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Abstract: The increasing consumption of plastics and plastic products results in correspondingly
substantial volumes of waste, which poses considerable environmental burdens. With the ongo-
ing environmental actions, the application of circular economy on this waste stream is becoming
inevitable. In this paper, the topics of plastics recycling, circular economy on plastics, and challenges
to plastic waste recycling are critically reviewed. In the first part of this paper, the development of
research on plastic recycling was viewed from 1950 until 2020 using the scientific database Web of
Science, and 682 related studies were found and used to assess the changing research priorities along
that timeline. The following sections discuss the potentials and requirements to enhance the quality
of the produced recycled plastic, in connection with the factors that currently limit it. In conclusion,
the quality of recycled plastic is generally determined by the homogeneity of the recovered plastic
feed. There are various strategies which could be implemented to overcome the hindrances identified
in the paper and to improve the quality of the recycled plastic, such as working on enhanced product
designs for minimised waste heterogeneity and controlling the materials” degree of contamination by
applying advanced sorting.

Keywords: plastic waste; mechanical recycling; recycled material quality; limitations plastic recycling

1. Introduction

The expansive consumption of plastics results in correspondingly large volumes of
waste. This poses substantial challenges to the available waste management systems [1,2].
In 2018 alone, the global plastic consumption reached 385 Mt, with a total generated waste
of 250 Mt (i.e., signifying 65% of all consumed plastics). Of these, 50 Mt were sent for
material recycling, 51 Mt were sent for energy recovery, and 72 Mt were disposed of in
managed landfills. The rest (i.e., 77 Mt of the plastic waste) has unknown fates [3].

Ending the plastic waste problem is becoming a global priority, pushing stakeholders
to take actions to enhance the existing waste management systems and to invest in new
ones [4]. Overall, recycling is the preferred option to treat plastics waste. However, when
recycling is not the most sustainable option, energy recovery is the alternative [5]. All in all,
both options complement each other to exploit the full potential of plastic waste [6]. The
global amount of plastic waste incinerated and recycled is still low in comparison to plastic
waste landfilling (see Figure 1a). On the other hand, Europe showed improvements in
plastic waste treatment; since 2013, the amounts of incinerated plastic waste have exceeded
the amounts of landfilled plastic waste. The same trend was experienced for mechanically
recycled plastics from 2015 onwards [7] (Figure 1b). For the EU Countries with a landfill
ban in place, thermally treated plastic waste still remains the most preferred management
route [8].

Sustainability 2021, 13, 13266. https:/ /doi.org/10.3390/sul132313266

https:/ /www.mdpi.com/journal/sustainability


https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-5027-397X
https://orcid.org/0000-0003-3184-2270
https://orcid.org/0000-0002-0703-0275
https://doi.org/10.3390/su132313266
https://doi.org/10.3390/su132313266
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su132313266
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su132313266?type=check_update&version=1

Sustainability 2021, 13, 13266

2 0f 22

a —+—Discarded ——Incinerated -—&—Recycled b —+—Discarded —Incinerated —4—Recycled
100% 100%
£ 80% 3 80%
z z
S 60% N\‘\ S 60%
= =
9 3
< 40% Z 40%
= >
B =
20% .____._._!—-——.-_'-.—'_’——j 20%
—
0% 0%
2006 2010 2012 2014 2016 2018 2006 2008 2010 2012 2014 2016 2018

Figure 1. The fractions of plastic wastes discarded, incinerated, and recycled from 2006 until 2018: (a) globally [9] and (b) in

Europe [7].

In 2018, Europe achieved 32% recycling of its own plastic waste [7]. Similarly, Germany
reached 33% of plastic waste recycling (1% chemical, 17% mechanical recycling inland, and
15% mechanical recycling abroad) [10]. On the other hand, in the same year in Germany,
66% of plastic waste was incinerated in comparison to 43% in Europe.

Plastic mechanical recycling can be performed in closed loops or open loops. Closed-
loop recycling, also known as primary recycling, is the best to preserve the highest value of
the material [11]. Only thermoplastics can be mechanically recycled with the possibility
of closed-loop recycling [12]. Nevertheless, the plastic waste stream, particularly when it
originates from private consumers [13,14], is significantly heterogeneous and may contain
hazardous substances hindering the application of closed-loop recycling [15,16].

There are many additional factors affecting the plastic mechanical recycling practices,
including separate collection schemes [17,18], polymer type [19,20], product design, and
product category [21]. The different polymer types have different potentials for mechanical
recycling. The chemical structure of the polymer and its chemical stability under recycling
conditions define its recyclability and the number of recycling cycles it can endure. Addi-
tionally, different plastics have different applications and properties [22]. Hence, additives
are differently utilised, as required by the material’s quality or the product’s design. The ex-
istence of chemical additives may interfere with the recycling process [15,23]. For instance,
plastics containing volatile hazardous additives, such as brominated flame retardants, are
not commonly considered for recycling [24]. The product design and product type may
hinder recycling through the existence of multi-layer and multi-component materials in one
product [13,25]. Rigid containers, consisting of a single polymer with minimum amounts
of additives and inks, are more efficiently and economically recyclable in comparison to
multi-layer and multi-component products [1].

In line with the EU “closed-loop recycling policy”, which sets legally binding targets
for waste recycling and landfill reduction with specific deadlines [26], and the current
regulations demanding for specific recycling quotas [27,28], there is an increased impor-
tance to analysing the technical limitations and challenges in mechanically recycling plastic
material. These could stem from: (i) how the material is managed at end-of-life stage
(collection, sorting, recycling practices); (ii) the functionalities, applications, materials, and
optical appearance of a product (in other words, how it is designed); (iii) degradation
mechanisms occurring during thermal reprocessing, use, and exposure to external factors
(e.g., oxygen, UV radiation). This paper aims at providing an overview of the trends in the
available literature about plastics recycling and how different parameters (i.e., product’s
design, collection and sorting, contaminants, and polymer’s degradation) influence the
output quality. In this context, this paper critically reviews the limitations to the closed-loop
recycling of plastics, to define the current status of the scientific research in this field and
propose solutions for an enhanced and extended circular economy application. This review
paper is a non-systematic literature review. In this sense, the approach to the literature
review is to target some, yet not all, of the published scientific articles and online reports
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on the main topics of plastics recycling, circular economy of plastics, and challenges to
plastic waste recycling.

2. State-of-the-Art in Literature and Trends towards Plastic Recycling

7

Literature research using the keywords “plastic recycling” or “plastics recycling”
between 1950 and 2020 in the databases of Web of Science resulted in a total of 682 publica-
tions, distributed per year of publication as indicated in Figure 2. Of these publications,
70% were in the form of scientific articles. The publications before 1990 were mostly dis-
cussing the possibility and feasibility of plastic recycling [29,30], the progress in plastic
recycling, and its advantages [31-39]. Between the years 1990 and 2000, more technical
research was observed, discussing the recycling schemes [40-44], properties and material
quality analysis [45—47], technology, process, and product enhancement [48-55]. As can be
seen in Figure 2, from 2018 onwards, an increasing trend in the number of publications
was recorded. A deep analysis indicates that the focus was on topics such as circular
economy [25,56-61], as well as the recycling of contaminated plastics (e.g., from e-waste
and agricultural packaging) [15,24,62-72].
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Figure 2. The number of publications per year on the search words “plastic recycling”.

Analysing the topics “plastic recycling” and “circular economy” combined during
the same lifespan (1950-2020) in the Web of Science Core Collection resulted in a total
of 337 publications. A spike in publications associated with both topics combined was
observed in 2020, as can be seen in Figure 3. This confirms the trend of discussing plastic
recycling in the context of the circular economy. For instance, the topics in 2020 associated
with plastic recycling and circular economy mostly discussed the mechanical recycling
process and the quality of mechanically recycled plastics [73-78], plastic waste flows and
the associated environmental challenges [79-81], and challenges and solutions to the plastic
waste recycling [82-87]. In this field, 86 reviewed research combining recycled plastic and
additive manufacturing as a path towards a circular economy. The authors found that the
technical validation of using recycled plastics in the printing process chain has been the
focus of research. They also emphasised the importance of identifying local requirements
for the pre-treatment phase, where plastic material from waste needs to be recovered,
separated, and cleaned. Additionally, the interconnections between climate change and
circular economy are of particular relevance for the current research.
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Figure 3. The number of publications per year for “plastic recycling” or “plastics recycling” combined with “circular economy”.

For example, Liu et al. [60] studied the relationship between greenhouse gas emissions
and the Chinese plastic recycling industry. The link between plastic recycling and green-
house gas emissions was again examined by Bora et al. [88] through a life cycle approach.
Additional topics were the chemical and the feedstock recycling of plastics [89-94].

One of the most discussed topics is related to the challenges and solutions revolving
around plastic waste recycling. Technologically, plastics recycling is possible but depends
on the quality and cleanness of the recovered material [95]. A comprehensive review on
the measures for improving the amount and quality of recycling material can be found in
Maletz (2021) [96]. To improve the feasibility of recycling as well as its marketability, the
aspects in Figure 4 should be considered.
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Figure 4. High-potential solutions to enhance the feasibility of plastic recycling [95].

The following sections discuss the potentials and requirements to enhance the quality
of the produced recycled materials.

3. The Quality of Recycled Plastic Materials in the Context of a Circular Economy

Firstly, the definition of the term ‘circular economy’ as it is proposed by Kirchherr et al. [97]
is used as the reference for this paper (pp. 224-225):

‘A circular economy describes an economic system that is based on business models which
replace the ‘end-of-life concept with reducing, alternatively reusing, recycling and recov-
ering materials in production/distribution and consumption processes, thus operating at
the micro level (products, companies, consumers), meso level(eco-industrial parks) and
macro level (city, region, nation and beyond), with the aim to accomplish sustainable
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development, which implies creating environmental quality, economic prosperity and
social equity, to the benefit of current and future generations.”

An integral part of the circular economy for plastic waste is its recycling potential,
which generally results from a trade-off between the quantity and the quality of the
collected and further reprocessed material. In this sense, many factors are limiting the
mechanical recycling of plastic waste [98-101]. Generally, to achieve the plastic waste
recycling and recovery goals, sufficient quantities of plastic waste with adequate quality
are required. Plastics quality deterioration can significantly limit the application of closed-
loop recycling. Quality deterioration comes in the form of material degradation [5,102,103]
and/or contamination [15,67,69,104].

The degradation of plastic-based products typically takes place during plastic’s
(re)processing. Depending on the intended application, the degradation of the poly-
meric structure of a product occurs seldom as a consequence of its use. For instance,
having a lifespan typically shorter than one year, post-consumer plastic packaging is
less susceptible to degradation by use [105]. On the other hand, contamination may
have different origins and is generally referring to polymeric sources—e.g., the case of
polymeric cross-contamination—or foreign sources—as in the case of impurities or the
presence of non-intentionally added substances (NIAS), resulting from the degradation of
additives [106].

Material contamination and degradation can occur throughout the different steps
of the plastics value chain, including the waste processing stage. Among the existing
literature, the aspect of how and to which extent every single step of the value chain
contributes to contaminating and/or degrading the material still remains unexplored [107].

The adequacy of the input material for recycling could be realised by incorporating
systems that are capable of controlling and determining the material’s quality deterioration.
For instance, the inclusion of a separate collection of materials based on the material
type and/or their application can provide higher collection efficiencies with the enhanced
quality of the material [73]. In addition, advanced sorting technologies can enhance the
sorting yields and purity [108-111].

Additional quality maintenance to the recycled materials can come in the form of
precautionary actions, through identifying contaminants and their possible sources in the
plastic waste fraction. This will provide a better-designed management system for plastic
waste [106,112]. Consequently, the application of circular economy could be boosted in the
plastic waste stream, while ensuring the sustainability, high quality, and safety of prod-
ucts [67]. Another factor to be considered is the heterogeneity of plastic products available
on the market in response to their intended applications and design requirements [25].

All in all, the mentioned aspects impacting the quality of recycled plastic materials
are elaborated in the sections below.

3.1. Product’s Designs

Plastics are made from an array of polymers, with combinations of different materials.
Additionally, plastic’s quality is modified by applying specific chemicals (e.g., colourants,
additives, etc.) to meet manufacturers’ functional and marketing demands [113]. Heteroge-
nous designs obstruct the effective sorting of plastics, owing to the existence of countless
colours, having different labelling materials that are hard to distinguish and remove, multi-
layer and multi-component packages, etc. Additionally, the vast number of additives used
in different products adds to the heterogeneity of the plastic waste stream [23], resulting
in an unfeasible and environmentally challenging recycling process, and consequently
affecting the quality of recycled plastic [114].

Currently, there is limited mechanical recycling of multi-layer and multi-component
products, because of the cross-contamination between the different types and degrees of
materials and polymers. In this case, the products’ designs interfere with the closed-loop
recycling of the material and prevent higher recycling quotas [1,115]. Next to the issues
arising from the combination of different polymeric and non-polymeric materials, major
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limitations in the polymers’ recyclability result to be inherent to the material, owing to its
structural composition. In this sense, additives have proven to be a source of contamination
generating organic substances, the behaviour of which is still under investigation [116,117].
The presence of these substances per se does not represent a recyclability burden. Nonethe-
less, the effects are exacerbated once they have to endure thermal processes, for instance,
during extrusion or blow moulding.

The lack of information on the amounts, natures, degradation mechanisms, and safety
of the additives used for polymer processing [118] is one of the main reasons why the design
of packaging is central in the plastic packaging’s Circular Economy narrative. Consequently,
its role as an outliner of the quantity—quality trade-off is also pivotal: Defining the level of
recyclability of a packaging (for the combination of materials used, as well as its inherent
structural composition) is a precondition to be able to foresee quality losses or gains in
view of the increased quality of the recycled material. In other words, knowing how the
material will behave at the re-processing stage (by having full information on how it has
been designed) allows envisioning the best management options for that material to be
fully recovered.

Improved products” designs will result in higher recycling rates, higher amounts
and enhanced quality of recycled materials, and, consequently, will deliver higher value
for the recycling industry [113]. In this context, two concepts—one more preferred than
the other—have been developed throughout the years and are thoroughly reported in
literature: Design for Recycling and Design from Recycling. Design for Recycling is an
upstream approach, where the choice of materials, their combination, and the overall
design strategy is made with the perspective of reducing the product’s impact through its
entire life cycle [119]. Following this tendency, many organisations have published Design
for Recycling Guidelines for different packaging applications [120-123].

Veelaert et al. [21] define Design from Recycling as a design strategy that starts from
the technical properties and characteristics of the recycled materials [21,124,125]. One might
see this option as not necessarily favoured by the producers, in that it would require both
an adaptation of the manufacturing infrastructure as well as of their marketing strategies
(colour, shapes, labelling, etc.). Nevertheless, on the market, there are few examples of
consumers’ products following this rationale [126].

3.2. Collection and Sorting of the Waste Stream

Plastic waste collection and sorting are key steps in the mechanical recycling pro-
cess [127], as they come at the beginning of the mechanical recycling chain and consequently
define the quantities and the complexity of the material sent for recycling. The current
recycling schemes for post-consumer waste focus on an efficient and clean separation of
post-consumer packaging waste (including PET water bottles and polyolefin packaging
material) [128,129]. Collecting waste via source separation waste collection systems is
an essential part of increasing resource efficiency, achieving European recycling targets,
and closing the loop in a circular economy [130]. The collection of plastic wastes can be
conducted by bring-schemes, including the deposit refund system—DRS (e.g., for PET
bottles) or through kerbside collection (plastic packaging material that is not included
in the deposit systems) [1]. Many countries have a DRS in place targeting particularly
PET bottles (in addition to glass bottles and aluminium cans), and they have proven high
collection rates [131]. In 2017 in Germany, 97.3% of the PET bottles put on the market
for DRS were recovered, whereas 96.2% were materially recycled and transformed into
recycled material for food packaging, fibres, or films [132].

While collection and sorting are crucial steps to retain high-value materials, the
currently available infrastructures are not uniform within cities and countries. Generally,
the infrastructure needs to be restructured to enable high-quality recycling [114].
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3.3. Contaminants

The primary sources of contaminants in plastics across the plastics’ value chain were
summarised by Pivnenko et al. [133]. They include additives, polymer cross-contamination,
non-polymer impurities, and products generated by polymer degradation. Contamination
occurs in all stages of the value chain except for the extraction process. Contamination
starts with the production step (by additives). Most of the contamination occurs during
the manufacturing step (due to design requirements: multi-layers, multi-components,
labels, and inks) [134]. Further contamination occurs during the application stage (mostly
non-polymer impurities as well as degradation products) [135], segregation (polymer cross-
contamination and non-polymer impurities), collection (polymer cross-contamination),
sorting (polymer cross-contamination), and re-processing (as a consequence of degrada-
tion) [72]. Among the numerous contaminants in plastics are the chemical additives that
are added to provide predefined qualities for application and marketing needs [86,136,137].

3.3.1. Additives in Plastics

The polymer resins are usually mixed with other chemical substances (i.e., additives)
and are hardly used as pure polymers [15,138]. Additives for plastics are substances
that are dispersed within the polymeric matrix to improve their properties. This can be
associated with minor to no change in the chemical structure of the polymer. Additives can
be the most expensive components of a formulation [139] and are either physical property
enhancers (e.g., plasticisers, lubricants, fillers, colourants, blowing agents, and antistatic
agents) or protecting agents (e.g., heat and ultraviolet stabilisers, antioxidants, and flame
retardants) [137,140,141]. The classification of additives for plastics manufacturing could
be performed based on their function [142,143]:

e Functional additives (e.g., cross-linkers, hardeners, plasticisers, flame retardants,
stabilisers, blowing agents, UV stabilisers, etc.);
Colourants (e.g., carbon black (black), titanium dioxide (white), and various inorganic oxides);
Fillers (e.g., silica, calcium carbonate, talc, carbon black, zinc oxide, titanium dioxide, etc.);
Reinforcements.

The first comprehensive overview was published in 2019 by the European Chemi-
cal Agency (ECHA), which identified about 1550 additives that have been registered at
100 tonnes per year [143].

3.3.2. The Fate of Additives in the Plastic Waste Stream

Some additives may possess potential toxic properties (e.g., lead and tributyl tin
in PVC), yet the extent to which the additives are released and migrate from plastics’
matrices still remains an unresolved issue. The main question is: What are the types and
concentrations of additives in plastics that could be taken up and accumulated by living
organisms [139,144]?

In order to evaluate the impact of additives in plastics, the risk of exposure to different
chemicals as well as the routes and limits of exposure to these chemicals need first to
be assessed [145]. An example of this is the debate on antimony trioxide (Sb,Os3) in PET
bottles. A total daily intake limit (TDI) of antimony was established by the World Health
Organization [146] to be 6 pg kg~! of body mass. The possible risk of antimony intake
from bottled water is an intensively studied subject. On this matter, Filella [147] critically
reviewed 192 studies, addressing their scope, objectives, and, most importantly, the analyt-
ical methodologies applied and the statistical evaluations made. While strongly calling
for a more rigorous experimental design (e.g., in the use of certified reference materials,
the adequacy of the sample’s size and its representativeness, the lack of adaptation of the
analyte concentration to the limit of detection of the used technique—typically ICP-MS),
the author confirms a few facts reported in literature. Antimony in PET water battles
originates from the polymer itself, and, when the bottle is heated at temperatures above
70 °C, antimony leaches. The same study confirmed that the levels of antimony in bottled
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water are mostly below regulatory thresholds [147]. In this sense, in order to reach the TDI,
bottled water consumption has to reach 300 L per day, which is unrealistically high [139].

Additives of specific concern are phthalate plasticisers, bisphenol A (BPA), alkylphe-
nols, organotin compounds, brominated flame retardants, and antimicrobial substances.
These substances could be found in numerous mass-produced goods, e.g., medical devices,
packaging and food packaging, perfumes and cosmetics, construction materials, and elec-
tronics [139,148,149]. For example, the composition of phthalates may reach up to 50% of
the total mass of PVC plastics [150], where the global PVC production reached 44.3 Mt in
2018 and is expected to reach 59.7 Mt by 2025 [151]. Phthalates, organotin, and BPA may be
released to the environment during the service life of the plastics or after their end-of-life
and processing [148,152].

There is substantial concern about the negative impacts of additives in plastics on
wildlife and humans [144,153]. Existing patterns of plastics applications are creating
global waste management problems, where plastic wastes have to be treated after their
end-of-life. Plastic wastes transmit chemical additives, and despite the different treat-
ment pathways, these additives are sooner or later transported and accumulated in the
environment [15,69-71,138,154,155].

The potential migration and emission of additives from the polymeric structure should
be considered, primarily when recycling is targeted.

The mechanism of additive migration takes place when the additive travels from
the polymeric matrix to the surface of the plastic item from where it could be washed
out. Thus, plastics with lower thicknesses usually promote higher potentials of additives
migration [142]. The relationship between the polymer porous structure and the additive
is a key factor affecting the migration mechanism. Namely, additives of smaller molecules
(i.e., with lower molecular weight) have a higher tendency of migration [148]. For instance,
the polymer’s crystallinity and the orientation of the spherulites play a crucial role in
the antimony’s diffusion mechanisms from the PET structure [147]. A polymer with low
crystallinity (e.g., PVC) facilitates the mobility of additives [142]. Apart from the molecular
size of the additive, the nature of the additive can significantly influence its movement in
and from the polymeric matrix; non-reactive additives are not chemically bonded. Hence,
the tendency of migration can be greater [139]. Conversely, a higher solubility of additives
in the polymeric structure can hinder their migration. Further factors can influence the
migration of additives, including the additive’s initial concentration and the surrounding
temperature. Elevated temperatures (T) and high initial concentrations (Cy) will directly
influence additive migration, in accordance with Equation (1). Equation (1) combines
Fick’s law (flux) and the Arrhenius equation (temperature-dependent reaction rates) [142]
as follows:

M = Cp x t%3 x K x ExpRt 1)

where:

M: Total migration;

Cp: Initial concentration of the chemical substance;

t: Time;

K: Constant;

T: Temperature;

E: Activation energy;

R: Gas constant.

During mechanical recycling, additives in plastics are circulated to new products,
resulting in the accumulation of chemical substances that might be banned. For example,
numerous items in end-of-life (EOL) flows were found to contain traces of banned chemicals
and sometimes with concentrations exceeding the threshold limits [156]. Furthermore, a
study conducted by Turner [24] showed that restricted trace elements, frequently found in
WEEE plastics, were present in black packaging and trays for food products.

In order to assess the extent of additives circulation in the plastics circular economy
concept, the fate of chemicals by mechanical recycling was assessed by Hansen et al. [142].
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This was performed by studying the physicochemical properties of the substances and
evaluating the impact of the conditions applied during plastic re-processing. It was judged
that the dominant fraction of additives would remain in recycled plastics. Conversely,
solvents that easily evaporate, monomers that further react during the recycling process,
and stabilisers (heat stabilisers) that are forced to react by the recycling process will not
remain in the plastic cycle when plastics are mechanically recycled [142].

The fate of additives by recycling differs from one plastic-type to another, depending
on the treatment method applied for each resin, e.g., PE, PP, and PET can be mechanically
recycled where PUR can only be recycled by feed-stock recycling or energy recovery.
Therefore, the additives’ fates could be correspondingly predicted. Energy recovery and
feedstock recycling result in liberating the additives from the polymer’s matrix, and
the highest fraction of additives could mobilise and possibly leak out [157]. Table 1
provides a summary of the commercially available plastics, their recycling potential, and
the risks associated with incineration. The method applied for the EOL treatment for these
commercially available plastics indicates the fate of the incorporated additives. Table 2 in
turn summarises the fate of additives of interest in plastics.

Table 1. A summary of the waste treatment potentials for commercially available plastics. Sources of data [5,158,159].

. . . Recycling CO; Saving What Happens Most Probable
Plastic Type Critical Ingredients Potential through Recycling by Incineration? Fate of Additives
None; PET does not Recycling
contain plasticisers. Canendureup to  produces 82% less Residue-free Transmitted to new
Polyethylene Terephthalate 8 recycling cycles. CO; than the combustion. products when
terephthalate compounds in PET are  PET is turned into production If FRs-free, only recycled, unless it
(PET) not volatile. fibres, films, of new PET CO; and H,O has volatile or
Antimony is present in bottles, etc. (transportation is are produced. reactive properties.
negligible concentrations. considered).
4 to 5 times; the Recycling Transmitted to new
- decrease in produces 20-70% products when
Polyethylene Plasticisers are . . Residue-f .
(PE) not required polymeric chains less CO; than esidue-free recycled, unless it
' length will prevent manufacturing combustion. has volatile or
further recycling. new PE. If FRs-free, only reactive properties.
PP can be recycled, cO, an;l szo are
but it is producec. Mostly liberated to
. Hydrated .
not extensively aluminium oxides the environment
applied. When PP Recycling (for the incinerated
. o are the most used .
.. is melted down, a produces 20-70% fraction). When
Polypropylene  The use of plasticisers . . FRs; from a .
. mixture of various less CO, than - mechanically
(PP) is uncommon. . quantitative
PP types manufacturing . recycled, the
. standpoint, they .
is produced, new PP. . logicall additives are
delivering are ecorogicatly transmitted to
. safe.
low-quality of new products.
recycled material.
. No proven
Not stated. At the Readue-free recycling of the
PE-PET combustion. .
. current state, e material, hence,
multi-layer None . Not specified If FRs-free, only o
films multi-layers are CO, and H-O additives are
not yet recycled. 2 2 liberated to
are produced. .
the environment.
P-nonylphenol is Poor recyclability. P.S usually .
contains additives -
Polystyrene partly used as a PS can be No available (e.g., FRs). Hence Additives are
stabiliser for PS; a converted into the . . o ’ ’ liberated to
(PS) information. pungent and

substance with
estrogen-like activity.

starting material
styrene by heating.

harmful odours
are foreseen.

the environment.
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Table 1. Cont.

. - . Recyclin; CO; Savin What Happens Most Probable
Plastic Type Critical Ingredients Pothtialg throug; Recycgling by Incinell‘)al:ion? Fate of Additives
Forms corrosive
hydrogen chloride
gas, becomes
Usually phthalates. Ge'rmany has hydrochlorlc a'c1c'i
Sometimes widespread with water. Thls. is
take-back systems neutralised with lime.
Polyvinyl ]};l;rgonylphenol and of the PVC No available Toxic dioxins may ~ Mostly liberated to
. , other so-called . . . .
chloride (PVC) endocrine disrupters _ processing information. .be. form?d. . the environment.
(hormone-like industry for rlg1d . If incineration is
PVC construction incomplete, smoke
substances). .
material. and soot may
contain toxic
poly-condensed
aromatics.
FR: Flame retardants.

When closed-loop production is discussed, it is proposed that all incorporated sub-
stances are going to follow the same route of the recycled material. However, there are
many factors affecting the circularity of additive chemicals, as summarised below:

e  The interaction between the additive and the polymer: chemically bound (reactive)
or not (additive). Reactive substances are harder to migrate, and they are potentially
maintained in the plastics cycle by the mechanical recycling process [23,160];

e  The molecular weight of the substance: the higher the molecular weight of a substance,
the lower its tendency for chemical migration [161];

e  The boiling point of the substance: the higher the boiling point, the more stable it is.
Hence, it is predicted that it will be transported to recycled products. On the other
hand, when the boiling point is lower than what is applied during the mechanical
recycling process, the substance is mostly lost by evaporation [142];

Vapour pressure (volatility): the higher the volatility, the easier the migration [142];

Water solubility: the water solubility defines a substance’s tendency to migrate by

washing; substances with higher water solubility are predicted to be lost [5];

e Additive solubility in plastics: this factor is opposing the previous one. The higher
the solubility of the additive in the plastic matrix, the stronger the bonding. In other
words, the chemical follows closed-loop recycling [142];

e  The conditions applied during mechanical recycling: plastics mechanical recycling
involves different steps, including washing, drying, shredding, and extruding. All
these steps expose the material to heat and mechanical stress, which can aid in a partial
or complete release of additives, depending on the physical and chemical properties
of the additive [5].

Table 2. A summary of the fate of additives of interest in plastics.

Rl Types el el Fate o the ngrdint e
. Pigments: colours include S;;ynlljlél ?c;tfrllgr?r? ralﬁ : : cd pigrgents and stabilisgrs
Cadmium (Cd) . This element and its are solid bound; they will
and cadmium yellow, orange, red, and all typg s of resins. compounds are solid continue to exist in the [142]
compounds other der1vec¥ c.ologrs; heat Cadmium sfablhsers bound in plastics. plastics cycle when
and UV stabiliser in PVC. are rpamly Release only by wear mechanically recycled.
used in PVC. and tear of products
Chromium '(Cr) and Caz}lgf;;gzsﬂ(lfhggﬁiiﬁon PVC, PE, PP, a.n.d ggziﬁﬂl}?i:; Cr pigments: w/ill remain in
chromium rioxide); in pigments other non—§pec1f1ed be released). the plas.tlcs cycle‘ by [142,162]
compounds plastics. mechanical recycling.

(yellow, red, and green).
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Table 2. Cont.

Substance Function Relevant Types Potential Release Fate of the Ingredient Resource
of Plastics from Plastics by Recycling
Catalyst for production of ix;)srt\li}flis;):? ffa(?tlircl)i;s Cr compounds will stay in
Chromium trioxide plastics; intermediate for PE and other plastics. & the plastics’ cycle by [162]
may be lost only b
manufacturing of pigments. v%ear and tea}; y mechanical recycling.
. - It is not expected to
Plgment for tinting PET a migrate (it is solid It will be sustained in the
bluish colour (phased-out); b ). Rel 1 lastics’ le wh
catalyst, e.g., in the l;)un ). Re Zase on fy phas’flcsllcyc e w1 an
Cobalt(Il) diacetate production of Purified Polyester (PET). y wle ar an ;ﬁar 0 mechanically recycie ,but [163]
Terephthalate Acid, an plastics. The a minor amount may be
intermediate f r, potential for release washed out due to the high
ermediate fo from plastics water solubility.
polyester fibre). L
is trivial.
Heat and UV stabiliser for b Sta;lilrllsgifg re It is solid bound. Its It will remain in the plastics’
Lead (Pb) and PVC (50% of all stabilisers Pb %Sinents ma. be insignificant release WC clz ba mechaenliaczf © [164]
lead compounds are consumed pismen y can only happen by Y y me
. . used in all recycling.
in PVC); pigments. types of resins wear and tear.
Mercury compounds PUR can only be recycled
are not chemically by energy recovery or
Mercury (Hg) and bound and will feed-stock recycling. Most
mercur }éomgo nds Used as a catalyst. Polyurethane (PUR). migrate. Elemental mercury will probably [165]
y pou mercury will evaporate. Unknown fates
vaporise from the of Hg by
plastic material. chemical recycling.
ABS, EPS, HIPS, PA, lgam.i}fetarda?ts N BERs will probably remain
Brominated flame PBT, PE, PP, epoxy, € elther reactive or in mechanically recycled
Flame retardants. additive. Only . [166-168]
retardants (BFRs) unsaturated additive flame plastics and decompose
polyesters, and PU. sordants will migrate by incineration.
rel .
Hexabromocyclododecane Expandable and HBCDD is not There is a chance of partial
(HBCDD) Fl tardant extruded polystyrene hemically bound evaporation by recycling, [142,169]
and all major ame retardant. (EPS and XPS), HIPS, Carfcinviici?l r}rlli T;?e but mainly it will remain. It ’
diastereoisomers synthetic blends. grate. will decay by incineration.
High molecular
weight
HIPS, PE, PP, PBT, 1\ 1
Ethylene (bistetrabro- OPET, PC, (9511'3 %tir;lol z;ftllgh It will mostly remain in the
mophthalimide) Flame retardant. and engineering D recycled materials by [142,170]
. (446 °C) and low . .
(EBTEBPI) thermoplastics mechanical recycling.
in general vapour pressure.
Hence, migration
is unlikely.
Due to the high
. . molecular weight . .
. CPE, engineering 1 It will mostly remain in the
Decabromodiphenyl Flame retardant. thermoplastic, HIPS, 71 & .mOI ) and recycled materials by [169,170]
ethane (DBDPE) boiling point . .
PE, PP, thermosets. (676 °C), migration mechanical recycling.
is unpredicted.
Tetrab/:";‘it(’zlsg henol ABS, HIPS, It is chemically
. ’ Flame retardant. Phenolic resins, bound (reactive FR); [169,171,172]
dibromopropyl) ether . o1 .
(TBBPA-BDBPE) epoxy-laminates. release is limited. These substances will
predominantly sustain in
High molecular the plastics cycle by
weight . mechanical recycling, yet
Tris(tribromoneopentyl) Flame retardant. PP (1019 g mol ™), they v§/1ll‘decorhnpose by [173]
therefore, the incineration.

phosphate (TTBNPP)

substance will
unlikely migrate.
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Table 2. Cont.
. Relevant Types Potential Release Fate of the Ingredient
Substance Function of Plastics from Plastics by Recycling Resource
Migration is unlikely

If;g;glg;ewggg}; . DBDPE will remain in

Decabromodiphenyl HIPS, PE, PP, RN plastics when mechanically
ethane (DBDPE) Flame retardant. thermosets, and CPE. (9711'135&?;11)03;};%}1 recycled, but it will [169]
(345 °C), and low decompose by incineration.
vapour pressure.
It is solid bound

(inorganic) and Sb, O3 will be preserved in

Antimony trioxide Synergic flame . . possibly will not plastics by mechanical

(Sby03) retardant, stabiliser. Various plastics. migrate. estimated to recycling, and it will (691741751
be only liberated by ~ decompose by incineration.
tear and wear.
Thev are impurities found All black plastics. Some products have It will remain in the cycle
Polycyclic aromatic in listiciser}; (e.g., mineral Soft plasticised substantial discharge by mechanical recycling
Hydrocarbons oillzm d coal—base%lv’exten der plastics, and other and thereby dermal due to the low mobility and ~ [176-178]
(PAHs) ils) and carbon black plastic types such as exposure can the high affinity to the
018) and carbon black. ABS and PP. be predicted. plastic matrix.

3.4. Degradation

Changes in plastics properties (e.g., mechanical, optical, thermal characteristics) are a
result of polymer degradation. As an example, cracking, erosion, discolouration, and phase
separation might be the consequences of chemical transformation, bond scission, and/or
the formation of new oxidised groups [102,179]. Degradation can occur via various path-
ways and by numerous factors. The reason behind plastic degradation can be attributed to:
(I) the plastic composition, especially when the migration of additives produces irreversible
tacking and warping phenomena; (II) ageing, which results in chemical instability over
time; (III) environmental factors such as light, high energy radiation (UV, gamma radiation),
microorganisms (i.e., bacteria or fungi), temperature, and humidity; and (IV) the improper
usage and cleaning of the objects (see Table 3) [102,110,180-182].

Table 3. Types of polymer degradation and the chief factors inducing degradation.

Type of Degradation or Decomposition

Degrading Agent

Photochemical degradation
High energy radiation-induced degradation
Photo-thermal or photochemical,
ablative photo-degradation
Electrical ageing
Corrosive degradation, etching
Biological degradation
Mechanical degradation
Physical degradation, environmental stress, cracking
Ultrasonic degradation
Chemical degradation or decomposition,
etching, solvolysis, hydrolysis
Thermal degradation or decomposition
Oxidation, oxidative degradation
and/or decomposition, ozonolysis
Thermo-oxidative degradation
and/or decomposition, combustion
Photo-oxidation

Light (UV, visible light)
X-rays, gamma rays, fast electrons

Laser

Electrical field
Plasma
Microorganisms
Stress forces
Abrasive forces
Ultrasound
Chemicals
(acids, alkalis, salts, reactive gases, solvents, water)
Heat

Oxygen, ozone

Heat and oxygen

Light and oxygen

The types of degradation can be classified into abiotic and biotic degradation [183,184].
Although the classification of polymer degradation slightly differs in the literature, in
general, abiotic degradation involves chemical or physical and/or physicochemical degra-
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dation, whereas biotic degradation denotes biodegradation [181]. The rates of chemical
and physical degradation of polymers are higher than those for biodegradation [185].
Polymers can be subject to degradation mechanisms (otherwise erosion) within the
bulk material or on its surface [186]. During the former, two main mechanisms occur: chain
scission and thermodynamic changes in state. Specifically, chain scission occurs in the ma-
terial, with a consequent decrease in the molecular weight and, therefore, in its mechanical
strength. The mass of the polymer decreases infinitesimally and at a much slower rate until
it disintegrates. Bulk degradation can occur due to thermodynamically unstable states in
the material, such as internal stresses, imperfect crystallisation, limited compatibility of
the used additives with the polymer or incomplete polymerisation processes. Contrarily,
during surface erosion, the loss of material only takes place on the surface of the polymer,
which undergoes a reduction in its size and mass. In this case, the molecular weight and
mechanical strength of the polymer remain practically unchanged [186]. Typically, surface
degradation occurs when the material comes in contact with the external environment.
When degradation factors attack the polymer’s surface, the polymer starts to gain
a higher oxygen concentration. This step is described as the process of developing an

‘oxidation skin’. As a result, fine cracks are formed on the polymer’s surface, indicating

morphological transformations. After that, degradation proceeds towards the inside of
the polymer, with varying rates, depending on the diffusion rate. Observable changes in
macroscopic properties occur suddenly after a certain time of degradation. The induction
time leading to total failure of the polymer is generally determined as the time required to
reach 50% deterioration of the original properties [181,187].

The degradation of plastic can produce chemical changes as well. As a consequence
of these changes, new functional groups in the polymeric chains are formed, resulting in
the plastic’s contamination and variation in the polymeric grades. These contaminants
(oxygenated fragments) become trapped in the solid-state of the polymer and may diffuse
through the melt, hindering an effective reprocessing and affecting the product’s qual-
ity [110,115]. Under the environmental ageing condition, oxidation and hydrolysis are
considered chemical degradation mechanisms changing the macromolecular properties of
polymers [184]. According to the lifecycle periods of polymers, the relevant processes are
classified as melt degradation, long-term heat ageing, and weathering [188].

4. Exploring Future Perspectives

Resolving the plastic waste problem is a challenge that will require choosing from a
large number of potential approaches and adapting them to the recycling needs of different
plastics, applications, and regional waste management systems [189]. Plastic’s quality
deterioration is one of the main limitations to its closed-loop recycling. Identifying the
quality deterioration factors of mechanically recycled plastics could help in applying the
best practices to manage the plastic waste stream.

The future trend of literature is showing the interest towards a higher quality of
recycled materials to meet the market’s demands [22].

By publishing its Plastics Strategy, the EU commission has set ambitious targets to
foster the introduction of higher quantities of recycled materials in plastic products. In this
framework, the Circular Plastic Alliance responds to the call of implementing a minimum
of 10 million tonnes of recycled plastics on the market, with several plastics users and
producers subscribing a voluntary pledge to this common objective [190]. Along with
this, the EU has also revised the calculation method for the recycling rates, which are now
calculated in terms of the material entering the recycling facilities [191,192]. With these
premises, an appeal common to all stakeholders of the plastics value chain—asking to find
solutions to put on the market high quality recycled polymers—is steadily increasing [193].

As mentioned above, improvement prospects to enhance recycling lay on the plastic
waste collection systems, the product design, recycling technologies, and the operational
factors in the recycling plants [194]. Nonetheless, considerable potential exists particularly
when a product ‘s design is targeted (for instance, implementing design for recycling and
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design from recycling strategies), as well as if investments boost the development and scale-
up of new sorting technologies [195-198]. The design for the recycling approach should
first fulfil the functional requirements of the packaging, including barrier and mechanical
properties and compromising with the marketing requirements [199,200]. Meanwhile, the
packaging should be designed in such a way that it can be separated into mono-polymer
streams through either NIR-spectroscopy or during the sink—float process [135].

As for those new optical sorting technologies for which interest is currently gaining
momentum, VIS-sorting combined with Al-based image processing technologies represents
one such technology [201-203]. There are already commercial robotic sorting solutions
existing on the market [204,205]. The middle-infrared spectroscopy works in the range of
4000-600 cm ! and is reported to be able to detect black material [206]. Flake-sorting by
NIR in combination with colour detection cameras can further increase the purity of the
material stream before the extrusion process [207-209].

New developments combining both aspects are striving for scaled-up application,
combining digital marking, fluorescence-based markers, or NIR-detectable black pigments
into the design phase of the product (typically for plastic products in the FMCG industry).
These allow enhancing the identifiability of the product at the sorting stage [210-212].
Nonetheless, the feasibility to properly integrate new sorting technologies to existing
plants as well as their contribution to the recycled material quantity—quality trade-off is
still at a rudimental stage and needs to be fully assessed.

5. Conclusions

Despite the growing need for the implementation of sustainable approaches in treat-
ing the plastic waste stream, there are limitations slowing down the wide implementa-
tion of plastic waste recovery and recycling. Specifically, the challenges are based on
three main pillars: economic investment, technical and technological innovation, and
consumer behaviour.

In this paper, the focus was given to the technical limitations that are hindering plastic
waste recycling, with the focus on the quality of recycled materials. Through this literature
review, plastic quality deterioration by contamination, degradation, as well as products’
designs and waste management practices were thoroughly discussed, highlighting their
role as limiting factors for obtaining good quality material from mechanical recycling
processes. In conclusion, the quality of recycled plastics is generally influenced by the
heterogeneity of the recovered plastic feed as well as by the fluctuations in the quality of the
material entering mechanical recycling processes. To improve the quality and feasibility of
plastics recycling, the following should be considered: (a) working on enhanced products’
designs for decreased waste heterogeneity and (b) controlling the materials” degree of
contamination (e.g., by applying enhanced sorting).
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