks (2915 cm−1, 2848 cm−1,
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1463 cm−1 and 720 cm−1) that can be attributed to LDPE (also see Katsara et al. [19] and
Lin et al. [20]). However, when comparing the individual measurements, no difference
was found between virgin and recycled material (T2 and F), and EVOH and G-polymer
could not be detected in these analyses. Among all the measurements, only one sample (F)
showed an unidentifiable peak at 877 cm−1. The peak of sample F, which consisted of a
recycled monomaterial based film, indicates possible contamination. Due to the very low
intensity of the peak, the degree of contamination is also considered to be low.
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Figure 1. This graph shows the transmittance in % of the material composition cross-section of the
ten samples from Table 1. All the samples, virgin (LDPE), recycled (T2, F) and multilayer materials,
show the typical peaks for LDPE, at Wavenumber 719 cm−1, 1463 cm−1, 2848 cm−1 und 2915 cm−1.

Table 1. Relative reduction of migrated substances for samples containing the recycled material T2.
Below are the substances that had a quantified amount in T2, that were not present in the virgin
reference materials LDPE, LDPE/EVOH and LDPE/G.

Relative Reduction (%) from T2

Nr. Name LDPE/T2 LDPE/EVOH/T2 LDPE/G/T2

3 Ethyl dodecanoate −54% −41% −64%

8 1-octadecene −46% −55% −64%

15 Dibutyl phthalate −61% −66% −100%

18 Tributyl aconitate −58% −100% −100%

20 Butyl citrate −100% −100% −100%

23 Tributyl acetylcitrate −67% −88% −93%

24 Bis(2-ethylhexyl) adipate −74% −100% −100%

26 Cyclohexane, 1,3,5-triphenyl- −100% −100% −100%

29 Bumetrizole −71% −73% −83%

30 Di-(2-ethylhexyl)
terephthalate −73% −73% −85%

31 Erucamide −100% −100% −100%
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Figure 2 shows the cross-section of selected samples using a polarized light microscope.
Layer structures and interfering particles can be seen clearly in the form of dark dots and
lines in the foil, which appears in a bright color. It also concludes that FT-IR alone could not
detect all impurities present in the recycled content. In addition to the cross-section images,
the thickness of the different layers and particles size was measured using the software of
the microscope. All layer thicknesses, from the LDPE layers to the adhesive layers, are in
accordance with the specification values from Table 1.

Recycling 2024, 9, x FOR PEER REVIEW 4 of 20 
 

23 Tributyl acetylcitrate −67% −88% −93% 
24 Bis(2-ethylhexyl) adipate −74% −100% −100% 
26 Cyclohexane, 1,3,5-triphenyl- −100% −100% −100% 
29 Bumetrizole −71% −73% −83% 
30 Di-(2-ethylhexyl) terephthalate −73% −73% −85% 
31 Erucamide −100% −100% −100% 

Figure 2 shows the cross-section of selected samples using a polarized light micro-
scope. Layer structures and interfering particles can be seen clearly in the form of dark 
dots and lines in the foil, which appears in a bright color. It also concludes that FT-IR alone 
could not detect all impurities present in the recycled content. In addition to the cross-
section images, the thickness of the different layers and particles size was measured using 
the software of the microscope. All layer thicknesses, from the LDPE layers to the adhesive 
layers, are in accordance with the specification values from Table 1. 

 
Figure 2. Microscopy images of the mono- and multilayer functional barrier samples, illustrating 
the distribution of colloidal particles or inorganic foreign particles in the film structure. The upper 
row shows the images (a) virgin LDPE and (b) the recycled film T2 (from left to right). The middle 
row shows the images (c) recycled foil F and (d) LDPE/EVOH. The bottom row shows the images 
(e) LDPE/EVOH/T2 and (f) LDPE/EVOH/F. 

Figure 2. Microscopy images of the mono- and multilayer functional barrier samples, illustrating
the distribution of colloidal particles or inorganic foreign particles in the film structure. The upper
row shows the images (a) virgin LDPE and (b) the recycled film T2 (from left to right). The middle
row shows the images (c) recycled foil F and (d) LDPE/EVOH. The bottom row shows the images
(e) LDPE/EVOH/T2 and (f) LDPE/EVOH/F.

Film T2 has a colloidal particle [21] or inorganic foreign particle distribution of
1.3 ± 0.03 per unit area of the film and film F has similar distribution of particle to T2
(1.6 ± 0.06 per unit area of the film). Like the particle distribution per unit area of the
recycled films (also see Figure A1), the particle size in T2 (L:20 µm × W:10 µm) and F
(L:17 µm × W:9 µm) also did not vary significantly. In the case of LDPE/EVOH with recy-
cled materials (see Figure 2, LDPE/EVOH/T2 and LDPE/EVOH/F), the average particle
size is smaller than the layer of the recycled material (21 µm to 30 µm), but large particles
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(53 µm × 39 µm) can impair the barrier properties or even cause them to fail completely,
depending on the position of the particle in the layer structure.

2.2. GC-MS

A total of 35 chemical compounds have been detected and quantified (see Tables A2–A4).
Among these chemical compounds, 8 unknown components were identified and quantified
in accordance with the EU regulation 10/2011 with an SML of 10 ppb. The focus is on
the relative reduction of migrated substances behind functional barrier systems from
recycled materials T2 (see Table 1 and Figure 3) and F (see Table 2 and Figure 4). It
can be observed that LDPE virgin also acted as a functional barrier for T2 (see Table 2),
with reductions from 46% (for 1-octadecane) to 100% (for butyl citrate, cyclohexane, 1,3,5-
triphenyl and erucamide). For some of the samples, the addition of EVOH did not have
any additional influence on the relative reduction, while with G-polymer all samples had a
higher reduction (from 64 to 100%). G-polymer had better barrier properties than EVOH,
for 6 out of 11 chemicals migrated from T2. Similar trends were observed between the
samples containing recycled F materials (see Table 3), as G-polymer performed better than
EVOH for 13 out of 16 chemicals.
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Figure 3. GC-MS chromatograms for samples containing the recycled material T2.

Table 2. Relative reduction of migrated substances for samples containing the recycled material
F. Below are the substances that had a quantified amount in F, that were not present in the virgin
reference materials LDPE, LDPE/EVOH and LDPE/G.

Relative Reduction (%) from F

Nr. Name LDPE/EVOH/F LDPE/G/F

3 Ethyl dodecanoate −76% −82%

5 Diethyl terephthalate −99% −90%

8 1-octadecene −43% −60%

10 Isopropyl myristate −50% −61%

14 Methyl hexadecanoate −61% −100%

15 Dibutyl phthalate −61% −74%

18 Tributyl aconitate −59% −74%
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Table 2. Cont.

Relative Reduction (%) from F

Nr. Name LDPE/EVOH/F LDPE/G/F

19 Ethyl cis-9-octadecenoate −76% −79%

20 Butyl citrate −100% −100%

23 Tributyl acetylcitrate −73% −85%

24 Bis(2-ethylhexyl) adipate −68% −85%

26 Cyclohexane, 1,3,5-triphenyl- −63% −75%

28 Unknown −59% −73%

29 Bumetrizole −61% −100%

30 Di-(2-ethylhexyl) terephthalate −60% −78%

31 Erucamide −100% −100%
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Table 3. Results of the miniaturized Ames tests with bacteria strains TA98 and TA100 with and
without metabolic activation (+/−S9). The ten samples from Table 1 were tested in duplicates
(migrate A and B). All samples were tested for inhibitory effects, but no inhibiting effects of the
sample migrates were detected. Percentages in brackets indicate lowest dilution (given as % of
sample migrate) at which a mutagenic effect was detected. +: mutagenic; -: non-mutagenic.

Sample Film Structure Migrate TA98 TA100
−S9 +S9 −S9 +S9

1 LDPE
A - - - -
B - - - -

2 LDPE/EVOH
A - - - -
B - - - -

3 LDPE/G-polymer A - - - -
B - - - -

4 T2
A - + (25%) - -
B - + (50%) - -

5 LDPE/T2
A - + (50%) - -
B - - - -
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Table 3. Cont.

Sample Film Structure Migrate TA98 TA100
−S9 +S9 −S9 +S9

6 LDPE/EVOH/T2
A - - - -
B - + (50%) - -

7 LDPE/G-Polymer/T2 A - - - -
B - + (100%) - -

8 F
A + (100%) + (6.25%) - -
B - + (12.5%) - -

9 LDPE/EVOH/F
A - + (12.5%) - -
B + (100%) + (12.5%) - -

10 LDPE/G-polymer/F A - + (12.5%) - -
B + (50%) - -

The number of unknowns increases particularly in the recycled material F, which can
be seen in the semi-quantitative GC-MS results (see Table A4). In the other recycled material
T2 (see Table A3), the number of unknowns is lower but still much higher compared to
the virgin LDPE material (see Table A2). Four unknowns in virgin LDPE, six unknowns in
recycled sample T2 and eight unknowns in recycled sample F exceeded the threshold of
0.01 mg/kg.

2.3. Miniaturized Ames Test

Detailed results of the ten tested samples can be seen in Table 4 and Figure 5. None of
the tested samples showed mutagenicity for the bacteria strain TA100 with and without
metabolic activation (+/−S9). In addition, no inhibiting effects were observed, which is
why the spike recovery is not shown in Table 3 or Figure 5. For the procedural blanks, no
mutagenic or inhibitory effects were detected. The comparison of the n-fold inductions of
migrate A and B with TA98 +S9 of all the tested samples can be seen in Figure 5.

Table 4. List of the ten investigated samples, film structure and thickness.

No. Code Assigned Film Structure Thickness Distribution (µm)

1 LDPE 100% LDPE virgin mono reference 60

2 LDPE/EVOH LDPE/tie/EVOH/tie/LDPE/LDPE/LDPE 15/3/3/3/6/15/15

3 LDPE/G-polymer LDPE/tie/G/tie/LDPE/LDPE/LDPE 15/3/3/3/6/15/15

4 T2 100% recycled mono LDPE (Type 2) 60

5 LDPE/T2 LDPE/LDPE/T2/T2/T2/LDPE/LDPE 7.5/7.5/10/10/10/7.5/7.5

6 LDPE/EVOH/T2 LDPE/tie/EVOH/tie/T2/T2/LDPE 15/3/3/3/6/15/15

7 LDPE/G-Polymer/T2 LDPE/tie/G/tie/T2/T2/LDPE 15/3/3/3/6/15/15

8 F 100% recycled mono LDPE (Type F) 60

9 LDPE/EVOH/F LDPE/tie/EVOH/tie/F/F/LDPE 15/3/3/3/6/15/15

10 LDPE/G-polymer/F LDPE/tie/G/tie/F/F/LDPE 15/3/3/3/6/15/15

The three samples LDPE, LDPE/EVOH and LDPE/G-polymer (see Table 4), which
only contain the virgin LDPE material, showed no mutagenic effects in the miniaturized
Ames test in all the tested strain conditions. In contrast, the recycled material T2 showed
a positive result up to 25% for migrate A and up to 50% for migrate B with a maximum
n-fold induction of around 7 (see Figure 5) in the strain TA98 +S9. The sample LDPE/T2
showed a weak positive result up to 50% for migrate A with a maximum n-fold induction of
2.6. Migrate B showed no mutagenic effects, which means that the sample LDPE/T2 gave
ambiguous results in both migrates. Migrate A of the sample LDPE/EVOH/T2 showed
no mutagenic effects, but migrate B showed a positive result up to 50% of the sample
migrate with a maximum n-fold induction of 5.0. Thus, sample LDPE/EVOH/T2 also gave
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inconclusive results. The fourth sample containing T2 (LDPE/G-polymer/T2) showed
a negative result for migrate A, but for migrate B, a weak positive result with a n-fold
induction of 2.3 at 100%. Therefore, sample LDPE/G-polymer/T2 also gave equivocal
results. The recycled sample material F showed strong mutagenic effects in both migrates
(A and B) with a maximum n-fold induction of 28 (see Figure 5). Migrate A scored a
positive result up to 6.25% and migrate B up to 12.5% in the bacteria strain TA98 +S9.
Without metabolic activation (TA98 −S9), migrate A scored a positive result at 100% and
migrate B scored a negative result. The sample LDPE/EVOH/F was also strongly positive
but with a lower n-fold induction of approximately 20. Both migrates (A and B) showed
mutagenic effects up to 12.5%. With the bacteria strain TA98 −S9, migrate A had a negative
result and migrate B a positive result at 100% of the sample migrate. The sample LDPE/G-
polymer/F also scored a positive result with TA98 +S9, but with a much lower n-fold
induction compared to the reference sample F (maximum n-fold induction of 11.0). Migrate
A scored a positive result up to 12.5% and migrate B up to 50%.

The miniaturized Ames test results of samples containing the recycled LDPE materials
T2 or F showed very similar results reported by Mayrhofer et al. [8]. Most of the posi-
tive results were only positive in the strain condition TA98 +S9, except for two samples
which were also positive in the strain condition TA98 −S9 (see Table 4, sample F and
LDPE/EVOH/F). Four out of ten samples were clearly positive in the test strain condition
TA98 +S9 and three gave equivocal results, which means only one of the two migrates
(A or B) was positive. A possible explanation could be that different parts of the film
were migrated (in total 3 dm2 for 300 mL 95% ethanol per migration) where the functional
barriers were ineffective due to large particles in the recycled material T2 (also see Figure 2,
e.g., sample LDPE/EVOH/T2). In some areas that were used for migration, the particles
may have damaged the barrier properties, while in other areas the barriers remained intact.
In this case, a higher amount of toxicologically relevant substances of the recycled material
T2 could have migrated out of the material. This could also be a reason why the samples
containing T2 with additional layers gave ambiguous results for both migrates. The large
particles in the recycled films, which may have damaged the barrier properties, can be
seen in some of the microscopy images in Figures 2 and A1. The samples containing the
recycled material F also scored Ames positive results but the reduction of n-fold induction
with additional layers was still visible. For example, the G-polymer barrier in sample
LDPE/G-polymer/F (see Figure 5) showed a clear reduction of n-fold induction, and
therefore, mutagenicity in the Ames test. Nevertheless, all samples containing the recycled
material F showed a clear dose–response and a positive result in all the tested samples. This
might be the case because the recycled material F itself showed strong mutagenic activity
in the Ames test and the additional film layers could not completely prevent the migration
of all toxicologically relevant substances.
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indicators show the standard deviation of each sample in a triplicate determination. A positive re-
sult is achieved if the n-fold induction exceeds two, denoted by the horizontal lines. 
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Figure 5. Comparison of the n-fold induction of the ten tested samples from Table 4. The diagrams
show the results with bacterial strain TA98 +S9 for migrate A and B. Diagram (a) shows a virgin LDPE
reference film, (b) consisted of virgin LDPE with an EVOH layer and (c) consisted of virgin LDPE
with a G-polymer layer. Diagram (d) shows a recycled LDPE reference film called T2, (e) consisted
of T2 and LDPE layers, (f) consisted of T2, LDPE layers and an EVOH layer and (g) consisted of
T2, LDPE layers and a G-polymer layer. Diagram (h) shows a recycled LDPE reference film called
F, (i) consisted of F, LDPE layers and an EVOH layer and (j) consisted of F, LDPE layers and a
G-polymer layer. The x-axis label ‘% of sample migrate’ refers to the sample concentration (dilution)
of the migrate. Bars marked with a star (*) indicate a positive result for mutagenicity. The error
indicators show the standard deviation of each sample in a triplicate determination. A positive result
is achieved if the n-fold induction exceeds two, denoted by the horizontal lines.

3. Materials and Methods
3.1. Materials

Low-density polyethylene (LDPE) (LDPE Borealis grade FT5230, sourced from Nexeo
Plastic Europe in Barcelona, Spain), specifically designed for packaging film applications
was utilized as a reference sample and as the virgin outer layer in direct contact with
food in the ABA structures. Ethylene vinyl alcohol (EVOH EvalTM E171B) intended for
food contact as the barrier layer was obtained from Kuraray (EVAL Europe N.V. Melsele,
Belgium). Amorphous vinyl alcohol resin (G-Polymer™) was provided by Mitsubishi
Chemical Europe GmbH, Düsseldorf, Germany. Recycled materials T2 and F were supplied
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by a European supplier (specific supplier information is available from the authors). The
ten investigated samples with various film structure and thickness can be seen in Table 4.

3.2. Methods
3.2.1. Polymer Processing

Among the set of samples in Table 1, three samples were monomaterial films, labeled
as LDPE, T2 and F. These were produced using a Collin monolayer lab-scale extruder
equipped with a 25 mm screw, a die gap ranging from 0.8 to 2 mm and a winder capable of
handling widths up to 350 mm. The maximum output capacity of this setup was 8 kg/h,
with a length-to-diameter ratio (L/D) of 25.

An additional seven samples, characterized as ABA structures, were manufactured
using a 7-layer Collin coextrusion blown film pilot line. This extruder featured five 25 mm
screws and two 30 mm barrier screws, with die gap settings ranging from 1.5 to 2.0 mm.
The winder for these samples could accommodate widths up to 550 mm (lay flat) and had
a maximum output capacity of 75 kg/h, with a length-to-diameter ratio (L/D) of 30.

3.2.2. FT-IR and Light Microscopy

The characterization of the surface of each recycled film sample was analyzed with a
Fourier Transform Infrared spectroscopy (FT-IR) for the respective material composition.
The device used was a Spectrum Two (PerkinElmer Co., Ltd., Waltham, MA, USA) equipped
with a universal attenuated total reflectance accessory (U-ATR), a LiTaO3-MIR-detector
and the Software Spectrum 10 (Version: 10.6.2). The spectral range for this experiment
was defined from 4000–400 cm−1 with a resolution of 4 cm−1 [22]. For this experiment,
4 scans per analysis were sufficient according to Simoneau et al. [23]. To compare the
measurements with each other, LDPE was used as a reference sample, as LDPE is present
on the surfaces of most of the samples, except for samples T2 and F of this test series.

The structure of the samples was further analyzed with a transmitted light microscope
with polarized light (Motic® Panthera L Microscope, Hong Kong, China) and an integrated
digital smart cam. Four microtome sections with a thickness of 10–20 µm of the cross-
section of each sample were obtained with a Microm HM 450 (Thermo Scientific, Waltham,
MA, USA). In contrast to Simoneau et al. [23], the samples were embedded in 60 ◦C warm
paraffin with the modular tissue embedding centre EC 350 (Especialidades Médicas MYR,
S.L.; Spain) on an embedding cassette as in the case of histological examinations. Before
the sections were placed on a microscope slide, they were put in a water bath at 40 ◦C to
prevent errors due to wrinkling of the cooled paraffin. Those sections were then analyzed
under a light microscope. The thicknesses of the foils and their layers were analyzed
with the Software Panthera App (Version: 1.0.2.38-build-180710) of the microscope. In
addition, the size of ten particles per sample, bigger than 5 µm, was measured with the
same software of the transmitted light microscope. These measurements were only carried
out on samples T2, LDPE/EVOH/T2, F and LDPE/EVOH/F, the average length and width
of the particles were calculated as well. The distribution of interfering particles in film
T2 and F was determined by manually counting the number of particles in five 66 cm2

pieces of the film samples, using a colony counting and zone measuring instrument by
Synoptics (ProtoCOL 3, Cambridge, UK). The average value per unit area was analyzed
and calculated for comparative differences.

3.2.3. Migration and Pre-Concentration

The ten samples from Table 1 were migrated based on the EU regulation 10/2011 [4]
and Rainer et al. [12] with slight adaptations. For each sample, two individual migrations
were prepared and tested. Glass bottle-based migration (Schott bottles with Polytetrafluo-
roethylene (PTFE) caps) with a surface/volume ratio of 1 cm2/mL and 300 mL 95% ethanol
diluted from ≥ 99.9% ethanol (LiChrosolv® gradient grade for liquid chromatography,
Merck, Darmstadt, Germany) was carried out for films (without EVOH or G-polymer)
where total immersion was possible. The other films (with EVOH or G-polymer) were
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migrated only on the inner surface in migration chambers. The migration process was
carried out at 60 ◦C for 10 days in a thermal oven (Lab Oven Thermo Scientific Heratherm
OGS180) to cover long-term storage above six months at room temperature according to EU
regulation 10/2011 [4]. After migration, 3 mL of the unconcentrated migrates was collected
for the GC-MS analysis. To attain higher concentrations of the target substances, samples
were concentrated by a Rotavapor® R-300 (BÜCHI Labortechnik AG, Flawil, Switzerland)
at 40 ◦C on 70 mbar pressure and 150 rpm. The samples were concentrated approximately
300-fold to 1 mL and 1 mL dimethyl sulfoxide (DMSO, ≥99%, Merck, Darmstadt, Ger-
many) was added to the migrates. The remaining ethanol was removed by a Visiprep™
SPE vacuum manifold DL (Supelco®, Bellefonte, PA, USA) between 200 and 700 mbar
under a constant air stream. Procedural blanks consisting of only 95% ethanol were run in
parallel to the process under the same conditions. The samples were stored at 4 ◦C until
the analysis.

3.2.4. GC-MS

Chromatographic analysis was performed to identify the migrants from the films
for the specific migration. For the GC-MS analysis, 3 mL of the unconcentrated migrates
was collected and tested. An Agilent 6890N coupled to an Agilent 5973 Network Mass
Selective Detector and a Gerstel MPS2 Autosampler was used for the GC-MS analysis. For
separation, a Zebron ZB-5MSPlus column (30 m × 0.25 mm × 0.25 mm, Phenomenex)
was used as split injection (2:1 ratio) with a temperature range from 60 ◦C to 300 ◦C at a
heating rate of 10 ◦C/min and a total run time of 45 min. The chromatograms obtained
from the migration samples of all 10 samples were compared to determine the efficiency of
functional barrier systems on migration from a recycled mid layer and safety assessment of
all sample systems. Quantification was performed using alkane standards and according
to calibration curves and response factors for closest retention time match. Identification or
classification was carried out with obtained mass spectra and available databases. Specific
migration was expressed in mg/kg of food.

3.2.5. Criteria for Evaluating the GC-MS Analysis

The interpretation and substance identification of the chromatogram and the mass
spectrum is based on the WR11e/NIST17 GC-MS library available with >1 million sub-
stances together with a high number of own references and previous analyses of recycled
materials. The substances can be identified are either IAS (intentionally added substances)
or NIAS (non-intentionally added substances). The risk of identified substances is assessed
according to their registration in the list of substances in EU 10/2011 [4], Swiss ordinance
for printing inks [24], their Cramer Class evaluation [7] or in the Registration, Evalua-
tion, Authorisation and Restriction of Chemicals (REACH) list of Substances of Very High
Concern (SVHC) [25].

When identifying peaks, not only the match of the search is important, but also the
specificity. A match above 950 of 999 for a high concentration peak is generally a safe
identification, while a match closer to 800 for a high concentration peak is likely not that
exact compound, but a compound of similar structure, and therefore, in many cases it
is of similar toxicity. Identified compounds with a low match were confirmed based on
previously analyzed standards due to specific fragmentation ions and retention times.
Retention index (RI) is based on retention time compared to an analyzed alkane standard.
A substance that elutes at the exact same time as a C14 alkane will show an RI equal
to 1400. A substance that elutes halfway between a C14 alkane and a C15 alkane will
show an RI of 1450, regardless of what the actual retention time is. This allows for the
comparison of substances analyzed on similar columns, even if they were analyzed on
different temperature gradient programs.

Identified compounds that are not listed in EU regulation 10/2011 have been given an
SML value according to the Threshold of Toxicological Concern (TTC) approach. Substances
are then classified according to their structure using the ToxTree software [26,27] and
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assigned to a Cramer Class. The values for the Cramer Classes I, II and III are 1.8, 0.54
and 0.09 mg/kg. As SML values of EU regulation 10/2011 have values from 60 mg/kg to
0.05 mg/kg, the Cramer Classes are not the upper or lower limits, as compounds can be
classified as >1.8 mg/kg and <0.09 mg/kg. Unknown peaks are peaks with a very poor
search result that cannot be positively identified by spectrum or retention time, and that
cannot be tentatively identified as unknown saturated hydrocarbon. These compounds are
given an SML of 0.010 mg/kg, equal to 10 parts per billion (ppb).

3.2.6. Miniaturized Ames Test

The concentrated migrates were tested with a miniaturized Ames test based on the
Ames MPFTM manual from Xenometrix [28], except for minor modifications. The used
miniaturized Ames test, which is a fluctuation assay carried out in liquid media, was
already applied in previous publications from Rainer et al., 2019 [12] and Mayrhofer et al.
2023 [8]. The specific chemicals which were used for the miniaturized Ames test are listed
in Table A1 in Appendix A. The Salmonella Typhimurium test strains TA98 (PSS-0110) and
TA100 (PSS-0111) were provided by Xenometrix (Allschwil, Switzerland). The bacteria
were grown as overnight cultures in 10 mL Nutrient Broth No. 2 with the addition of 10 µL
ampicillin. The bacteria were used after reaching an OD at 600 nm ≥ 2 which is equivalent
to approximately 109 cfu/mL. As the negative control, DMSO was used. Positive controls
were used according to the Ames MPFTM manual by Xenometrix [28]. For TA98, 2-AA
(end concentration 0.5 µg/mL) and 2-NF (end concentration 2 µg/mL) were used. For
TA100, 2-AA (end concentration 1.25 µg/mL) and 4-NQO (end concentration 0.1 µg/mL)
were used. For the samples, a serial dilution (1:2) with DMSO was prepared; 10 µL of
each control and sample concentration was pipetted in triplicate into 24-well plates (VWR
International, Radnor, PA, USA) and mixed with 240 µL exposure mix. The exposure mix
consisted of TA98 of 10% bacteria for TA100 of 5% bacteria and exposure medium. For the
tests with metabolic activation (+S9), 15% of the exposure mix consisted of S9 mix (2.25%
S9 and 12.75% cofactors). Phenobarbital/ß-Naphtoflavone induced lyophilized rat liver S9
(Lot FB1564) provided by Xenometrix (Allschwil, Switzerland) was used.

The exposure medium was prepared according to ISO NORM 11350 [29]. It contained
0.02% MgSO4·7 H2O, 0.2% citric acid, 1% K2HPO4, 0.35% NaNH4HPO4·4 H2O, 0.44%
glucose, 0.6% biotin and 0.1% histidine. The cofactors were prepared according to Hamel
et al. [30]. They contained 55.6% phosphate buffer (0.2 M, pH 7.4), 4.4% NADP, 0.6%
G-6-P and 2.2% KMg. To test for inhibiting or toxic effects, every sample was additionally
pre-incubated with a spiked exposure medium with the positive controls of the respective
test/strain condition in the same end concentration. The plates were then pre-incubated at
37 ◦C and 250 rpm for 90 min in an orbital shaker. After pre-incubation, 2.6 mL of indicator
medium was added to each well and the content of one 24-well plate was distributed
to three 384-well plates (VWR International, Radnor, PA, USA). The indicator medium
was prepared according to ISO NORM 11350 [29]. It contained 0.04% MgSO4·7H2O, 0.4%
citric acid, 2% K2HPO4, 0.7% NaNH4HPO4·4H2O, 0.49% glucose, 2.06% biotin and 2.82%
bromocresol purple indicator. The 384-well plates were incubated for 48 to 72 h at 37 ◦C
(Cooling incubator KT 115, Binder GmbH, Tuttlingen, Germany). After incubation, all the
yellow wells of the 384 plates which indicated a positive well were scored. Bromocresol
purple in the indicator medium is responsible for the color change from purple to yellow.
Bacterial growth produces acidic metabolites which cause the change to a lower pH and
color change.

3.2.7. Evaluation Criteria for the Miniaturized Ames Test

After scoring the 384-well plates, evaluation criteria according to the test protocol
by Xenometrix [28] were used with minor adjustments. For each experiment, the mean
number of revertants of the negative and positive controls was documented and compared
to the historical data provided by Xenometrix [31]. Experiments that did not meet the
validation criteria were excluded from further evaluation and were repeated. First, the
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baseline was determined for each individual experiment. It was calculated by the mean
number of revertants of the negative controls plus one standard deviation. If the mean
number of revertants of the negative controls was <1, the baseline was set to 1. The positive
threshold value was determined by multiplying the baseline by two. Afterwards, the n-fold
induction of each dilution of the sample migrate was determined. The n-fold induction
was calculated by the mean number of revertants of the sample concentration divided by
the baseline. Samples with an n-fold induction < 2 were classified as non-mutagenic. If
the mean number of revertants of a sample concentration surpassed the positive threshold
(n-fold induction ≥ 2), the sample was classified as mutagenic. In addition, the lowest
dilution which still exceeded the positive threshold was given in % as the lowest effective
concentration (LEC) of the sample migrate and can be seen in Table 3. Two individual
migrates (A and B) of each sample were tested and evaluated. If one of the two migrates
was positive and the other negative, the sample was classified as equivocal. Furthermore,
the spike recovery of each sample concentration was determined by dividing the mean
number of revertants of the spiked sample concentration by the mean number of revertants
of the negative controls, which was defined as 100% spike recovery. If the spike recovery of
a sample concentration was <60%, the sample was classified as inhibitory, as these levels of
cytotoxicity could mask positive effects.

4. Discussion

The microtome cuts revealed the presence of particles in the multilayer structure of the
films under observation. Similar evidence was also observed by Spalding et al. [32], where
black specs in the pellets from recycled PE were found. In the same study, the authors
found a birefringent particle embedded in a gel in a multilayer PE structure. Although
FT-IR investigations revealed the particle to be composed of polyester and cellulosic fiber,
no difference was observed in the peaks from the virgin PE in our study. Thus, the precise
origin and nature of the particles remain uncertain. The uniform distribution of the particles
across the polymer matrix could be attributed to the oxidation or crosslinking of the PE
chains, which may have been initiated by the presence of trace contamination from the
recycling stream.

However, the Ames test results of the recycled materials in this study showed an effect-
based hazard that has not yet been identified. According to the miniaturized Ames test
results from Mayrhofer et al. [8], a significant amount of high-diffusive recycled materials
such as polyolefins showed an increased mutagenic activity in the Ames test. This also
correlates with the miniaturized Ames test results from this study, as four out of ten tested
samples showed a clear Ames positive result in two individual migrates. Although the
substance or group of substances that caused the increased mutagenic activity has not yet
been identified, the mutagenic activity is increased after high-thermal mechanical recycling
processes. Degradation products or reaction by-products of certain residues might increase
the number of unidentified NIAS and potentially genotoxic substances.

According to Adahchour et al., genotoxins have a very wide variety of physical-
chemical properties [33], thus high-performance liquid chromatography (HPLC)–MS meth-
ods are additionally recommended to cover a broader spectrum of genotoxins, including
semi-volatile and involatile substances. As many unknowns already exceeded the SML
threshold of 0.01 mg/kg, genotoxic substances with a threshold of 0.00015 mg/kg cannot
be excluded at these levels by solely using GC-MS. Therefore, in vitro bioassays, which
screen for specific toxicological endpoints such as the Ames test for direct DNA-reactive
substances, are recommended by the International Life Sciences Institute (ILSI) [10,14] to
support the risk assessment of unidentified NIAS. Additional in vitro or in silico meth-
ods such as quantitative structure–activity relationship (QSAR) models (see Ma et al. [34]
and Djelassi et al. [35]) can further support the toxicological evaluation of unidentified
substances in the forest of peaks obtained from chromatographic analysis.
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5. Conclusions

The results of this study confirmed that GC-MS alone is not sufficient to detect all
unidentified NIAS, as many unknowns already exceeded the SML threshold of 0.01 mg/kg.
The study also showed the following points regarding functional barriers:

1. The recycled sample material F exhibited stronger mutagenic effects than the other
recycled material T2 in both migrates (A and B) with a maximum n-fold induction
of 28.

2. The additional film layers can effectively reduce migration, but the migration of all
toxicologically relevant substances could not be fully prevented. A combination of
virgin LDPE and EVOH reduced the n-fold induction by about one third compared to
material F, and virgin LDPE combined with G-polymer reduced the n-fold induction
by about two thirds.

3. In some of the samples, the addition of EVOH did not decrease the relative reduction of
migrated substances, whereas with G-polymer, all samples showed a higher reduction
(ranging from 64% to 100%).

4. G-polymer demonstrated superior barrier properties compared to EVOH for 6 out
of 11 chemicals that migrated from T2. Similar trends were observed in samples
containing recycled material F, where G-polymer also outperformed EVOH for 13 out
of 16 chemicals.

Nevertheless, light microscopy images revealed differences in quality and an increased
number of particles in both recycled materials T2 and F. Depending on the size and position
of these particles, the functional barriers of the films can be damaged, which could increase
the migration of potentially hazardous substances and pose an increased toxicological risk.
Therefore, barrier properties still need to be improved and higher quality recycled materials
should be used and re-evaluated. Optimal recycled content should be determined from
both perspectives in order to be considered as safe for use in food packaging applications
in line with new requirements such as the proposed PPWR [36].
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Appendix A

Table A1. List of all chemicals used for the miniaturized Ames test. Chemicals were provided by
Carl Roth (Karlsruhe, Germany), Oxid (Wesel, Germany) and Sigma Aldrich (Steinheim, Germany).

Chemical Abbreviation CAS No. Supplier

Dimethyl sulfoxide DMSO 67-68-5 Carl Roth
Nutrient Broth No. 2 (CM0067) - - Oxid

Ampicillin sodium salt - 69-52-3 Carl Roth
Citric acid monohydrate ≥ 99.5% - 5949-29-1 Carl Roth

Magnesium sulfate heptahydrate ≥ 99% MgSO4 · 7 H2O 100034-99-8 Carl Roth
Dipotassium hydrogen phosphate ≥ 98% K2HPO4 7758-11-4 Carl Roth
Sodium ammonium hydrogen phosphate

tetrahydrate ≥ 99% NaNH4HPO4 · 4 H2O 7783-13-3 Carl Roth

D-glucose monohydrate - 77938-63-7 Carl Roth
D-biotin ≥ 98.5% - 58-85-5 Carl Roth

Bromocresol purple - 115-40-2 Sigma Aldrich
L-histidine ≥ 99% - 71-00-1 Sigma Aldrich

D-glucose-6-phosphat monosodium salt ≥ 98% G-6-P 54010-71-8 Carl Roth
NADP disodium salt ≥ 85% NADP 24292-60-2 Carl Roth

Magnesium chloride ≥ 98.5% MgCl2 7786-30-3 Carl Roth
Potassium chloride ≥ 98.5% KCl 7783-13-3 Carl Roth

Sodium dihydrogen phosphate monohydrate ≥ 98% NaH2PO4 · H2O 10049-21-5 Carl Roth
Disodium hydrogen phophate ≥ 98% Na2HPO4 7558-79-4 Carl Roth

4-nitroquinoline-N-oxide ≥ 98% 4-NQO 56-57-5 Sigma Aldrich
2-aminoanthracene 96% 2-AA 613-13-8 Sigma Aldrich

2-nitrofluorene 98% 2-NF 153-78-6 Sigma Aldrich

Table A2. Semi-quantitative GC-MS results for virgin LDPE samples *.

Nr. Name LDPE LDPE/EVOH LDPE/G

1 Unknown nd 0.234 0.269

2 Arvin 4 0.066 0.058 0.066

3 Ethyl dodecanoate nd nd nd

4 Unknown 0.100 0.252 0.276

5 Diethyl terephthalate nd nd nd

6 Unknown nd 0.010 0.006

7 Arvin 6 0.115 0.098 0.082

8 1-octadecene nd nd nd

9 Arvin 7 0.026 0.027 0.022

10 Isopropyl myristate nd nd nd

11 Unknown 1.514 1.752 1.480

12 Unknown 0.080 0.418 0.754

13 Unknown 0.007 0.130 0.177

14 Methyl hexadecanoate nd nd nd

15 Dibutyl phthalate nd nd nd

16 Ethyl hexadecanoate 0.025 0.020 0.014

17 Benzenepropanoic acid,
3,5-bis(1,1-dimethylethyl)-4-hydroxy-, ethyl ester 0.445 3.326 4.845

18 Tributyl aconitate nd nd nd

19 Ethyl cis-9-octadecenoate nd nd nd

20 Butyl citrate nd nd nd

21 Ethyl octadecanoate nd 0.013 0.010

22 Unknown 0.022 0.049 0.056
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Table A2. Cont.

Nr. Name LDPE LDPE/EVOH LDPE/G

23 Tributyl acetylcitrate nd nd nd

24 Bis(2-ethylhexyl) adipate nd nd nd

25 1-tetracosene 0.043 0.047 0.067

26 Cyclohexane, 1,3,5-triphenyl- nd nd nd

27 Di(2-ethylhexyl) phthalate nd nd <0.005

28 Unknown nd nd nd

29 Bumetrizole nd nd nd

30 Di-(2-ethylhexyl) terephthalate nd nd nd

31 Erucamide nd nd nd

32 P168 nd nd 0.093

33 P168-ox nd 0.110 0.346

34 AO1076 nd 0.008 0.018

35 POSH 1.8 1.9 2.5

36 Total non POSH 2.4 6.6 8.6

37 Total amount 4.3 8.5 11.1

* Red formatting on numbers indicates that the substance is above the respective specific migration limit in mg/kg.

Table A3. Semi-quantitative GC-MS results for T2 samples *.

Nr. Name T2 LDPE/T2 LDPE/EVOH/T2 LDPE/G/T2

1 Unknown 0.057 0.047 0.291 0.385

2 Arvin 4 0.125 0.060 0.062 0.069

3 Ethyl dodecanoate 0.020 0.009 0.012 0.007

4 Unknown 0.120 0.150 0.254 0.309

5 Diethyl terephthalate nd nd nd nd

6 Unknown 0.010 0.013 0.015 0.013

7 Arvin 6 0.126 0.110 0.095 0.083

8 1-octadecene 0.089 0.048 0.040 0.032

9 Arvin 7 0.029 0.027 0.028 0.024

10 Isopropyl myristate nd nd nd nd

11 Unknown 2.024 1.969 1.470 1.354

12 Unknown 0.130 0.164 0.555 0.980

13 Unknown 0.032 0.049 0.088 0.192

14 Methyl hexadecanoate nd nd nd nd

15 Dibutyl phthalate 0.021 0.008 0.007 nd

16 Ethyl hexadecanoate 0.067 0.042 0.036 0.030

17
Benzenepropanoic acid,

3,5-bis(1,1-dimethylethyl)-4-hydroxy-,
ethyl ester

0.862 1.377 3.776 5.655

18 Tributyl aconitate 0.017 0.007 nd nd

19 Ethyl cis-9-octadecenoate nd nd nd nd

20 Butyl citrate 0.018 nd nd nd

21 Ethyl octadecanoate 0.044 0.021 0.023 0.020

22 Unknown 0.030 0.032 0.052 0.062
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Table A3. Cont.

Nr. Name T2 LDPE/T2 LDPE/EVOH/T2 LDPE/G/T2

23 Tributyl acetylcitrate 0.133 0.044 0.016 0.010

24 Bis(2-ethylhexyl) adipate 0.047 0.012 nd nd

25 1-tetracosene 0.217 0.102 0.125 0.088

26 Cyclohexane, 1,3,5-triphenyl- 0.012 <0.005 nd nd

27 Di(2-ethylhexyl) phthalate 0.068 0.023 0.022 0.016

28 Unknown nd nd nd nd

29 Bumetrizole 0.047 0.014 0.013 0.008

30 Di-(2-ethylhexyl) terephthalate 0.112 0.031 0.030 0.017

31 Erucamide 0.047 nd nd nd

32 P168 nd nd <0.005 0.046

33 P168-ox 0.714 0.220 0.499 0.323

34 AO1076 0.085 0.027 0.048 0.040

35 POSH 4.2 3.1 3.1 1.9

36 Total non POSH 5.3 4.6 7.6 9.8

37 Total amount 9.5 7.6 10.7 11.7

* Red formatting on numbers indicates that the substance is above the respective specific migration limit in mg/kg.

Table A4. Semi-quantitative GC-MS results for F samples *.

Nr. Name F LDPE/EVOH/F LDPE/G/F

1 Unknown 0.200 0.268 0.350

2 Arvin 4 0.093 0.080 0.065

3 Ethyl dodecanoate 0.061 0.015 0.011

4 Unknown 0.289 0.336 0.389

5 Diethyl terephthalate 2.534 0.019 0.260

6 Unknown 0.044 0.029 0.020

7 Arvin 6 0.102 0.079 0.070

8 1-octadecene 0.111 0.063 0.045

9 Arvin 7 0.026 0.024 0.019

10 Isopropyl myristate 0.120 0.060 0.047

11 Unknown 0.759 0.996 0.980

12 Unknown 0.876 1.361 1.892

13 Unknown 0.159 0.174 0.171

14 Methyl hexadecanoate 0.052 0.020 nd

15 Dibutyl phthalate 0.051 0.020 0.013

16 Ethyl hexadecanoate 0.799 0.217 0.153

17
Benzenepropanoic acid,

3,5-bis(1,1-dimethylethyl)-4-hydroxy-,
ethyl ester

4.292 5.744 7.267

18 Tributyl aconitate 0.112 0.046 0.029

19 Ethyl cis-9-octadecenoate 1.246 0.297 0.266

20 Butyl citrate 0.012 nd nd

21 Ethyl octadecanoate 0.334 0.095 0.081

22 Unknown 0.077 0.082 0.083



Recycling 2024, 9, 57 18 of 20

Table A4. Cont.

Nr. Name F LDPE/EVOH/F LDPE/G/F

23 Tributyl acetylcitrate 0.275 0.073 0.040

24 Bis(2-ethylhexyl) adipate 0.280 0.091 0.043

25 1-tetracosene 0.830 0.493 0.259

26 Cyclohexane, 1,3,5-triphenyl- 0.134 0.050 0.033

27 Di(2-ethylhexyl) phthalate 1.517 0.493 0.303

28 Unknown 0.270 0.111 0.072

29 Bumetrizole 0.013 0.005 <0.005

30 Di-(2-ethylhexyl) terephthalate 1.072 0.425 0.239

31 Erucamide 0.028 nd nd

32 P168 nd 0.014 0.044

33 P168-ox 0.993 0.691 0.331

34 AO1076 0.063 0.046 0.026

35 POSH 15.5 10.8 5.7

36 Total non POSH 17.8 12.5 13.5

37 Total amount 33.3 23.3 19.2

* Red formatting on numbers indicates that the substance is above the respective specific migration limit in mg/kg.
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Figure A1. Surface images of the mono- and multilayer/functional barrier samples. These images 
are intended to reflect the distribution of particles in recycled films. There are no particles in image 
(a) LDPE virgin and image (d) LDPE/EVOH. In comparison, the distribution of particles can be seen 
in images (b) T2, (c) F, (e) LDPE/EVOH/T2 and (f) LDPE/EVOH/F. 

  

Figure A1. Surface images of the mono- and multilayer/functional barrier samples. These images
are intended to reflect the distribution of particles in recycled films. There are no particles in image
(a) LDPE virgin and image (d) LDPE/EVOH. In comparison, the distribution of particles can be seen
in images (b) T2, (c) F, (e) LDPE/EVOH/T2 and (f) LDPE/EVOH/F.
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