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Abstract: The complexity of plastic polymers and even more so of additives has increased enormously in recent
years. This makes the high-quality recycling of mixed plastic waste considerably more difficult. Some additives
have now been strictly regulated or even completely banned for good reasons (‘legacy additives’). Material or
mechanical recycling generally utilises old plastics that still contain these substances. Consequently, products
that are manufactured using such recyclates are contaminated with these harmful substances. We therefore
recommend avoiding the use of these recyclates for products with intensive contact with consumers until
further notice. We also show that the climate policy challenges for the plastics (and chemical) industry
necessitate a defossilisation (‘feedstock change’). This turnaround can only succeed if solely high-quality
recycling takes place in future; recyclates should primarily replace virgin plastics. This can only work if used
plastics with a high degree of homogeneity and known formulation are collected separately, as is already the
case today with PET bottles. In this context, we would like to point out inconsistencies in the current legislation
on the European emissions trading system.

Keywords: moratorium on the use of recyclates; legacy additives; ‘Risk Cycle’; human
biomonitoring; closed-loop recycling; feedstock change

1. Introduction

Global plastic production has increased exponentially since the Second World War. In 1950,
annual global plastic production was still around 1.5 million tonnes (hereinafter referred to as Mg).
In 2002, production reached 200 million Mg/a, in 2019 it was already 460 million Mg according to
OECD [1] (including 29 million Mg secondary plastic, see GPO [1, p. 23]. Investment in new plants
for the production of plastics based on cheap gas or oil continues unabated. By 2040, we could be
producing even 800 million Mg of plastics per year and more [2].

At the end of their service life, plastic products become waste. At the end of the 1980s, the
increasing quantities of waste, especially packaging, caused considerable disposal problems e.g., in
Germany. As a countermeasure, the German Packaging Ordinance (Ordinance on the Avoidance and
Recycling of Packaging Waste) was passed in 1991. Ahead of the impending regulation, the Dual
System Germany (DSD) was founded in 1990 by an association of companies from the food and
packaging industry operating in Germany. This was intended as a second disposal system alongside
the existing public waste disposal system (hence the term “dual”) to organise the collection and
recycling of packaging waste, financed by the packaging manufacturers via the licence fee for the use
of the “Green Dot”.

In order to counter the threat of government regulation of PVC, the manufacturing and
processing industry in Germany also launched its own initiative. Behind the PVC industry’s “Plastics
Cycle”, “PVC Cycle Guarantee” and “Global Recycling” concepts of 1988 and the AGPU
(Arbeitsgemeinschaft PVC und Umwelt e.V., i.e., Working Group on PVC and Environment), which
was founded for this purpose, lies the idea of recycling PVC waste and the chlorine it contains, and
thus solving the respective waste and sustainability problem [3,4].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Since the 1980, two solution strategies, or rather visions at the time, for solving the plastics waste

problem, were in competition with each other:

e technical recycling (waste plastics are replasticised into new plastic products),

e  biological recycling (plastics must be naturally degradable and integrate into the metabolic cycle
of nature).

It is ironic, that the protagonists of both solution strategies of that time used the same narrative:
closing a cycle. The end of the story is well known. Technical recycling won the race, initially as an
idea, later also in regulatory and practical terms. However, it is not only the polymers that end up in
the recyclate and the products made from it in today’s plastics recycling process, but also the other
components such as additives — including substances that are now banned or strictly regulated due
to their harmfulness to humans and/or the environment (“legacy additives”).

When the decision was made to focus on material recycling, the variety of plastics was
considered to be manageable. This has changed significantly over the last 50 years or so. Many
plastics today are highly developed, unique materials for sophisticated technical applications, and
the variety of additives is still growing. Recycling cycles are no longer limited to Europe, but are
global. Problematic additives in used plastics are now returning to Europe in the form of products
from plastics recycling in Asia, for example.

What could a solution to this problem look like? We will discuss this question in this paper
(based on an earlier publication in German [5]).

2. Materials and Methods

2.1. Plastics

Currently, there are around 200,000 different types of plastic available on the market [6].
According to Pareto Securities [7], seven types of plastic account for a good 80% of European / global
consumption. These are

o polypropylene (PP) ... 20%
e low-density polyethylene (LDPE) ......cccccocoiiiiiiiiiccccccccece s 17%
e high-density polyethylene (HDPE) ......c.cccocooiiiiiiiecc 13%
e polyvinyl chloride (PVC) ... s 10%
e  polyethylene terephthalate (PET/PETP) .......ccccccooioiiiiiiiiiiiiiircccceceaes 8%
o polyurethanes (PU) ... s 8%
e (expanded) polystyrene (PS/EPS) ..o s 6%

According to Plastics Europe [8], the demand for plastics in 2021 was mainly driven by the
packaging sector (39.1%), followed by the construction (21.3%) and the automotive sector (8.6%).
These data are built on estimations of quantities bought by European converters, including imports.
(The demand for recycled plastics and bio-based/bio-attributed plastics and for polymers that are not used in
the conversion of plastic parts and products (i.e., for textiles, adhesives, sealants, coatings, etc.) is not included
in these data.) The polyethylene types were mainly in demand for packaging; propylene (PP) too, but
also in most other sectors. The construction sector was the main consumer of PVC, but also of many
other plastics (PE, PS, PUR, other thermoplastics).

2.2. Polymers

In modern plastic products, the polymer molecule is no longer uniform. Mixtures of two or more
chemically different types of monomers are not uncommon, especially in engineering plastics. With
these so-called copolymers, many properties of the plastic can be specifically adjusted by selecting
the appropriate monomers and their mass ratio to each other. Examples of this include the plastic
ABS (acrylonitrile butadiene styrene copolymer), which is used in the electrical, household appliance
and automotive industries, or SAN (styrene acrylonitrile copolymer), which is used for light guides,
glazing for industrial doors or shower cabin walls, among other things. A frequently used copolymer
that is “transplanted’ into PVC, polycarbonates and polycarbonate/polybutyl terephthalate blends for
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stabilisation purposes, is MBS. However, this is not a single substance, but a mixture of methyl
methacrylate, styrene and butadiene rubber.

Depending on requirements, so-called polymer blends, which are mixtures of two or more
different polymers, are also used in plastic products. The cross-linking of polymer chains can
significantly improve their mechanical performance. Composites made of plastic and other materials
are also used in many areas, such as carbon (e.g., aircraft construction) or glass fiber-reinforced
plastics (e.g., rotor blades of wind turbines, honeycomb sandwich panels in the construction sector)
or fabric-reinforced plastics (e.g., mesh wire in PVC document pouches).

As shown, the homo-polymer is no longer the rule today. This alone makes recycling
increasingly difficult. But there is also the issue of additives.

2.3. Additives

Plastics are compounds of polymers and additives, the process of mixing plastic granulate and
additives is known as ‘compounding’.

“Plastics without additives are not viable. Additives are essential to make thermoplastics
processable and to improve end-use properties” [9]. Depending on the application, the share of
additives in a plastic compound can reach more than 50 weight-% (wt.%), as the example of PVC in
Table 1, taken from [10], shows.

Table 1. Applications of PVC and typical composition of PVC compounds (in wt.%) [10].

Application PVC polymer Plasticizer Stabilizer Filler Others
Rigid PVC applications (PVC-U):
Pipes 98 - 1-2 - -
Window profiles (lead stabilized) 85 - 3 4 8
Other profiles 90 - 3 6 1
Rigid films 95 - - - 5D
Flexible PVC applications (PVC-
P):
Cable insulation 42 23 2 33 -
Flooring (calendar) 42 15 2 41 -
Flooring (paste, upper layer) 65 32 1 - 2
Flooring (paste, inside material) 35 25 1 40 -
Synthetic leather 53 40 1 5 1

Dincl. approx. 0.5 wt.% stabilizer.

2.3.1. Plasticisers

Following the Council of the International Union of Pure and Applied Chemistry (IUPAC) in
1951, a plasticiser is defined as “a substance or material incorporated in a material (usually a plastic
or elastomer) to increase its flexibility, workability, or distensibility” [11]. Plasticisers are still widely
used today to improve plasticisation, especially for PVC, which consumes approximately 90% of all
plasticisers [11].

To put it simply, plasticisers push themselves between the polymer molecules, increasing the
distance between the polymers and allowing the “polymer chains” to slide past each other better —
as if they were lubricated. Plastics thus become flexible or soft. This chemically loose incorporation
of plasticisers is also the decisive reason why plasticisers have relatively high emissions from the
plastic. The plasticisers are not firmly bound in the plastic and can therefore migrate in the plastic to
the surface of the material, evaporate from there or be dissolved out. There are around one hundred
different plasticisers in use. Following [12], they can be divided in
e  Primary plasticisers: these “enhance elongation, softness and flexibility of the polymer. They are

highly compatible with polymers and can be added in large quantities.” Examples are phthalic

acid esters, trimellitic acid esters, phosphoric acid esters and polyesters.
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e Secondary plasticisers are used e.g., for cost reduction, viscosity reduction, solvency
enhancement, surface lubricity augmentation, or low temperature property improvement.
Examples are adipic acid esters, azealic acid esters, sebacic acid esters.

e  Extenders: “They are commonly employed with primary plasticizers to reduce costs in general
purpose flexible PVC.” Examples are chlorinated paraffins, under others.

If plastic products are used for outdoor applications, not only the polymer molecule but also the
plasticiser must be protected from UV rays or biodegradation. For this reason, the formulation of a
material for outdoor use also includes additives that protect the plasticiser.

Typical amount of plasticisers in plastic products is 10-70 wt.% [13]. Among plasticisers,
especially the phthalates are a problem regarding recycling of post-consumer plastic waste (see
Sections 3.2 and 3.5).

2.3.2. Flame Retardants

In order to increase fire protection, additives are added to plastics to delay the flammability of
the respective product. These additives were and are regularly brought about by product standards
that set requirements for delayed flammability (fire tests). The following groups of additives were
used as flame retardants [14]:

e Halogen compounds such as polybrominated and polychlorinated compounds, halogenated
organophosphoric acid esters, chlorinated paraffins (CP),

¢ Phosphorus-containing compounds,

e  Melamines, chlorendic acid and others (magnesium hydroxide, alumina trihydrate).

Table 2 shows the commonly used flame retardants for specific plastics and their level in the
referring resin. Synergists are antimony oxide (often used with many halogenated flame retardants),
sodium antimonate, iron oxide, zinc borate, zinc phosphate and zinc stannate. “Small amounts of
Teflon are often incorporated into the formulation to retard dripping” [14]. (Teflon is a registered
trademark of DuPont & Co., Inc., and consists of polytetrafluoroethylene (PTFE).)

Table 2. Commonly used flame retardants for specific plastics [14].

Resin 1 Flame Retardant FR Level (wt.%) Synergist (wt.%)
ABS Brominated compounds 18-24 4-8
EPS Hexabromocyclododecane 2-4
HIPS Brominated compounds 12 4

Polyamides Brominated compounds 13-22 3-5
Polyamides Phosphorus-containing 7-13
Polyamides Chlorendic acid 18 9
Polyamides Dechlorane Plus® 3 18 9
Polyamides Magnesium Hydroxide 60
PBT Brominated compounds 10-19 4-5
PBT Chlorendic acid 16 5
PBT Dechlorane Plus® ? 16 5
PC Tetrabromobisphenol-A, carbonate oligomers 8-10
PC/ABS Phosphate 10-14
PE Decabromodiphenyloxide 21 7
PP Tetrabljomobisphenol-A, bis(2,3- 6-15 35
dibromopropylether)
pPVC Alumina trihydrate 60

Epoxy ? Tetrabromobisphenol-A 18 wt.% Br
UP 2 Tetrabromophthalic Anhydride 1022 wt.% Br
UP 2 Chlorendic acid/Anhydride 15-19 wt.% Cl

PUR? Brominated compounds 5-28
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D ABS = acrylonitrile-butadiene-styrene copolymer; EPS = expanded polystyrene; HIPS = high im-pact
polystyrene; PBT = polybutylene terephthalate; PC = polycarbonate; PE = polyethylene; PP = polypropylene; PVC
= polyvinyl chloride; XPS = extruded polystyrene; UP = Unsaturated Polyester PUR = polyurethane. 2 Thermoset
9 Dechlorane Plus® is a trademark of the Occidental Petroleum Corporation. The commercial substance consists
of two isomers: 60-80% anti-Dechlorane Plus (CAS no. 135821-74-8) and 20-40% syn-Dechlorane Plus (CAS no.
135821-03-3) [15, p. 20].

Among flame retardants, especially the brominated compounds are a problem regarding
recycling of post-consumer plastic waste.

The situation is different for Dechlorane Plus, which was added to Annex A of the Stockholm
Convention in May 2023 and is thus banned worldwide. In the EU, Annex I to the Regulation (EU)
2019/1021 on persistent organic pollutants will be amended to include Dechlorane Plus (including its
syn-isomer and anti-isomer) as a substance subject to certain restrictions. Following the draft of the
Delegated Regulation [16], concentrations of dechlorane plus equal to or below 1 mg/kg (0.0001 % by
weight) in substances, mixtures or articles are regarded as “as an unintentional trace contaminant”.

Based on the confirmed uses of Dechlorane Plus (DP) in the EU, “the waste streams that will
most likely be affected by a restriction of DP under REACH are ELVs (i.e., End-of-life Vehicles) and
WEEE (i.e.,, Wastes from electrical and electronic equipment)” [15, p.13]. The proposed limit for
“unintentional trace contaminant” is high above level discussed within the public consultation
process before by ECHA. “The Dossier Submitter notes that a comment received from the Plastics
Recyclers Europe in the public consultation confirms that a concentration limit of 0.1% will not affect
the recycling industry while preventing the intentional use of DP (#3398). This is related to the plastics
containing DP and entering the recycling facilities already being sorted to fractions that are to be sent
to destruction and only low DP concentrations in plastics from ELV and WEEE entering the recycling
operation” [Annex to [15], p. 169]. If the new limit value of 0.0001% by weight really does come into
force, this could present a greater challenge for recyclers.

2.3.3. Stabilisers and Antioxidants

Organic compounds can react with atmospheric oxygen leading to degradation. “Oxidation can
occur in every stage of the life cycle of a polymer: during manufacture and storage of the polymer
resin, as well as during processing and end use of the plastic article produced. Plastic materials are
very different from each other in terms of their inherent sensitivity to oxidation” [17, p. 1]. Rubbers
or copolymers from butadiene or isoprene are extremely sensitive to oxidation, polypropylene is at
room temperature, while others like polystyrene or PMMA (poly(methyl methacrylate)) are “stable
even at processing temperatures”.

When polymers oxidise, “they lose mechanical properties, e.g., tensile strength, and rougher
surface appearance and discoloration of the plastic article may result” [17, p. 1]. So called-photo-
oxidation can happen after exposure of the plastic to UV radiation, e.g., in outdoor products.
Degradation or the visible form — “aging” — can be inhibited or retarded by antioxidants. Photo-
oxidation can be inhibited or retarded by light stabilisers (UV stabilisers). Some pigments (see Section
2.3.4) like e.g., titanium dioxide in PVC, serve as light stabiliser, too [18].

The ions of several metals are very active catalysts and can therefore increase the oxidation of
polymers. “Therefore, stabilization of polyolefins that are used as insulation materials for
communication wire and power cables, containing copper conductors requires specific stabilizers,
so-called metal deactivators. These special stabilizers (metal deactivators, MD) form stable complexes
with metal ions” [17, p. 61].

In 1997, the global consumption of antioxidants in plastic amounted to 206,500 Mg. Phenolic
compounds were dominating (56%), followed by organophosphites (31%), thioesters (9%) and other
(4%) [17, Table 1.1]. Antioxidants are added to the plastics in concentrations up to 2 wt.%.

In 1996, the global consumption of UV stabilisers in thermoplastic amounted to 24,800 Mg. The
most important classes were sterically hindered amines (HALS) (46%), followed by benzotriazoles
(27%), benzophenones (20%) and others (e.g., organic nickel compounds) (7%). Nearly three quarters
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of the light stabilisers produced were used with polyolefins (PP: 45%, PE: 29%) [18]. UV stabilisers
are added to the plastics in concentrations below 1 wt.%.

Among stabilisers, especially legacy substances like e.g., the ultraviolet filter 2-(2H-benzotriazol-
2-yl)-4,6-di-tert-pentylphenol (UV-328 for short), a benzotriazole, used in plastics can pose a problem
regarding recycling of post-consumer plastic waste. UV-328 was already placed on the SVHC
candidate list in the EU in 2014 and added to Annex XIV in 2018. The placing on the market and use
of UV-328 without prior authorization is prohibited in the EU from November 27, 2023 [19]. In May
2023, UV-238 was added to Annex A of the Stockholm Convention and is now banned worldwide
[20].

2.3.4. Colorants

Plastics themselves are either transparent or slightly milky in color. They get their color from
colorants. The concentration of the colorant in the plastic depends on many variables, e.g., the field
of application of the plastic and the properties of the colorant, e.g., weather resistance, light-fastness,
solubility, optical impression etc. Colorants for plastics differ as follows:

e Pigments are solids of inorganic or organic origin and are not soluble in water or organic
solvents.

¢ Dyes are of organic origin and are soluble in water or organic solvents.
The following pigments are used:

e  Carbon black (CB) is a popular organic pigment for coloring products that incorporate recycled
plastics. This applies in particular to the processing of waste plastics from the WEE sector (waste
electrical and electronic equipment). CB is also conductive and can be used in parallel as an
antistatic agent. CB, on the other hand, reduces the long term thermal stability (LTTS) of
polypropylene [17, p. 59]. Depending on its origin, CB has a high content of hazardous
substances.

e Titanium dioxide is the dominant white pigment for plastics. On 18 February 2020, the
classification of titanium dioxide in powder form (with at least 1% particles with aerodynamic
diameter <10 pm) as probably carcinogenic by inhalation was published [21]. It is assigned to
hazard category Carc. 2 with the hazard statement H351 (inhalation) “Suspected of causing
cancer (inhalation)”.

e  Other white pigments are zinc oxide, zinc sulfide and lead carbonate. The latter is no longer
permitted but can still be found in old plastic products.

e  Other inorganic heavy metal compounds were also used as pigments in the past. Cadmium
sulfide was used as a pigment from the 1960s to the 1990s. Cadmium and other heavy metals
(organically bound) were also used as stabilisers. Cobalt blue (CoAl204) and chromium oxide
green (Cr20s), which are still used today, used to be among the most important pigments. Other
pigments have since been banned (lead, cadmium, mercury and hexavalent chromium). Today,
there is still a whole range of inorganic pigments based on iron, molybdenum, bismuth, nickel,
titanium and aluminum, some of them in complex mixtures. All relevant colors can therefore be
covered on the basis of inorganic pigments.

Hundreds of dyes are available for the coloring of plastics. Chemical classes of organic colorants

with very good characteristics for use in plastics are shown in Table 3.

Table 3. Chemical classes of organic colorants with very good characteristics for use in plastics, based

on [22,23].

Chemical class Characteristics Representatives (C.I. = Color Index)

. C.I. Pigment Red 168

Anthanth Anth

nthanthrone See Anthraquinone C.I Pigment Violet 31

C.I. Pigment Yellow 24, 108, 147, 199
. . C.I. Pigment Orange 40, 51

Anthraquinone ~elatively good heat resistance of 170~y py o Red 83, 89, 177, 216, 226

270°C C.I Pigment Violet 5:1

C.I. Pigment Blue 60
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C.I. Pigment Yellow 120, 151, 154, 175, 180,

Excellent fastness properties, heat 181, 194
Benzimidazolone stability of 200-300°C, good weather C.I. Pigment Orange 36, P.Q., 60, 62
and light fastness, migration C.I Pigment Red 171, 175, 176, 185, 208
resistance C.I. Pigment Violet 32

C.I. Pigment Brown 25
Diketo pyrrolo Excellent general fastness properties  C.I. Pigment Red 254, 255, 264, 270, 272

pyrrole and brilliant shades C.I. Pigment Orange 71, 73
C.I. Pigment Yellow 93, 94, 95, 128, 155, 166
Disazo Good chemical and weather C.I. Pigment Orange 31
Condensation resistance, good heat stability C.I Pigment Red 144, 166, 214, 220, 221, 242

C.I. Pigment Brown 23

Excellent in all fastness properties,

excellent tinting strength. Relatively Isoindolinone:
Isoindolinone  low alkaline resistance. Reactivity C.I. Pigment Yellow 109, 110, 176
with basic polymer additives limits C.I. Pigment Orange 61
heat resistance.
Good heat stability, moderate light C.I. Pigment Yellow 150
Metal fastness. Solvent Yellow 21
Complexes Use in polyamide and cellulose Solvent Red 214, 225
acetate fibers and in highly Solvent Violet 46
transparent applications. Solvent Blue 132
. Excellent heat resistance and C.I. Pigment Orange 43
Perinone 1 ;
transparency C.I. Pigment Red 194
_ C.I. Pigment Red 123, 149, 178, 179, 190, 224
Excellent heat resistance and . .
Perylene » transparency C.I. Pigment Violet 29
C.I. Pigment Blue 31, 32
Very good heat stability in the range
of 200-300°C, and excellent lightg C.I Pigment Blue 15, 15
Phthalocyanine ’ C.I. Pigment Green 7, 36
fastness. Solvent Blue 67
May cause distortion in HDPE.
Excellent fastness properties and high C.I Pigment Orange 48, 49
Quinacridones color strength. Used for high C.L Pigment Red 122, 192, 202, 206, 207, 209
performance plastics. C.I. Pigment Violet 19, 42
Quinophthalone Good heat stability up to 260-280°C, C.I. Pigment Yellow 138

good light and weather fastness.
! Both are chemically related, having similar base skeletons.

Some of these dyes, such as azo dyes, pose risks. Therefore, according to the REACH Regulation
[24], azo dyes that can release aromatic amines may not be used in the EU for coloring of textile and
leather products, and products colored with them may not be placed on the market if exposure is
possible.

Among colorants, especially Carbon Black and pigments with heavy metal compounds (e.g.,
lead, cadmium) and titanium dioxide are a problem regarding recycling of post-consumer plastic
waste.

2.3.5. Fillers and Reinforcements

“Fillers can nearly affect every property of a polymer when incorporated: surface, color, density,
shrinkage, expansion coefficient, conductivity, permeability, and mechanical and thermal
properties” [25]. “Fillers and reinforcements are used in virtually all polymers, but the largest portion
(over 90%) is restricted to a small number of plastic types, e.g., rubbers, PVC, and polyolefins” [25].

d0i:10.20944/preprints202407.0222.v1
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The filler most commonly used in the past is calcium carbonate (1999: 66%), followed by talc,
kaolin, wollastonite (CaSiOs) and others. Carbon Black has been mainly used as reinforcing filler in
rubber (90%) an only to a small extent (4%) in plastics. Some of the fillers used are fibers from
inorganic material, e.g., crystal fibers (‘whiskers’) made from various raw materials (e.g., Al2Os) or
glass fibers, and in the past even asbestos, a highly dangerous carcinogenic agent. Due to its fiber
structure and resistance, asbestos was used as a building material in many areas in the last century,
e.g., floorings:

e  “Vinyl-asbestos tiles, also known as flex panels, were manufactured mostly as grey or brown-
streaked square panels or beam coverings and contained about 15% asbestos. They were mostly
laid on bitumen adhesives, which can also contain asbestos. Flex panels were laid on a large
scale in public buildings, schools and the like, but also in private homes and offices.

e  Cushion-vinyl coverings (‘CV coverings’) are foam PVC goods (cut from a role). They are coated
on the underside with a white or light grey asbestos cardboard only a millimeter thick that
consists of up to 90% asbestos (white asbestos)” [26].

The use of asbestos is prohibited in Europe since 2005 [27]. For all activities in which workers
are exposed to asbestos fibers in asbestos extraction or production/processing of asbestos products,
the exposure is strictly limited (0,1 fibers per cm? as an 8-hour time-weighted average (TWA)) [28].

Among fillers and reinforcements, especially asbestos is a problem regarding recycling of post-
consumer plastic waste.

2.3.6. Antimicrobials (Biocides)

Biocides are intended to protect plastic products not only against bacterial attacks, but also
against fungi. There are currently around one hundred products available for biocidal treatment of
plastics. As each individual substance generally has a defined specificity that varies even between
different types of bacteria, mixtures of active ingredients are used. A formulation can contain up to
five different active ingredients. The active ingredient concentrations range from 0.02-0.05 wt.% and
can exceed 0.1 wt.%.

The biocide treatment should have a long-term and broad effect. Therefore, a biocide must be
used in the plastic that is still effective decades later. The effect takes place on the product surface.
Therefore, biocide molecules must migrate from the depot inside to the product surface in sufficient
quantity and speed so that there is always enough active ingredient there.

In the early days of finishing plastics with biocides, inorganic arsenic, mercury and copper
compounds were used. Later, when the biocidal effect of organic compounds was recognised, the
range of biocides became broader. In particular, OBPA (10,10'-oxybisphenoxoarsine) — an organic
arsenic compound — was subsequently used in plastics. OBPA is still the global market leader for
plastics (especially soft PVC, PU).

Arsenic and inorganic arsenic compounds have been classified as carcinogenic to humans
(Group 1) in 2009 by the International Agency for Research on Cancer (IARC) [29]. The use of OBPA
as an additive for material protection is no longer permitted in the European Union, because it is
highly toxic [30]. As OBPA is not listed in the European Biocidal Products Regulation (BPR, [31]), the
import of OBPA-treated products in the European Union is prohibited since 2016.

Carbendazim has also been used for years as a fungicide to finish plastics (including silicone).
In Europe, this substance is classified as both toxic to reproduction and mutagenic. Carbendazim
therefore fulfils the REACH exclusion criteria and is considered a candidate for substitution. The use
of Carbendazim is restricted to paints and plasters and expires on 31 January 2025 [32].

In the meantime, Arsenic-based substances and antimicrobials based on heavy metals have been
replaced by less toxic substances like e.g., isothiazolinones [33]. Among antimicrobials, especially
arsenic and carbendazim are a problem regarding recycling of post-consumer plastic waste.

2.3.7. Surface Treatment

“PFASs are a group of thousands of mainly man-made substances that are used in numerous
applications in the EU. ... polymeric PFASs (are) used as processing aids in the production of plastic
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film to improve flow behavior, speed up production rates, also enabling the production of thinner
films” [34, pp. 1 and 89]. ECHA estimates the annual tonnages for PFAS manufacture and use in the
food contact materials (FCM) and packaging sector at 24,185 Mg (range: 18,597-29,772 Mg) in 2020.

Because of the very high persistence of PFAS, their bioaccumulation potential, their mobility,
their long-range transport potential (LRTP), their accumulation in plants, their global warming
potential and their (eco)toxicological effects, five European countries (Germany, Denmark,
Netherlands, Norway, Sweden) have initiated the procedure for a PFAS ban in the EU in July 2021.
In March 2023, ECHA delivered the Restriction Report with the proposal for a group ban on PFAS
[34] and - after having received a large number of comments during the public consultation - is
currently taking the next steps for the restriction of PFAS [35]. And the packaging regulation adopted
in March 2024 by the EU Parliament [36] also stipulates a ban on PFAS. It is unclear how all this will
affect the recycling of post-consumer waste.

2.3.8. Lubricants

Moulding plastics above the melting temperature (in the extruder, for example) is a complex
process for many types of plastic, which can lead to damage to the polymers. This can also lead to
unpleasant odors from the product. “Rigid PVC processing, for example, is impossible without
lubricants. ... Polymer blends (alloys) — a rapidly growing segment of the plastics industry — require
relatively high lubricant concentrations. The overall consumption of lubricants is estimated to have
reached about 70,000 t in Western Europe in 1997” [37]. Substances used as lubricants include

e  Fatty alcohols and their dicarboxylic acid esters

e  Fatty acid esters, fatty acids and fatty acid amides

e  Metal soaps (lead, calcium-zinc)

e  Waxes (Montan waxes, polar and non-polar PE and PP waxes, natural and synthetic paraffin
waxes)

¢  Fluoropolymers (e.g., PTFE)

e  Others (ionomers, polysiloxane).

Following recommended formulations for different applications, lubricants are added to the
compounding mixture in sizes of <1-1% per lubricant. Some special cases of rigid PVC need up to 4%
lubricant [37, p. 542].

2.3.9. Further Additives

Other chemicals are used in the compounding of plastic products to optimise the processing of
the compound or the properties of the product:

e  Acid scavengers: They are so-called co-stabilisers, “commonly found in the base stabilization
package for polyolefins” [38]. They are used to scavenge small amounts of acid or impurities
that may be present in the plastic after polymerisation. Calcium stearate, zinc stearate, sodium
stearate and various organic compounds are used as acid scavengers. Usually, they are added
in concentrations of 0.05-0.3 wt.%.

e  Optical brighteners (Fluorescent Whitening Agents): It is known from the textile sector that
optical brighteners make the color white appear even brighter. Optical brighteners have now
also found their way into the plastics sector as additives. Chemical classes for the whitening of
plastics and fibers are bis-benzoxazoles, phenylcoumarins, or bis-(styryl)biphenyls. In practice,
concentrations of 50 to 500 ppm (0.005-0.05 wt.%) are used in thermoplastics. “Only special
applications, including processing recycled thermoplastics, may require concentrations
exceeding 1,000 ppm” (0.1 wt.%) [39].

e  Emulsifiers and release agents: Alkylphenols (APEO) are used here, among others. The most
important representatives of APEOs in terms of production volume are nonylphenol ethoxylates
(NPEOs). The degradation of NPEOs in the environment to nonylphenol compounds, which are
toxic to water and very difficult to break down, is particularly problematic. Because of its
endocrine disrupting properties, the EU included 4-nonylphenols (4-nonylphenol, branched and
linear) in the REACH candidate list of substances of very high concern for authorisation in 2013
[40].

d0i:10.20944/preprints202407.0222.v1
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e Coating agents: These include siloxanes. The most widely used siloxanes include D 4
(octamethylcyclotetrasiloxane), D 5  (decamethylcyclopentasiloxane) and D 6
(dodecamethylcyclohexasiloxane). These three substances have been included in the REACH
candidate list of substances of very high concern (SVHC) for authorisation in June 2018 as they
are persistent, bioaccumulative, toxic (PBT) and very persistent, very bioaccumulative (vPvB)
substances [41].

e Antifogging additives: “The term ‘fogging’ is used to describe the condensation of water vapor
on a plastic film’s surface in the form of small, discrete water droplets. ... This phenomenon is
observed commonly when food in plastic packaging is stored in cold cabinets ...” [42]. The
following substances are used to overcome the fogging problem: glycerol esters, polyglycerol
esters, sorbitan esters and their ethoxylates, alcohol ethoxylates, nonylphenol ethoxylates
(NPEO). The concentration of the antifogging additives used is 1-3% [42]. The antifogging
additive migrates out of the plastic surface and dissolves in the water, causing a decrease in
surface tension of the water droplets. These then spread into a thin continuous film and either
evaporate (food packaging) or run off (agricultural films).

e  Antistatic additives: Many plastics have unfavorable electrical properties (high surface
resistance, low dielectric constant). This results in the electrical charging of plastic workpieces,
which leads to soiling due to the attraction of dust to the surface. The electrical charge can also
lead to unpleasant electric shocks. Important substance groups that are used as antistatic agents
include fatty acid esters, diethanolamides, alkyl sulphonates, ethoxylated alkylamines,
ethoxylated alcohols and ionic surfactants. The concentration for the internal finishing of a
plastic with antistatic additives is in the range of 0.1-3% [43].

e  Substances to improve thermal conductivity: A new, very dynamic area of application for plastic
finishing is the improvement of thermal conductivity. Inorganic aluminum compounds (oxides,
hydroxides) are used as additives for this purpose.

3. Legacy Chemicals in Plastic Products

3.1.”. Everything Must Go Somewhere”

The second law of ecology, formulated by Professor Barry Commoner, biologist, ecologist and
one of the founders of the American environmental movement in the early 1970s, “restates a basic
law of thermodynamics: in nature, there is no final waste, matter and energy are preserved, and the
waste produced in one ecological process is recycled in another” [44]. At that time, it was more about
the (non-)degradability of plastics. But the law of thermodynamics is valid for “legacy additives”,
too. During recycling, all of the substances in the plastic compound end up in the recycled product
[45]. In this context, we use the term ‘Risk Cycle’ [46] for the recycling of plastics contaminated with
substances that are now banned (‘legacy chemicals’).

In addition, there are pollutants that are only formed during the service life phase of products
[47,48] and during the recycling process itself (non-intentionally added substances — NIAS)
[49,50,51,52]. It can also be assumed that the plastic is damaged during the second melting in the
recycling process (high temperature, shear forces, presence of oxygen, carbonyl and peroxide
compounds). Melting therefore leads to changes in the polymer molecule, which in turn causes an
increase in the mobility of the additive molecules [53, cited in 54].

3.2. Hazardous Substances Associated with Plastics

Following Weber et al. [13, p. xii], “more than 13,000 chemicals are associated with plastics and
plastic production across a wide range of applications, of which over 3,200 monomers, additives,
processing aids and non-intentionally added substances are of potential concern due to their
hazardous properties.”

Since the introduction of REACH [55], RoHS2 [56] and the POP Convention [57] in Europe,
numerous bans and restrictions have been imposed on additives that come into direct or indirect
contact with humans via plastic products [58], see Table 4 and [59].
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This problem is also addressed in the European Chemicals Strategy for Sustainability (CSS). “To
move towards toxic-free material cycles and clean recycling and ensure that “Recycled in the EU”
becomes a benchmark worldwide, it is necessary to ensure that substances of concern in products
and recycled materials are minimized” [60, p. 6].

Table 4. Substances of very high concern (SVHC) used as plastic additives; POPs (Persistent Organic
Pollutants) and their regulation, according to [61], modified; sources for concentrations there.
X = applicable; ppm = mg/kg; 1,000 ppm = 0.1 wt.%.

Plastic Conc. REACH RoHS2
Additi P ! POP [57
tive - arpose application (wt.%) [55] [56] OP157]
HBCD Flame EPS, XPSin  0.7-2.5% X -
retardant isolation Products: 100 ppm
material 1-7% Waste: 1000 ppm
HIPS in EEE
PBDEs Flame Y. PBDEs: Waste ([62], Annex IV):
retardant 1000 ppm 500 ppm;
350 ppm from 30.12.2025
on;
200 ppm from 30.12.2027
on
TetraBDE  Flame asc-PentaBDE?2 0.5-5%
D) retardant in PUR, former See PBDEsSee PBDEs
PC boards
PentaBDE  Flame
See PBDEsSee PBDEs  Substances (Annex I):
) retardant
10 ppm per substance.
HexaBDE  Flame  asc-OctaBDE3® 12-18%
) Products (Annex I):
D retardant in: ABS, HIPS, See PBDEsSee PBDEs
500 ppm for X PBDEs#%
PBT, PA
(Annex I)
HeptaBDE Flame
See PBDEsSee PBDEs
R retardant
DecaBDE  Flame HIPS, PA, PO 5-16%
See PBDEsSee PBDEs
retardant
PBBs Flame ABS, foams, 10% Y. PBBs:
retardant, textiles, devices 1000 ppm
plasticiser
DEHP  Plasticiser PVC 30% X
BBP Plasticiser PVC 5-30% X
DBP Plasticiser PVC 1.5% X
DIBP  Plasticiser PVC like DBP X

! Production of these fabrics was discontinued decades ago, but they can still be found in old stocks and in
recycled products. 2 Commercial (c) mixture mainly of isomers of pentaBDE and tetraBDE. > Commercial (c)
mixture mainly of isomers of isomers of HeptaBDE and OctaBDE as well as a lower proportion of Nona- and
HexaBDE. 4 By way of derogation, the manufacture, placing on the market and use of electrical and electronic
equipment covered by Directive 2011/65/EC is permitted. Further exemptions apply to DecaBDE (certain aircraft
and motor vehicles and their spare parts). Additives: BBP = benzyl butyl phthalate; DBP = di butyl phthalate;
DecaBDE = decabromo diphenyl ether; DEHP = di ethyl hexyl phthalate; DIBP = di iso butyl phthalate; HBCD =
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hexa bromo cyclo dodecane; HeptaBDE = hepta-bromo-diphenyl ether; HexaBDE = hexa-bromo-dipheny] ether;
PBBs = polybrominated biphenyls; PentaBDE = penta-bromo-diphenyl ether; TetraBDE = tetra-bromo-diphenyl
ether. Plastics: ABS = acrylonitrile-butadiene-styrene copolymer; EPS = expanded polystyrene; HIPS = high
impact polystyrene; PA = polyamide; PBT = polybutylene terephthalate; PO = polyolefins; PVC = polyvinyl
chloride; XPS = extruded polystyrene.

3.3. Plastic Products Affected by Legacy Chemicals

3.3.1. Children’s Toys

The problem of risk cycling is particularly serious for recycled products that can come into
intensive contact with humans, ie., direct contact with mouths or skin. Particularly high
requirements therefore apply to children’s toys, which must be observed [63], because in addition to
direct contact, the special sensitivity of the developing child’s organism must also be assessed [64].
In 2023, the EU Commission presented a new regulation that once again significantly tightened the
requirements for the absence of harmful substances in children’s toys [65,66]. In addition to
substances with CMR properties, endocrine disruptors and substances with specific organ toxicity
are also prohibited. Furthermore, a digital product passport has been introduced in which the
absence of harmful substances must be documented.

3.3.2. Food Contact Material (FCM)

For plastic packaging that comes into close contact with food (food contact material, FCM), the
EU has been imposing many restrictions and requirements for over ten years. There has been a
positive list for the production of FCM for years [24]. Only substances on this list may be used as
additives for plastic FCMs. Since 2022, the use of recyclates from post-consumer waste is explicitly
no longer permitted [67,68,69]. An exception only applies to PET bottles from a “closed and controlled
chain”.

Polyethylene (PE) is an important plastic for the FCM sector in terms of volume. In a recent meta-
study on PE in the FCM sector, British scientists analysed 116 studies that investigated the migration
of additives into food. They found 211 substances that migrated from PE food packaging into food.
Only 25% of these substances are included in the EU positive list and are therefore authorised for the
FCM sector [70].

The FCM regulation also covers packaging that may come into contact with food under normal
or “foreseeable” conditions of use [71]. Therefore, our precautionary position is that packaging as a
whole should fulfil the FCM standard.

3.3.3. Kitchen Tools

The European Human Biomonitoring Project (HBM4EU) reported in 2022 [72]: “Brominated
flame retardants have been found ... in black plastic kitchen utensils in the UK (Kuang et al., 2018),
as well as in black thermo cups and selected kitchen utensils purchased on the European market
(Samsonek et al., 2016). A study found hexabromocyclododecane (HBCDD) to be present in 90% of
Irish and UK polystyrene packaging samples (Abdallah et al., 2018).”

3.3.4. Indoor Materials

In moderate climatic zones, people spend more than 90% of their lives indoors. Therefore,
intensive consumer contact must be assumed for indoor materials. For example, banned substances
(PBDEs) now find their way back to the consumer via recycling, e.g., in carpet backings [73]. Plastics
that are used indoors as part of indoor consumer products (appliances [74], furniture, floor coverings
[75,76], building materials) can contain high concentrations of chemical substances, which can leave
the plastic via diffusion/evaporation and can be absorbed by the human body through the skin or
taken up with food (see e.g., human biomonitoring on flame retardants [72] or phthalates (Sections
3.2 and 3.5)). High concentrations of phthalates and phthalate substitutes have been and continue to
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be found in both house dust and children’s blood, even though many of these substances have been
banned for years. The Federal Environment Agency recently issued a clear warning on the occasion
of the publication of the results of a recent study of urine samples from kindergarten children in the
German federal state North Rhine-Westphalia [77,78].

3.3.5. Textiles

Almost 70% of all textiles are made of synthetic fibers. There is probably no synthetic product
that comes into closer contact with people than textiles. Of course, the intensity of the contact depends
on the type of clothing (outerwear, underwear) and the respective wearing time.

Textiles are chemically finished — a number of the substances used for this are now banned. In
the past, for example, textiles were frequently treated to make them flame-retardant [79,80,81].
Organotin additives were also incorporated into the fabric to reduce odors caused by perspiration.
Perfluoro-alkylated substances (PFAS) were used for surface treatment. Triclosan and nano-silver
can be found in textiles as a problematic biocide [82]. Particular attention should be paid to black
textiles because the dye used (carbon black) can be chemically contaminated. Furthermore, individual
azo dyes pose risks (amine cleavage). Dyes can also contain heavy metals [83].

3.4. Persistence in Recycling & Migration Risk

In order to assess health risks, the potential exposure of humans to harmful additives has to be
analyzed. Table 5, which is taken from a recent study [84], shows that many additives can cause
human exposure.

Table 5. Migration risk and persistence in recycling, by analyte group, based on Danish EPA findings

[84].
Analyte Group Persistence in recycling Migration risk
Heavy metals Due to strong binding, expected to persist Typically strongly bound, therefore not
through mechanical recycling process. expected to migrate. As a result, the
Mercury typically found in polyurethane, “exposure to consumers must therefore
which cannot be mechanically recycled. be considered low”. Mercury an
The fate of mercury in feedstock recycling exception: not chemically bound, will
isn’t known, but most mercury is migrate and evaporate, leading to some
expected to have evaporated by that exposure risk. This risk is judged to be
point. small.

Perfluorinated Only used in certain types of plastics, and = These substances are not chemically
chemicals the fate of these substances by recyclingis = bound, meaning there is a risk of

unknown. They suggest that “recycling is migration.
not normally practised”.
Flame The fate in recycling depends on the ~ Migration risk depends on the substance.
retardants plastic. Plastics which can be Reactive flame retardants are chemically

mechanically recycled (including PVC,  bound, and are considered of less risk.
PP, PS) will retain flame retardants Additive flame retardants (such as most
during recycling. Newer, alternative =~ BFRs) are not chemically bound and will
flame retardants are less studied, migrate easily, “and may thus result in
characterised by “a lack of knowledge significant exposure of consumers”.
regarding both applications and fate in
the products as well as by subsequent
recycling activities”.

Phthalates The migration rate is low enough to Migration of plasticisers to food well
assume the main part of the plasticiser studied. Generally, all plasticisers “must
added to the product will remaininit be anticipated to migrate and the use in

until end of life. If mechanically recycled,
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they will “also be present in recycled plastics should thus be considered a
materials”. source of exposure to consumers”.
Bisphenols  They judge that if Bisphenol A is present Based on its physical properties, it should
in mechanical recycling, it will remain in be regarded as a semi-volatile
the plastic. compound, able to migrate out of

plastics. With time, “the major part of the
substance will probably be released by
leaching to the surface followed by
evaporation or removal by washing”.

Formaldehydes  In mechanical recycling, unreacted Its physical properties suggest it should
formaldehyde will likely evaporate due migrate strongly. This strong evaporation
to its low boiling point and the high could lead to occupational exposure.

vapour pressure. As a result, “the
substance will most likely not be present
in recycled materials”.

3.5. Human Exposure to Legacy Additives — Human Biomonitoring (HBM) Results

How alarming are these additives for humans? When evaluating chemical substances, it is not
only the harmfulness (effect) of a substance (‘hazard’) that is decisive, but also the extent to which
the respective substance can reach, i.e., affect, humans (‘risk’).

The European Human Biomonitoring Project (HBM4EU) reported in 2022 [72]: “A Swedish
study investigated workers’ exposure to metals in three e-waste recycling plants, using biomarkers
of exposure in urine and blood samples in combination with monitoring of personal air exposure
(Julander et al., 2014). Workers involved in recycling activities, including dismantling activities,
indoor work and outdoor work, were exposed to airborne concentrations of metals (chromium,
cobalt, indium, lead, and mercury) 10 to 30 times higher than office workers.” Further studies, which
also included flame retardants and plasticisers, show higher exposure of workers in e-waste recycling
facilities (cited in [72]).

The European human biomonitoring data shows that quantitatively relevant additives such as
plasticisers (see Section 2.3.1) or flame retardants (see Section 2.3.2) are present in humans as a “body
burden” in worrying concentrations (e.g., [85]). For example, a recent study by the European
Environment Agency [86] showed that most of the people examined in human biomonitoring in the
EU had excessive levels of the plastic additive bisphenol A in their bodies or, more precisely, in their
urine.

Overall, the human biomonitoring data clearly shows that the relevant additives can be detected
in the human body. It also shows that the concentrations of the additives banned today have steadily
decreased over the years, while the respective substitutes have emerged and increased in
concentration [87]. It is also relevant for the risk cycle topic that health-related limit values are still
being exceeded for a whole series of additives and that there are also clusters and outliers that can be
explained by the special handling of plastic products.

Plasticisers are a revealing example of human exposure to plastic additives. In the last series of
measurements by the German HBM (GerES V), the exposure levels for relevant plasticisers were only
20 to 30% of the values measured ten years before, when the health-related guideline values for
several phthalates (in particular DnBP, DiBP, DEHP) were still quite frequently exceeded (GerES IV).
This decrease is the result of the bans on these substances in the EU. It is a cause for concern that the
levels have not decreased completely. It is also important for the Risk Cycle problem that in this study
a clear correlation between the concentration in house dust and the blood values was also found [88].
In a few individual cases, values above the health-defined precautionary values were also found.
Young children showed the highest levels of exposure [89]. Here, individual sources are likely to be
the cause.

The HBM among children has revealed high levels of exposure to individual compounds from
PFAS, which are used e.g., in the food contact materials (FCM) and packaging sectors (see Section
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2.3.7), and health-based guideline values (HBM I) have even been exceeded [90]. This is one reason
why a ban on this group of substances is in progress in the EU [34,35]. If this happens, plastics
recycling will once again be confronted with a legacy issue.

4. Legacy Chemicals and Plastic Recycling

4.1. The Big Mess

Once abstracted from the issue of additives that are no longer permitted today, material
recycling must also deal with the diversity of polymers and additives described here. If the origin of
the plastic waste is unclear and heterogeneous, as is the case for the vast majority of mixed plastic
waste, the recycled material will have to be based on an unmanageable mixture of different additives
and the material properties will be inferior to virgin plastic, which is also due to damage to the
polymer molecule [91,92,93]. This damage occurs during the use phase and is also caused by re-
melting during recycling. This makes it impossible today to manufacture high-quality plastic
products with defined properties. Often, the only solution is to look for niches for low-grade
alternating recyclates or to mix them with virgin plastics (or pre-consumer waste).

There are also hygienic problems: recyclates generally have a foul odor (e.g., [94]). Microbial
processes on food residues, for example, are responsible for this problem [95]. Vermin infestation is
also not uncommon. The foul odors are a major problem that has made material recycling difficult to
date. Therefore, material recycling can only be considered if these plastics are subjected to intensive
cleaning at the end user before melting (multi-stage washing with surfactants).

4.2. Circular Economy needs a Paradigm Shift

In order to meet the Paris climate targets, the fossil basis of the chemical industry must be
changed (‘feedstock change’) [96]. The raw material transition or ‘defossilisation” of the plastics and
chemical industry can be based on three options: increased use of biomass, plastics recycling and the
increased use of regeneratively produced base chemicals [97].

The German Chemical Industry Association (VCI)and The Association of German Engineers
(VDI) recently published their thoughts on the raw materials transition, emphasising the importance
of plastics recycling for the raw materials transition in different scenarios (1: focus on maximum
direct electricity use, 2: focus on hydrogen and PtX fuels and raw materials, 3: focus on secondary
raw materials (plastic waste and biomass)) [98]. The report shows that the scenario for the raw
materials transition focusing on secondary raw materials has the most advantages. The resulting need
for resources (energy, hydrogen and COz) is significantly below the respective needs, and the
required investment volume is only 60% of that of the other scenarios. The authors of the study
therefore propose developing the existing recycling quota into “substitution quota” as a measurable
assessment for the replacement of primary raw materials with secondary raw materials of all kinds
(residual materials and used materials without waste characteristics, by-products, recyclates and
other waste materials, etc.), see [98, p. 78-79].

Recycling can only make the necessary contribution to the raw materials transition if it replaces
virgin plastic as closed loop recycling. Downcycling (open loop recycling) leads to the replacement
of other products and is not only disadvantageous in terms of the ecological balance, but also does
nothing for the raw materials transition. However, we believe that chemical recycling will play a
decisive role in the raw materials transition in the chemical industry. We believe it is illusory that the
mechanical recycling of mixed plastic waste can fulfil today’s high demands on plastics for many
new products. The separate collection of homogeneous waste products (such as PET bottles) with a
known formulation in secure, pollutant-free cycles is the future of material recycling.

It remains to be seen which chemical recycling processes will become established on an
industrial scale. The plastics industry, parts of the scientific community and the recycling sector are
optimistic about the future of chemical recycling [99,100]. However, there are also technical
challenges that need to be overcome [101,102,103,104], such as minimising the chlorine content in the
plastic input.


https://doi.org/10.20944/preprints202407.0222.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 July 2024 d0i:10.20944/preprints202407.0222.v1

16

Closed loop recycling works when products with the same recipe are recycled. One example of
this is the recycling of PET bottles. In Germany, around 40% of used PET bottles are recycled into
new bottles every year. A further 50% or so are also recycled into plastic products and also replace
virgin plastics. Of course, these results are also possible because bottles are easier to recognise
visually and the previous contents (water, juices) can be easily washed out. These results cannot be
achieved if waste plastics are collected in mixed form. Mixed plastic is difficult to recycle. This is due
to the variety of polymer molecules and additives.

The EU’s new packaging legislation is in line with the positions on closed-loop recycling
represented here. It sets substitution quotas for packaging from 2050. Packaging should contain 35%
recyclates (FCM: 10%) and from 2040 the quotas will rise to 65% (FCM: 25%). However, it will be a
major challenge to meet these quotas without risk cycling.

4.3. Higher Limits for Legacy Additives in Products Containing Recyclates?

So, the NGO Health and Environment Alliance (HEAL) correctly demands: “Regulations on
recycled materials should be the same as for virgin materials.” [105, p. 22]. The EU Commission
agrees with this in principle [60, p. 6], but adds: “ However, there may be exceptional circumstances
where a derogation to this principle may be necessary. This would be under the condition that the
use of the recycled material is limited to clearly defined applications where there is no negative
impact on consumer health and the environment, and where the use of recycled material compared
to virgin material is justified on the basis of a case by case analysis.”

The EU Commission has issued several limit value increases for recyclates in recent years (e.g.,
for cadmium and DEHP [106]). A corresponding attempt by the Commission to enforce this for the
additive lead (and its compounds) also failed in 2020 due to resistance from the European Parliament
[107]. In 2023, a regulation was therefore issued limiting the lead content in PVC to 0.1% by weight.
Recyclates containing higher concentrations of lead (up to 1.5% by weight) may only be used for
outdoor applications or as an intermediate layer between lead-free plastics [108].

Intensive discussions are currently underway regarding flame retardants (PBDE) in recyclates
from the electronic scrap sector [109]. While a limit value of 1,000 ppm currently still applies to new
electrical and electronic products [56], the EU Commission (Directorate-General for the Environment)
would like to introduce the same limit values for recyclates as in the POP Regulation for other waste
(see Table 4) or even tighten the requirements. It has therefore put forward two options for PBDE
limit values for discussion:

e  Option 1: Approach to create a PBDE-free market for consumer products

- For products for the general public or products that can be used by the general public: 10 ppm

- For other products: 500 ppm from the entry into force of the delegated act, 350 ppm from 30
December 2025 and 200 ppm from 30 December 2027 (i.e., in line with the limit values of
Annex IV of the POPs Regulation)

e  Option 2: Approach to take recycling into account

- For recyclate mixtures containing PBDEs: 500 ppm from entry into force, 350 ppm from 30
December 2025 and 200 ppm from 30 December 2027 (i.e., in accordance with the limit values
of Annex IV of the POPs Regulation)

- For mixtures and articles made from or containing PBDE-containing recyclate: 250 ppm from
entry into force, 175 ppm from 30 December 2025 and 100 ppm from December 2027 (50%
recyclate in mixtures or articles plus the same timeframe as in Annex IV)

- For mixtures and articles: 10 ppm

Option 1 would be equivalent to not using contaminated recyclates for consumer-related
products. The European Waste Management Association (FEAD), on the other hand, proposes the
following limits [110]:

e  For PBDE-containing recycled mixtures and articles made from them: 500 ppm after adoption, 200
ppm from 1 January 2030
e  For non-recyclate-containing mixtures and articles: 10 ppm after adoption.
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4.4. Moratorium on the Use of Recycled Post-Consumer Plastics for Consumer-Related Products

Due to the intensive consumer contact described above, we recommend that no more unsafe
recyclates from post-consumer plastic waste be used for children’s toys, FCM/packaging, kitchen
tools, indoor consumer products and textiles until further notice. Our recommendation is sure to
provoke opposition. We therefore list here the studies we are aware of from recent years that have
revealed high levels of hazardous or banned pollutants in recyclates [e.g., 50,70,111,112]. Numerous
other scientific publications are also documented in publications by IPEN [51,73,113,114,115,116] or
GREENPEACE [52] in particular.

A recent study of consumer products and children’s toys containing black plastics from all
continents of the world has produced very worrying results [117]. More than 60% of the products
analysed had higher concentrations of dioxins and related substances than the provisional limit value
for toxic waste contained in the Basel Convention (1 mg TEQ/Mg).

We therefore recommend stopping the use of unsafe recyclates, limited to an initial period of ten
years. This moratorium may have to be extended if new substance bans for plastic additives have to
be issued as a result of the upcoming reviews [118,119]. For example, some additives that have an
endocrine effect are still permitted. The EU Commission states in its Chemicals Strategy CSS (section
2.2.1): “Their use is on the rise, representing a serious risk to human health and wildlife as well as
creating an economic cost for society” [60, p. 11].

This moratorium proposal is the transfer of the current FCM legal situation to the other sectors
of products with intensive consumer contact. This legal situation also means that recyclates should
continue to be permitted if they originate from controlled closed-loop recycling and are free from
legacy additives.

If the Commission’s draft of the new Ecodesign Regulation is followed, information on the
additives or substances of concern used, including the respective concentrations, will be passed on
in the processing chain of products right through to the recycling stage [120]. The digital product
passport is the key tool for this dissemination. With the digital product passport, it is hoped that the
recommendation to stop using recyclate can be lifted in the medium term, at least for “fast-moving”
consumer products such as packaging. Council and Parliament reached an agreement in December
2023 [121]. Formal legislation is expected in the first half of 2024.

4.5. Avoidance of ‘Regrettable Substitutions’

This described long “skid mark” of Risk Cycling also has to do with the fact that chemical
regulation was too hesitant in the past and the substitutes were or are not always less problematic.
In this case, there is much to be said in favor of regretting the substitution in the end (“regrettable
substitution” [122,123]). It is regularly particularly problematic if the substitute substance was
selected from the same chemical “group” (e.g., ortho-phthalates). The “single substance approach”
implemented by the EU to date and the substitution of well-tested substances with related but hardly
tested substances has therefore perpetuated the issue of “chemical legacy” and “risk cycling” to the
present day [124].

Strategically, another approach would therefore be more effective, which is currently being
called for by individual member states for the approximately 10,000 perfluorinated and
polyfluorinated alkyl compounds (PFAS), which are also very important as plastic additives: to place
the entire PFAS substance group under general suspicion and ban them as a group. This new
approach is known as “grouping” and can of course also be applied to other substance groups. This
approach has been called for by scientists [125,126,127] and NGOs [128] for many years. The EU
Commission has now opened up to this approach as part of the aforementioned Chemicals Strategy
for Sustainability (CSS) [60]. In 2022, the Commission presented a working paper according to which
the group approach is to be applied to many relevant additives [129]. The European Chemicals
Agency ECHA has already submitted a regulatory proposal for PFAS at the beginning of 2023 [130].
ECHA'’s public consultation on this proposal ended on 25 September 2023 [131,132].

It would also be strategically effective to regulate one type of plastic as a whole under chemical
law, as recently discussed by the European Chemicals Agency using PVC as an example [133].
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4.5. The Myth of Plastic Recycling in Developing Countries

In the past, almost a third of the recycling of packaging plastics collected separately in Germany
was carried out abroad, particularly in China [134]. Figure 1 shows the distribution of destination
countries for legal German plastic waste exports for 2022.

Plastic waste exports from Germany (2022)
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Figure 1. Distribution of destination countries for German plastic waste exports in 2022, based on
NABU data [135].

China no longer appears here because imports of plastic waste for recycling were banned by the
Chinese government in 2018 due to environmental and occupational safety problems. Currently, 28%
of exports go to the four non-EU member states Turkey, Malaysia, Indonesia and Vietnam. The
largest buyer of German plastic waste is the Netherlands. However, it can be assumed that the
majority of this plastic waste will continue to be exported [136].

In many emerging and developing countries, uncontrolled landfills predominate. Thus
Malaysia, for example, had 128 wild (non-sanitary) landfills in 2021 [137]. This means that it is
primarily the plastic fractions from sorting that cannot be recycled in Germany for technical reasons
(e.g., sorting residues and the film fraction) that are exported. Why should countries such as Malaysia,
Indonesia or Turkey be able to solve this technical problem, which cannot be solved in Germany?

Due to many shortcomings in the recipient countries, the legal situation in the EU was tightened
in 2021 [138]. This means that plastic waste may no longer be exported to non-OECD countries in
future, unless it is clean plastic waste that is to be recycled. The export of hazardous plastic waste and
plastic waste that is difficult to recycle would be prohibited. This should ensure that plastic waste is
only exported to countries that have the technical requirements to manage the waste sustainably. The
export of “clean” plastic waste to non-OECD countries is only permitted under defined conditions.
The receiving countries must agree to the import with the EU Commission (prior written notification
and consent) and inform the EU Commission which recycling rules are to be applied. However, even
this tightening of the rules will not solve the problem of illegal practices. Fortunately, this regulation
is meanwhile outdated. At the end of 2023, the EU Council and the European Parliament agreed to
completely ban the export of plastic waste for recycling in non-OECD countries. Regulation (EU)
2024/1157 of the European Parliament and of the Council was promulgated on 30 April 2024 and
entered into force on 20 May 2024 [139].

But the risk cycle also looms in the other direction: in 2023, imports of PET recyclates alone into
the EU increased by 20 %. Today, this waste goes into products with consumer proximity such as the
FCM sector to fulfill prescribed quotas, without these wastes being sufficiently controlled [140].
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There is another reason why the complete export ban was a good decision: Legal exports make
it more difficult to combat illegal exports. Many illegal practices are carried out by legal companies.
Europol states: “Compared to other organised crime activities, waste criminals are among those who
make the greatest use of legal business structures for the perpetration of criminal activities” [141]. To
better understand the extent of these practices by Europe in developing countries, one can refer to
the various reports on operations by Europol, Interpol and the World Customs Organization (WCO)
[141,142,143,144]. Plastic waste in its various forms (sorted, unsorted, mixed, electronic waste, car
scrap) is one of the dominant finds, year after year.

5. Conclusions

Plastic recyclates from post-consumer waste are often heavily contaminated with banned
additives of concern. We therefore recommend that unsafe plastic recyclates should generally no
longer be used for products that are very close to consumers (children’s toys, food contact material /
packaging, kitchen tools, indoor products, textiles, etc.). The use of contaminated recyclates is
counterproductive to the regulatory goal of banning POPs or SVHCs. For example, human
biomonitoring in Europe shows that although exposure to banned plasticizers is decreasing, it still
poses a health problem, especially for children [145].

The reality of recent years has shown that the production of new plastic articles has become
increasingly sophisticated and demanding in terms of polymers and additive formulations. This goes
hand in hand with the development of the chemical industry as a system provider (“solutions for
customers”) and will continue to intensify, also because system solutions are among the most
important business models of the future. The overall conceptual question therefore arises as to
whether material recycling of mixed post-consumer plastic waste can even be capable of meeting the
current and even more so the future requirements for system solutions in the plastics sector (high-
tech plastics). We consider this to be illusory.

Downcycling is therefore not a technical shortcoming, but the consequence of the concept of
collecting mixed plastic waste. In an overview, we show how diverse the “chemistry” has developed
in the meantime. In the end, all that remains is downcycling of inferior quality, because the diversity
of formulas does not permit the generation of high-quality materials, even with high-quality sorting.

But we have another problem with downcycling: Climate protection requirements are high, and
the substitution of virgin plastic through recycling as part of the defossilization of the chemical and
plastics industry is necessary. This will only be possible through high-quality closed-loop recycling.
The EU substitution quotas for packaging plastics introduced from 2030 are therefore exactly the
right way forward. It will be a challenge to meet these quotas by 2030 and at the same time put an
end to risk cycling. In our opinion, there are only two solution strategies for this:

e  chemical recycling also of mixed waste
e  material recycling of separately collected homogeneous waste with known non-toxic recipes

(e.g., PET bottles).

Closed loop recycling is also climate protection. The EU Commission’s proposal for a Delegated
Act on European emissions trading [146] is therefore counterproductive and has not been thought
through to the end [147]. According to this draft, only inorganic compounds should be suitable for
permanently binding carbon. The raw material transition in the chemical industry is a challenge for
the entire organic chemistry. It will only succeed if carbon is permanently kept in circulation.
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