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Executive summary 

In waste management and recycling, pre-treatment is a crucial stage in which the fate of materials 
is determined. While collection ensures sufficient feed quantity, pre-treatment separates 
unwanted materials from the desired ones and creates metal or plastic concentrates for further 
refining. However, the quality of plastic recyclates is highly sensitive to impurities, such as dirt or 
residues of other polymers, which poses particular requirements for the success of the separation 
processes. Moreover, a special feature of the plastic fractions recovered from end-of-life vehicles 
(ELVs), waste electrical and electronic equipment (WEEE), and construction and demolition waste 
(C&DW), which also affects their treatment and characterisation, is their possible contamination by 
hazardous additives, particularly by brominated flame retardants (BFRs). Therefore, the pre-
treatment steps, such as successful separation of plastics from other materials, and recognition of 
bromine-containing plastics followed by their separation from bromine-free plastics, have a crucial 
role in improving the quality of the plastic recyclates and further increasing their value. 

Directive 2012/19/EU on WEEE and Directive 2000/53/EC on ELVs regulate the treatment of the 
respective waste streams in the European Union, whereas the treatment of C&DW is controlled by 
the Waste Framework Directive 2008/98/EC. WEEE and ELVs undergo a dismantling as a first pre-
treatment stage as required by the directives, followed by size reduction of the remaining parts. 
For C&DW, which is usually source-separated at least to some extent, size reduction is the first pre-
treatment stage. Shredding and crushing are commonly used as primary size reduction processes 
for bulky waste, whereas grinding is conventionally used at the last size reduction stage. Sieving, on 
the other hand, aims at size control by separating particles into two or more distinct size fractions, 
and can also be carried out by numerous techniques. Separation and enrichment of various 
materials rely on physical properties of solid particles, such as magnetic susceptibility, electrical 
conductivity and density. In order to separate desired fractions for further treatment, a sequence 
of separation operations is carried out. Sensor-based recognition is used at later stages of the pre-
treatment chain for fast recognition of polymer types and/or bromine-containing plastics. However, 
the recognition of specific BFR compounds is only possible by laboratory analysis which are too 
slow, laborious and expensive to be used at the recycling plants on a daily basis. Instead, the 
samples are collected as spot checks and sent to laboratory analyses which are often based on 
chromatographic methods.  

In order to make it possible for plastic recyclates to enter the market, their properties need to be 
validated by reliable means. The results of standardised testing of impact resistance, tensile 
properties, heat deflection temperature and melt flow rate can be seen as some of the most 
important records of the quality of recyclates, as in the case of virgin plastics. 

A short review of the practices and regulation related to the recycling of WEEE, ELVs and C&DW in 
some European and Asian countries revealed that extended producer responsibility has proven an 
efficient means of organising the management of especially ELVs in both Europe and Japan. Inside 
Europe, no significant differences between the two Nordic countries, Finland and Sweden, could be 
pointed out, as they both have enforced the requirements of waste-specific EU directives in similar 
ways by their national legislation. On the other hand, the Italian regulatory framework related to 
the management of WEEE is very complex, as addition to the implementation of the European 
directives, the Italian framework also comprises of other national decrees. The results of a limited 
patent search showed that the field of sorting, separation and cleaning of plastic waste is 
dominated by Chinese inventions.  
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Scope 

This deliverable report (D1.1) of NONTOX project1, work package 1 (WP1),  provides an overview of 
the pre-treatment techniques for end-of-life vehicles (ELVs), waste electrical and electronic 
equipment (WEEE), and construction and demolition waste (C&DW), along with the analytical 
methods for the plastic fractions extracted from these waste streams. A special feature of these 
plastic fractions, which also affects their treatment and characterisation, is their possible 
contamination by hazardous additives, particularly by brominated flame retardants (BFRs). The 
specific BRFs shortly referred to in this report are hexabromocyclododecane (HCBDD) and 
polybrominated diphenyl ethers (PBDEs), namely tetra-, penta-, hexa-, hepta-, octa-, and decaBDEs, 
which are all chemicals restricted by the Stockholm Convention on persistent organic pollutants 
(POPs)2. The legislative framework related to the field of recycling of plastic waste containing 
hazardous substances are however not in the scope of this report, since these topics are discussed 
in detail in Deliverable D5.1 of the project3. 

However, this deliverable report is not entirely focused in the pre-treatment stage of plastic 
recycling. The report also scrutinises the standardised physical and mechanical testing methods 
that can be applied for the plastic recyclates in order to verify their quality. Finally, the report offers 
regional perspectives on the recycling of waste plastics containing BFRs, by giving an overview of 
recycling practices in Italy, Finland and Sweden, China and Japan.  

In this report, the processing steps taking place before extrusion of plastics are considered as part 
of the pre-treatment. Therefore, those processes used in NONTOX project involving extrusion of 
plastic, including extrusion with supercritical CO2 (Extruclean process by AIMPLAS), are considered 
as parts of the actual recycling phase and are therefore out of the scope of the pre-treatment 
section of this deliverable. Respectively, selective dissolution (CreaSolv® process by Fraunhofer 
IVV), although it can be seen as a separation process, is considered as an alternative recycling 
process for mechanical recycling and is thus also framed out of this report. 

  

                                                           
1 http://nontox-project.eu/ 
2 http://chm.pops.int/TheConvention/ThePOPs/AllPOPs/tabid/2509/Default.aspx 
3 D5.1 Review on operational environment, scheduled publication on 1st of November 2020. 
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1 Introduction 

Conventionally, plastic recycling constitutes of following steps: collection, pre-treatment processes 
and the actual recycling process. The collection of plastic waste is organised in different ways which 
depend on many factors. For instance, post-industrial and post-consumer plastic waste are 
collected by different routes. In many cases, the discarded plastic is not collected as separated 
plastic fractions, but as plastic components in more complicated waste fractions, such as in ELVs, 
WEEE and C&DW. 

Conventionally, plastic recycling process has been understood as mechanical recycling, which 
means re-melting the (thermo)plastic material and extruding it to pellets, which can be used in the 
manufacture of new plastic products. Often the re-melting is associated with additivation to 
compensate the properties that have possibly been declined during the recycling cycle. For 
instance, colouring agents and heat stabilisers may be added.  

The quality of recyclates produced by mechanical recycling is sensitive to impurities, such as dirt or 
residues of other polymers (Vilaplana & Karlsson, 2008). Therefore, the pre-treatment steps, such 
as sorting and separation, have a crucial role in improving the quality and value of the plastic 
recyclates produced by mechanical recycling. 

As the accuracy of separation can only be improved at the expense of recovery rate (see Figure 2.2), 
novel recycling methods have been introduced to enable the recycling of mixed plastic waste 
streams. For instance, mechanical recycling can be equipped with extraction methods to remove 
contaminants from the plastic material during extrusion. One such a process is Extruclean, which is 
one of the treatment processes employed in NONTOX project.  

A next step further from mechanical recycling is selective dissolution (sometimes referred to as 
physical recycling), which enables the recycling of target polymers from mixed plastic waste. The 
dissolved target polymers are re-precipitated in the form of powder without additives, and 
therefore require full additivation (e.g. plasticisers, heat and UV stabilisers, colouring agents, slip 
agents) before they can be used in plastic manufacture. CreaSolv® is an example of the selective 
dissolution method, and used in NONTOX project for the recycling of polymers from selected plastic 
fractions containing harmful additives. 

The final form of recycling is chemical recycling, or feedstock recycling, which can be performed by 
several techniques, depending on the polymer type. Pyrolysis is one example of (thermo)chemical 
recycling methods, and depending on the pyrolysis conditions and the feedstock, different output 
materials can be generated, such as fuel oil and gas enriched with valuable hydrocarbons. Some 
polymers degrade into monomers with high yield, and those monomers can be used to build new 
virgin-like polymers. In NONTOX project, process residues and non-target waste plastic fractions 
originating from sorting steps are thermochemically recycled by pyrolysis to yield pyrolysis oil.  

Figure 1.1 presents the three different recycling methods involved in NONTOX project, illustrated 
in the context of a circular plastic value chain. NONTOX project (2019–2022) aims at developing a 
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cost-effective solution able to increase the recycled volume of the plastic fractions originating from 
WEEE, C&DW and ELVs, and contaminated by BFRs or other substances of concern. The resulting 
plastic recyclates will be characterised by high quality and safety.  

 

Figure 1.1 Recycling methods involved in NONTOX project, illustrated in the context of a 
circular plastic value chain. 

2 Pre-treatment techniques 

In a waste management and recycling, pre-treatment is a crucial stage in which the fate of materials 
is determined. While collection ensures sufficient feed quantity, pre-treatment separates 
unwanted materials from the desired ones and creates concentrates which can be fed to smelters 
in the case of metals, to plastic converters if clean plastic fraction is in question, and to incineration 
for energy recovery for the organic-rich rejects. Some inorganic fractions are landfilled when no 
further recovery potential exists.  

The main driver in the pre-treatment and recycling of metal-rich complex waste streams, such as 
ELVs and WEEE, has been the extraction of metals. As a consequence, the pre-treatment operations 
are often optimized for this purpose. Mineral materials are one of the target materials for recovery 
in C&DW treatment, as they represent a major share of that waste stream. However, changes in 
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regulatory framework, such as the tightening requirements for the reuse and recycling rates for 
WEEE4, ELV5 and C&DW6 in the European legislation, as well as the generation of markets for 
recycled plastics, have created interest towards the extraction of plastics from the complex waste 
streams. Figure 2.1 presents an overview of the main operations in waste management and 
recycling. 

  

Figure 2.1 A general overview of the actions and operation in waste management and how 
pre-treatment positions within the treatment chain.  

Pre-treatment technologies face multi-material feeds composing of metals, organics such as 
plastics, rubber and wood, as well as inorganics, such as glass and minerals. Beside their complex 
compositional characteristics, they often have dynamic nature. As an example, while a normal 
passenger vehicle composed mainly of steel in the 1970s, nowadays steel composes slightly over 
half of the weight of the car, as new metal-replacement materials (e.g. polymer composites) have 
emerged. Another even more aggressively changing waste stream is WEEE in which product 
lifetimes are much shorter, as well as changes in product design and addition of totally new 
products can be detected frequently. Tablet computers or smart watches can be considered as 
recent examples of new electronic devices, let alone new emerging products such as smart textiles 
which are currently being actively developed. This leads to new situations in which the pre-
treatment methods need to be robust enough, or of modular nature, to handle various types of 
feeds which change over time.  

Pre-treatment separates material particles mainly by means of physical properties such as density, 
magnetism and electrical conductivity.  However, one particle may compose of a single material or 
of several different materials. Physical properties of a single mono-material particle originates from 
the one constituent material whereas for multi-material particle the physical properties are in 
principle  a combination of all the constituent materials, which makes the separation imperfect.  

The purity of a particle (mono- vs. multi-material) is described by means of liberation. A particle 
composed of one material is called liberated while a mixture of two materials is called a binary, and 
with the same logic, ternary particles are composed of three materials (Worrell, 2014). For optimum 
processing of a material, the goal is to maximize the mass of liberated particles in a batch of recycled 
                                                           
4 Directive 2012/19/EU on WEEE, Annex V (LINK) 
5 Directive 2000/53/EC on ELVs, Article 7 (LINK) 
6 Waste Framework Directive 2008/98/EC, Article 11 (LINK) 
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material. Usually increasing the liberation of a material in a particle is conducted by means of size 
reduction, which facilitates the generation of finer and more liberated particles. This however 
creates an optimization problem since breaking the material into too fine particles causes the 
processes to operate under non-optimal conditions (Worrell, 2014). The imperfect separation and 
recovery can be visualized through a recovery vs. grade curve (Figure 2.2), which illustrates that 
100% recovery with 100% grade is impossible, something which is important to keep in mind when 
evaluating the pre-treatment technologies. 

Grade

Re
co

ve
ry

 

Figure 2.2 Grade vs. recovery curve of a material originating from its liberation 
characteristics. 

2.1 (Manual) dismantling  

Pre-treatment operations include several activities. Manual dismantling is the first activity carried 
out after the collection and transportation of waste to pre-treatment plants. Through this first step, 
hazardous and valuable components, such as casings, external cables, cathode-ray tubes (CRTs), 
printed circuit boards (PCBs), batteries, and so forth, are manually separated and directed to 
downstream processes.  

2.1.1 Waste electrical and electronic equipment 

Directive 2012/19/EU on waste electrical and electronic equipment (WEEE)4 lays down the 
requirements for treatment of WEEE on the EU level. Regarding the NONTOX-concept and project, 
especially one of the requirements is essential: According to the directive, proper treatment of 
WEEE includes a selective treatment for a number of substances, mixtures and components, which, 
according to ANNEX VII of the directive, have to be removed from any separately collected WEEE. 
These include plastics containing brominated flame retardants. In contrast to the ELV directive, the 
WEEE directive does not differentiate between the brominated flame retardants classified as POPs 
and restricted under REACH, and those BFRs that are not restricted.  

As a conclusion, the WEEE directive calls for selective removal of plastics containing brominated 
flame retardants. The principle behind is to ensure that these compounds do not enter the recycled 
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plastic fractions. However, the directive does not take a stand whether these should be removed 
in a (manual) dismantling stage or not. 

The only plastic component removed before shredding is the plastic casing of TVs and monitors in 
plants which are performing manual treatment of that stream. It is quite a common practise in 
WEEE pre-treatment to remove plastic casings from CRT-televisions and CRT-displays after a 
cautious squeezing of the display before the rest of the display enters the mechanical recycling 
process. The bromine content of a casing, or a complete lot of separated casings, is measured and 
subsequent destination of the plastic casing is decided based on the measurement. Bromine-free 
casings are sold to mechanical plastic recycling and bromine containing casings are sent to energy 
recovery and destruction of the flame retardants.  

Other plastic containing parts removed in manual dismantling of WEEE are batteries, the plastic 
casings of which often also contain brominated flame retardants. The WEEE directive also requires 
for selective treatment of toner cartridges, liquid and paste, as well as colour toners. All these 
fractions are usually treated in dedicated shredding and separation lines, which often also recover 
mixed plastics fractions. 

2.1.2 End-of-life vehicles 

In order to promote recycling, the ELV directive5 requires the removal of large plastic components 
(bumpers, dashboard, fluid containers, etc.), among other parts and components, if these materials 
are not segregated in the shredding process in such a way that they can be effectively recycled as 
materials. In the shredder process, these end up in the shredder light fraction, or automotive 
shredder residue (ASR), which is a very heterogeneous mix of lights materials, such as textiles, 
cushioning and hard plastics (Vermeulen et al., 2011). The post-shredder technologies for enhanced 
metal recovery, and to smaller extent also for plastic recycling, have been developed quite rapidly 
lately. However, it is a matter of debate whether the plastics in ELV can be effectively recycled as 
materials in the (post) shredder process.  

Of the large plastic-containing parts, the external parts are obviously easiest to remove before the 
shredder process. These include bumpers and gas tanks. Thus far the recycling of bumpers and 
gasoline tanks has been quite limited, which is partly an economically driven issue. Earlier, when 
the price of plastics was higher, manual removal of bumpers and gasoline tanks was more common. 
Today, with low prices of virgin plastic, such activity is not economically viable. The manual 
dismantling of plastic-containing parts from the interior of ELVs for plastic recycling purposes is very 
limited according to the best knowledge of the authors.  

The treatment operations required for the depollution of end-of-life vehicles by the ELV directive 
includes the removal of batteries. This is done manually in the depollution stage of an ELV. The 
traditional lead acid batteries contain plastic casings for which some recycling routes have been 
established (Ballantyne et al., 2018; ILA, 2014). 
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2.2 Size reduction and control 

Size reduction is carried out on the feed material to decrease the particle size to be suitable for 
different separation processes (Figure 2.3), as well as to liberate different materials and 
components from each other. Liberation of materials/parts is vital for efficient separation, 
otherwise desired materials end in wrong fractions and can be lost. Conventionally and currently, 
size reduction is carried out by different type of crushers and shredders. Common crusher and 
shredder types are: hammer-, impact-, ring- and knife crushers. Different crushers and shredders 
with different breaking mechanisms are utilized for different feeds, e.g. the knife crusher is more 
suitable for a plastic rich feed than for a metal or mineral rich feed (Schubert & Bernotat, 2004). 

 

Figure 2.3 Minimum and maximum particle sizes of input feed for various sorting 
technologies. Reprinted from Maisel et al. (2020) with permission from Elsevier. 

Each pre-treatment facility is a unique set of unit processes configured in various sequences. Figure 
2.4 presents an example of particle sizes of output plastic fractions from eight different WEEE pre-
processors. 
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Figure 2.4 Examples of the distributions of generated particle sizes for plastic output 
fractions from eight different WEEE processors (small WEEE treatment) and the employed 
size reduction technology. Reprinted from Maisel et al. (2020) with permission from 
Elsevier. 

Significant differences in particle size distributions can be observed between the eight WEEE 
processors. Interestingly, great variation within the applied size reduction technology can be 
observed as well. However, the size reduction process itself does not explain alone the great 
variations as also the size control and used separation processes affect the resulting particle size 
distribution. It should be noticed that operators make different decisions both regarding the 
selection of a shredding technology and how the process is operated (Maisel et al., 2020). 

2.2.1 Shredding 

Shredding and crushing are commonly used as primary size reduction processes for bulky waste. 
However, they are used in secondary size reduction processes as well. Shredders can be roughly 
categorized to slow- and high-speed rotating devices. In addition, the principal mechanism for 
conducting energy to the particle — e.g. by cutting-, shearing-, tearing-, or impact stresses — yield 
different types of particle size distributions and are thus suitable for different feed types. Figure 2.5 
presents the classification of shredders for coarse and intermediate size reduction (Woldt et al., 
2004). 

 



 

    19 | 89 

  

This project has received funding from the European Union’s  
Horizon 2020 research and innovation programme 
under grant agreement No 820895. 

 

 

Figure 2.5 Classification of the crushing and shredder equipment utilized for coarse and 
intermediate size reduction of materials of non-brittle behaviour. Reprinted from Woldt et al. 
(2004) with permission from Elsevier. 

2.2.1.1 High-speed rotary shredders 

High-speed rotary shredders such as hammer shredders or mills generally have high capacity and 
are commonly used for large, metal-rich bulky wastes such as ELVs as the primary shredder. The 
main goal of this type of shredder is to liberate materials from each other and generate suitable 
particle size distribution for further separation processes (Sander et al., 2004).  

Various types of configurations for the shredder design exist ranging from horizontal to vertical 
shaft shredders (Sander & Schubert, 2003). These types of shredders utilise stresses such as 
shearing, tearing and impact to break particles. Since high velocities are used in the process, 
commonly higher amounts of fines (commonly below 2 mm) are produced compared with low-
speed rotary shredders which utilize more shearing, tearing and cutting stresses (Maisel et al., 
2020).  

2.2.1.2 Rotary shears 

Rotary shears have shown to be suitable for the comminution of scrap metal, aluminium and copper 
waste, as well as waste with non-brittle characteristics such as plastics. Beside the ability of treating 
various heterogeneous feeds, rotary shears have low specific energy requirements as well as noise 
and dust generation (Schubert & Bernotat, 2004). However, the process produces rather broad 
particle size distribution (Maisel et al., 2020). 

2.2.1.3 Cross-flow shredder 

Cross-flow shredders are designed for primary shredding of end-of-life devices, mostly WEEE, to 
liberate materials from each other. They have high throughputs with automatic adjustment of the 
residence time by the continuous discharge of output material, and are able to treat also metal 



 

    20 | 89 

  

This project has received funding from the European Union’s  
Horizon 2020 research and innovation programme 
under grant agreement No 820895. 

 

particles. However, they do not produce small and homogenous particle sizes which makes them 
unsuitable for secondary shredding. A fast tool change has been developed to facilitate the 
maintenance of the shredder (Maisel et al., 2020). 

2.2.1.4 Rotary impact mill 

Rotary impact mills are suitable for smaller particle sizes and have relatively good control of product 
size even though dust development can occur (Maisel et al., 2020; Napier-Munn & Wills, 2005). The 
rotary impact mill employs impact and shearing stresses in the breaking system, and to a lesser 
degree attraction or cutting stresses, thus making it suitable also for metallic particles (Buschfeld & 
Guldan, 2014). The rotary impact mill is more used as a secondary crusher/shredder. 

2.2.1.5 Rotary cutters 

Rotary cutters, such as cutting mills, apply shearing and cutting stresses in the breakage of particles. 
These types of machines are used to produce a specific particle size distribution and have somewhat 
low throughput, which makes them well suited for secondary shredding (Maisel et al. 2020; 
Schubert and Bernotat 2004). In addition, compared to rotary shears and shredders, mills using 
cutting, such as cutting mills and granulators, consume less energy which makes them more suitable 
for achieving finer size reduction. Since the rotary cutters use knives/blades to cut particles and 
materials into smaller pieces, they are suitable only for soft materials thus excluding their use for 
metal particles (Maisel et al., 2020). Therefore, highly effective separation of metals from the feed 
is necessary prior to the rotary cutter process. 

2.2.1.6 Granulator 

Granulators utilizing cutting stresses produce high quality cutting and liberation with also smaller 
particle size. They are preferred on softer feeds, which means that proper separation of metals 
prior to the granulation should take place. Therefore, granulators are often utilized at the later 
stage of the pre-treatment chain (Maisel et al., 2020). Granulators have rather high throughput, 
however maintenance costs can also be high (Biddle & Dinger, 1999).  

2.2.2 Grinding 

Grinding conventionally refers to a fine size reduction, or comminution, which employs impact and 
attraction stresses and is the last size reduction stage. The process can be carried out either as a 
dry process or as a wet process in (water) suspension. Usually grinding is carried out in rotating 
cylindrical steel vessels which contain a batch of loose crushing bodies and the grinding medium, 
which is free to move inside the mill (Napier-Munn & Wills, 2005). Most common grinding 
equipment are tumbling mills, such as ball-, rod- and autogenous mills. These type of equipment 
are used especially on brittle materials for example in C&DW recycling. 

2.2.3 Sieving or screening 

Sieving aims at separating a particle mix into two or more distinct size fractions using a semi- 
permeable surface which is called the screen deck. It differs from stream classification, such as air 
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classification, by the fact that the size separation is not based on differential particle motion in a 
medium such as air or water. Usually sieving is carried out in the industry in particle size range from 
300 mm down to 40 µm, although the efficiency decreases rapidly in the finer end. Sieving is carried 
out for numerous reasons, such as (De Jong 2004; Napier-Munn and Wills 2005):  

- Separation of the feed material into several size classes to provide optimized particle size 
distribution for each of the downstream unit processes; 

- separation of the coarsest size fractions in the feed material, usually so that they can be 
crushed or removed from the process; 

- removing of undersized feed material fractions before crushing; 
- separation and classification of feed material into different size categories as required by 

the market; 
- separation of material types (brittle and ductile materials such as glass and metals or 

organics from mixed household waste); 
- de-sliming or de-dusting to remove fine material, generally below 0.5 mm from a wet or a 

dry feed; 
- media recovery, for draining and rinsing for instance magnetic media from particles in 

dense medium processing; and 
- dewatering to drain moisture from a wet sand slurry. 

The result of sieving is never perfect, which means that the oversize fraction will contain fines and 
undersize fraction will contain some coarse particles since the mesh opening may vary or may be 
damaged. The efficiency of sieving is affected by (De Jong, 2004): 

- The material properties of the particles, for instance particle shape, bulk density, moisture 
content and electrostatic charge; 

- sieving method, for instance amplitude and frequency of vibration, horizontal sieving angle, 
sieve length, width, and capacity; and  

- the properties of the screen deck, such as mesh size, mesh shape, uniformity of the deck, 
open area percentage and construction material. 

A number of different types of sieving and screening equipment exist on the market, from static to 
roller and vibrating screens, and made of different materials, such as steel, rubber or polyurethane. 
In the following a short description of the most common screens is provided. 

2.2.3.1 Static screens  

Commonly three types of static screens are used: grizzly, drain panel and sieve bend. The common 
dry grizzly static screen, as shown in Figure 2.6, has tapering exposed parallel bars in the direction 
of flow at the angle of 35°–50° and on which the feed is poured. The drain panel and sieve bend are 
wet screens suitable for fines removal (De Jong, 2004). 
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Figure 2.6 A grizzly screen during installation (By courtesy of Wikimedia Commons/Peter 
Craven, licensed under CC BY 2.0) 

2.2.3.2 Vibrating screens 

Vibrating screens are commonly divided based on the motion characteristics of the screen deck. 
There can be several screen decks in the vibrating screens to produce more than two size fractions 
(De Jong 2004; Napier-Munn and Wills 2005). 

Vibrating screens with linear motion are the largest group, where the motion is generated by an 
excenter, electro-magnetic drive or double-unbalance drive. Double-unbalanced drives are used on 
a wide application area due to their easy control of amplitude and frequency, as well as light weight 
and ease of maintenance. As for electromagnetic drives, they are commonly used for fine or ultra-
fine sieving. Good control of throw angle and transport velocity are advantages of the vibrating 
screen, whereas low self-cleaning ability is a drawback (De Jong, 2004). 

Circular motion screens are always mounted inclined (12°–25°) to allow a conveyance of the feed. 
Various type of drives from double excenters to single unbalanced drives are used. Typical screen 
sizes are between 1 and 50 mm. An advantage of the circular motion screens is the self-cleaning 
effect, whereas the non-adjustable transport velocity can be seen as a disadvantage (De Jong, 
2004). 

Elliptical motion screens combine the advantages of both the linear and circular motion. Elliptical 
motion is generated by a single unbalance motor and a specific spring configuration, or alternatively 
by an arrangement of three unbalanced motors (De Jong, 2004). 

Common vibrating screens include vibrating grizzly, horizontal screen, resonance screen, 
dewatering screen, banana screen, modular screen, Mogensen sizer and multi-deck screens (De 
Jong 2004; Napier-Munn and Wills 2005). 
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2.2.3.3 Non-vibrating moving screens 

Trommel screens are one of the most common non-vibrating screens which are also one of the 
oldest screening device types. The screen consists of a rotating cylindrical screen (a trommel) to 
which the cascading feed is fed from the entrance and conveyed by the angle they are installed in, 
or by lifter plates. Figure 2.7 depicts the principle of a trommel screen. 

 

Figure 2.7 Schematic illustration of a trommel screen (By courtesy of Wikimedia 
Commons/Ceicgrp10, licensed under CC BY-SA 3.0) 

Trommel screens can handle material generally ranging from 6 mm to 55 mm in diameter. Even 
smaller sizes can be handled under wet screening conditions. The simple and cheap construction, 
as well as the absence of vibrating stress on the structural foundations are advantages of the 
trommel screen. On the other hand, low efficiency, capacity and self-cleaning capability and a 
relatively high energy consumption (2–3 times more than a vibrating screen) can be considered as 
disadvantages. The constructional advantages, as well as the suitability for specific secondary 
material flows (e.g. municipal solid waste, scrap metals, building waste) make trommel screens 
popular for recycling despite their drawbacks (De Jong 2004; Napier-Munn and Wills 2005). 

Roller screens compose of a number of elliptical or star shaped rollers spaced across the screen 
length. The rollers rotate at synchronized speed conveying the feed down the screen length while 
the finer particles pass between the rollers. The roller screens provide efficient fines removal and 
are able to operate with wet sticky feed (moisture content between 5 to 20%). Commonly roller 
screens are used for screening applications for particle sizes from 3 mm to 300 mm (De Jong 2004; 
Napier-Munn and Wills 2005). 

2.2.4 Classification 

Classification is a method for separation of mixtures of materials into two or more products based 
on the velocity at which the particles fall through a viscous medium. The medium can be liquid such 
as water, or it can be air. Wet classification using water is often applied for fine material 
classification, whereas the air classification can be carried out also for coarser particles.  
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The particle separation in classification is affected by the size, density and shape of the particles. 
Therefore, classification can be considered also as a separation and enrichment process, for which 
an example is presented in Section 2.3.4. In the wet classification, most common technologies are 
hydro-cyclones where centrifugal and drag forces separate larger particles from finer ones. Wet 
classification is applied especially in mineral processing (De Jong 2004; Napier-Munn and Wills 
2005; Worrell and Reuter 2014). 

In dry classification, wind sifting/air classification can be carried out either under static (gravity) or 
dynamic (using centrifugal force) conditions and is frequently used in mechanical recycling and 
waste management. Dynamic air classification applying centrifugal forces becomes relevant when 
particles are small, and increased separation efficiency between particles is needed. In addition to 
splitting up mixtures of particles, air classification is also applied for the removal of particles from 
an air stream and for de-dusting in processes where air cyclones are utilized. A summary on how 
air classification is affected by the size, density and shape of a particle is as follows (De Jong, 2004): 

- At equal density and shape, mixtures can be separated according to size. 
- At equal size and shape, mixtures can be separated according to density. 
- At equal size and density, mixtures can be separated according to the shape. 

In practice, these three conditions are rarely exactly fulfilled. Therefore, the result of the 
classification process is somewhat a compromise and less than 100% perfect separation is achieved. 
The most common air classification technologies are the following (De Jong, 2004): 

- Expansion chamber, where an air stream loses its kinetic energy in a very large vessel, and 
subsequently the entrained material in the air stream settles and is discharged at the 
bottom. Simple format and low price are its advantages, but poor control sensitivity, 
narrow functional and large dimensions are disadvantages. 

- Zig-zag air classificator composing of multi-deck zig-zag channel, where lights and fines are 
entrained in the upward-flowing air and heavy, large material falls down by gravity. The air 
velocity is the main separating factor. Large zig-zag air classificators in ELV treatment are 
able to remove low density waste in the size range of 2–14 mm. 

- Cross flow separator (incl. air knives), where elongated air flow “cuts” the lighter particles 
from the main stream while heavier particles are unaffected.  

- Fluff separator, where air is tangentially fed to a volume casing which contains a rotating 
perforated drum. The heavier, larger particles are centrifuged outward, while lighter and 
(foil-type) flat particles stick to the roll by the under-pressure exerted. This separator is 
most commonly used for mixed domestic and building waste with the particle size range of 
10–300 mm. 

2.3 Physical separation and enrichment 

Separation and enrichment of various materials rely on physical properties of the solid particles as 
described at the beginning of Chapter 2. In order to separate desired fractions for further 
treatment, a sequence of unit operations is carried out. In the following sub-chapters the most 
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common separation, enrichment and sorting technologies applied in the recycling industry are 
presented. 

2.3.1 Magnetic separation 

Magnetic separation is based on the differences in materials’ magnetic susceptibility. It is one of 
the oldest metal separation techniques and is commonly situated at the beginning of the pre-
treatment line after size reduction and control to separate magnetic material (mostly steel) from 
the feed mixture. In some occasions, high-intensity magnetic separators are used later on in the 
line to separate or enrich weakly magnetic materials, such as stainless steel.  

In terms of plastic recycling, magnetic separation is relevant when considering impurities which 
need to be removed from plastic to render it recyclable, and it is a central process in ELV, WEEE and 
C&DW treatment. Various types of technologies are used, such as magnetic pulley and drum 
separator, magnetic overhead belt separator, cross-belt separator, high-intensity magnetic 
separator and wet magnetic medium recovery (De Jong, 2004; Gundupalli et al., 2017; Worrell, 
2014). Figure 2.8 depicts the principles of the two first mentioned. 

 

Figure 2.8 Schematic illustration of different types of magnetic separators. On the left a 
magnetic head pull separator and on the right a magnetic overhead belt separator. 
Reprinted from Gundupalli et al. (2017) with permission from Elsevier. 

2.3.2 Eddy current separation 

Eddy current separation is widely applied to separate non-ferrous metals such as copper and 
aluminium from the feed mixture. In the process a particle passes across a changing magnetic field 
which gives a rise to eddy currents in the particle and it undergoes a force F which generates a 
magnetic field that opposes the field applied.  
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The force is determined as  

𝐹 = 𝑚 𝑆 𝑄𝑣    (1): 

where m is particle mass, σ electrical conductivity of material, ρ density of the material, S shape 
factor, B magnetic field intensity, h distance to the magnets, Q constant and v velocity of the 
particles relative to the magnets. 

As a result, the particles that produce eddy current will spring away when entering a very fast-
moving alternating magnetic field, as Figure 2.9 illustrates. The sensitivity to eddy currents varies 
between materials. The ratio between electrical conductivity and density of the material is 
proportional to the force F, and therefore defines the separability of metals, with aluminium having 
the highest separability followed by magnesium, copper and silver. In addition, the particle shape 
and aspect-ratio affects significantly the separation efficiency, with flat/disc-shaped particles being 
the most favourable for separation, whereas wire-shaped particles and compact cubic fragments 
show poor and intermediate separability, respectively. Finally, the size of the particles is also 
relevant since small particles (<1 mm) will not accelerate if they are smaller than the north pole in 
the magnet in the rotating drum (De Jong 2004; Worrell and Reuter 2014). 

 

Figure 2.9 A schematic description of an eddy current separator. Reprinted from Gundupalli 
et al. (2017) with permission from Elsevier. 

2.3.3 Electrostatic separation 

Electrostatic separation employs the electrical conductivity of particles for their separation. 
Particles are charged for example with a high voltage, after which different materials lose their 
charge at different rate, which generates the separation effect. In principle the feed mixture is fed 
onto a rotating drum with a vibratory feeder and is then electrostatically charged using high 
voltages. As a result, particles stick to the drum’s surface due to the electrostatic effects and while 
the drum is rotating, the particles are moved out of electrostatic field and discharged.  

Metallic particles lose their charge quickly and fall off the drum, whereas non-conductive materials, 
such as plastics which are good insulators, lose their charge slowly and stick to the drum for longer 
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until they are “brushed” off. Adjustable splitters can be used to separate the conductive and non-
conductive fractions.  

Electrostatic separation is used, for example, for demetallisation of cable scrap and printed circuit 
boards, and separation of aluminium from plastic in food packaging waste. For separation of 
polymers, tribo-electric separation can be employed applying tribocharging (De Jong 2004; Worrell 
and Reuter 2014). 

Different materials can be classified to conductors, semi-conductors or non-conductors as follows 
(De Jong, 2004): 

- Non-conductors: electrons cannot move freely inside the material. In an electric field they 
are polarized. Most minerals, plastics and rubbers are non-conductors. 

- Conductors: a charge is always distributed homogenously across materials surface. In 
practice all metals are conductors. 

- Semi-conductors: the electric properties fall between those of the conductors and non-
conductors and can be temperature-dependent. Many minerals belong to this group. 

In order to produce differential charge on the particles, the charging mechanism, which can be 
contact, corona or triboelectric charging, is crucial (De Jong 2004; Gundupalli, Hait, and Thakur 
2017). 

In contact charging, the conductors and non-conductors obtain a differential charge by contact 
polarization. In theory, a conductor will immediately have the same potential as the plate it hits, 
whereas a non-conductor is only polarized. In practice, however, charging needs some time, and 
the final charge will depend also on the mutual influence of neighbouring particles. 

In corona charging, the particles are charged by a strong flow of ions. Charging is mainly 
independent from material and electrical properties at which time the particles will obtain a 
maximum charge where the repulsion between the ions and the particles is so large that no 
additional charge can be added. When particles touch the grounded counter electrode, the 
conductors will lose their charge to the counter electrode immediately, while non-conductors are 
charged as if no plate would be present. The particles will obtain different charges based on 
conductivity differences. The corona charging is more efficient than contact charging due to its 
larger effect. 

Triboelectric charging means that upon contacting and separation two objects can obtain a 
differential charge by contact electrification. By rubbing the materials to each other the 
triboelectric charging is increased. Particles can be charged by mixing or by bringing them into 
contact with specially designed media in a tribocharging chamber, as illustrated in Figure 2.10. The 
charged particles are then passed through an electric field to separate them. The rate of charging 
is determined by the material’s relative permittivity at the surface of the particle but it is generally 
smaller than that in a corona separator. Therefore, triboelectric charging is used when particles are 
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separated based on the different relative permittivity, which is the case with non-conductor/non-
conductor mixtures such as mixture of polymers.  

 

Figure 2.10 A schematic illustration of a triboelectric separator. Reprinted from Gundupalli 
et al. (2017) with permission from Elsevier.  

The separability of polymers in a triboelectric separator can be evaluated by considering the 
triboelectric series, which is shown in Figure 2.11. From this it can be identified which plastics of a 
mixture become positively or negatively charged after tribocharging (De Jong, 2004). 

 

 

Figure 2.11 Tribo-electric series for different polymers. Adapted from De Jong (2004). 

2.3.4 Density separation 

Beside a classification method as described in Section 2.2.4, density-based separation is a widely 
used separation method in pre-treatment processes. It is applied to separating light, non-ferrous 
metals (Al, Mg) from heavy ones (Cu, brass, Zn, Pb, stainless steel), as well as to cleaning and 
separation of polymers. Density separators can be divided into relative separators and absolute 
separators. Relative separator splits the feed into higher and lower density. At a given setting of the 
apparatus, the cut density ρc will depend on the feed. On the other hand, absolute separator has a 
fixed ρc determined by a constant density of the suspension medium of which density determines 
ρc (De Jong, 2004). 

The efficiency, in terms of separation sharpness, is higher for an absolute separator, whereas 
relative separators are often cheaper and have the advantage of not using a medium. A further 
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distinction can be made between wet and dry separators. In general, only wet separators are able 
to make the separation for finer material (<2 mm) (De Jong, 2004). 

For a quick estimation of the separability for wet-based density separation, the concentration 
criteria S, the ratio of the apparent densities of the materials, can be used to predict the separation 

𝑆 =     (2) 

where γ1 and γ2 are the specific gravities of the materials to be separated and ρw denotes the density 
of water. Values above S > 2.5 indicate a very good separation, whereas values below 1.25 denote 
poor separation. In the range of 1.25 < S < 2.5 density separation is applicable (De Jong 2004; 
Worrell and Reuter 2014). The concentration criteria describes the situation where both samples 
have higher density than the medium. 

In relation to polymer separation by means of density, Figure 2.12 presents density ranges of some 
common polymers together with different types of medium densities.  

 

Figure 2.12. Density range of some common plastics and flame retarded plastics, 
complemented with different types of medium densities. Adapted from  Leslie et al. (2013). 

It can be noticed that the densities of polymers vary quite significantly already within one polymer 
type for example due to additives, such as BFRs, and fillers. This leads to overlapping density ranges 
between different polymers and can affect the separation efficiency. As a result, the output 
fractions from a mixed plastic feed separated by density can only be considered as target polymer 
concentrates which can however contain other non-target polymers as well.  

When applying sink-float separation, alcohol solutions can be used to separate the fractions with 
lowest density, whereas different types of brine solutions can be used to enrich PVC from other 
polymers. However, as mentioned before, it should be noticed that due to the overlapping of 
polymer density ranges and the liberation nature of particles, the wet-based separation is non-ideal 
in practice (Ragaert et al., 2017). 
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Different medium based density/gravity technologies are as follows (De Jong, 2004): 

- Rising current separation: in principle the rising current separator is similar to sifting, with 
the exception of the medium being water, whereas in sifting it is air. The process is simple, 
straightforward and cost-effective. After separation the light fraction is separated from 
water by means of a dewatering screen. Often a simple vertical column or pipe is used. A 
rising current can also be used for classification. ρc is determined by the water velocity and 
the size/density/shape distribution of the various fractions in the feed, making the 
separator to act as a relative principle separation. The separation sharpness is lower than 
in heavy-medium separator (see below). 

- Sink-float methods: sink-float methods are most accurate density separations, where ρc is 
determined by the density of liquid or suspension. Therefore, these are absolute separation 
methods. Sink-float methods can be divided into three groups: 

o Sink-float in water or other liquid: 
 for example PVC (>1 g/cm3) can be separated from PE, PP, PUR or PS (<1 

g/cm3) with water, 
 in treatment of C&DW, wood and insulation among other things can be 

separated from mineral granulates with water baths. 
o Sink-float in a suspension of water and solid material (heavy-medium separation, 

HMS): 
 HMS is often used in separation of non-ferrous metal mixtures for example 

at ELV treatment plant. 
o Sink-float in a suspension of air and solid material (dry fluidized bed): 

 Air table as an example can be used in separation of copper from ground 
electric cables. 

Beside wet medium based separators, air separators can be used as gravity/density separators. 
These were described in more detail in Section 2.2.4 of classification methods 

2.3.5 Flotation 

Froth flotation is a physicochemical separation method where gas bubbles attach to the particles 
in a liquid mixture and rise on the top of the reactor (flotation cell), creating a froth which can be 
collected (Worrell, 2014). The separation in flotation occurs between hydrophobic particles 
attaching to the bubbles and hydrophilic ones remaining in the slurry.  

The free surface energy of particles can be modified with reagents impacting the hydrophobicity or 
hydrophilicity of particles making the difference between wanted and unwanted particles as large 
as possible. Plastics have free surface energy in the range of 30-45 mJ/m2, making them mainly 
hydrophobic in water (Worrell, 2014). Therefore wetting reagents are used in plastic flotation. Two 
differing strategy approaches in plastic flotation are shown in Figure 2.13. 
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Figure 2.13. Two different approaches to separate plastics by froth flotation. Reprinted from 
Fraunholcz (2004) with permission from Elsevier. 

In the first approach, a selective wetting of components takes place before flotation, changing 
selectively the surface characteristics of specific plastic from hydrophobic to hydrophilic. A difficulty 
in this approach is to find an efficient method for creating the selective wetting. It can be achieved 
by lowering the liquid-vapour surface tension (defined as gamma flotation), chemical conditioning 
or surface treatment (Fraunholcz 2004; Wang et al. 2015). 

The second approach aims at selectively hydrophobize individual components which can be then 
separated with flotation. Often the recycling process dealing with plastics starts with size reduction, 
followed by sink-float density separation separating lighter polymers such as PP, PE and PUR as well 
as EPS from heavier ones (ABS, PS, PET, PVC and PC etc.). This heavier fraction could be introduced 
to flotation since the aging of plastics, wet grinding and sink-float treatment affect the plastic 
particles in a way that they lose a great deal of their inherent hydrophobicity (Fraunholcz 2004; 
Wang et al. 2015). 

Besides selecting a proper flotation reagent which can be grouped to collectors (manipulating the 
surface), activators (e.g. activate collector adsorption), depressants (e.g. inhibit collector 
adsorption) and frothers (affecting the froth stability on the surface of flotation cell), the particle 
size plays a crucial role in flotation. In ore flotation the particle size ranges typically from 1000 µm 
to 30 µm whereas for lighter particles such as plastics the particle size can be up to several 
millimetres in size. If the particle size is too large the particles will not adhere on the particle-bubble 
aggregate but disengage, whereas small particles may not have enough kinetic energy in the 
particle-bubble collision to be attached with the bubble(s). In addition, the selectivity can decrease 
when the particle size decreases (Fraunholcz 1997; Fraunholcz 2004; Wang et al. 2015; Worrell and 
Reuter 2014). 

Flotation machines can be mechanical, pneumatic or dissolved air devices which are suitable for 
different types of feeds and are used by different industries (Worrell, 2014): 
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- Mechanical flotation cell: Air is introduced to the cell via a mechanical stirrer (rotor) which 
both mixes the suspension and disperses the air into fine bubbles. The turbulent conditions 
cause particles to collide with bubbles and attach to each other if the contact angle is 
sufficient. Mechanical cells are often used in minerals processing where the feed material 
is of granular type. 

- Pneumatic flotation cell: In these devices there is a separate mixing chamber where bubbles 
are dispersed by either a sparger or a porous plate and then contacted with the suspension. 

- Dissolved air flotation cell: In this technique air is dissolved into water at high pressure and 
mixed into a suspension with particles after which the pressure is released creating large 
number of fine bubbles at the material surfaces. Dissolved air flotation and pneumatic cells 
are used for example in water treatment to purify waste water. 

For plastic flotation, pneumatic types of flotation devices have been used more often, since 
turbulent conditions might disintegrate aggregates more easily and hinder larger particles, which is 
often the case with plastics (Fraunholcz 1997; Wang et al. 2015). 

2.4 Sensor-based recognition 

Sensor-based recognition is used for fast recognition of polymer types and/or bromine-containing 
plastics. Automated systems in most cases allow recognition of shredded plastic particles moving 
on a conveyer belt. The sensor system regulates a separation method, for instance an air jet, which 
separates the desired particles according to the results of the recognition (Gundupalli et al., 2017). 

2.4.1 Recognition of polymers 

Various sensor-based identification techniques can be applied to the recognition of polymer types 
from different plastic-containing waste streams (Gundupalli et al., 2017; Maisel et al., 2020).  
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Table 2.1 summarises these technologies, and the commercially available techniques are further 
discussed in this section. Some of the techniques here considered non-commercial after Maisel et 
al. (2020), are the same as those used for bromine detection, which are discussed in the next 
section. 
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Table 2.1 Sensor-based identification techniques applicable to the recognition of polymer 
types (Freegard et al., 2006; Frerejean et al., 2015; Maisel et al., 2020). 

Technique Suitable particle size 
(mm) 

Remarks 
Additional 

information 

Near-infrared (NIR) 
spectroscopy* 

10–150 
Fast, not able to identify 
black plastics 

 

Fourier-transform 
infrared spectroscopy 
(FTIR)/Mid-infrared 
(MIR) spectroscopy 

5–12 
Able to identify black 
plastics, slow, requires 
relatively smooth surface 

(Becker et al., 2017) 

(PerkinElmer, 2015) 

Laser-induced 
breakdown 
spectroscopy (LIBS) 

 
Fast, expensive, based on 
hand-held/table top models 

(Jull et al., 2018) 

High-speed laser 
spectroscopy/Raman 
spectroscopy* 

8–75 

Fast, able to sort black 
plastics, precise, no need 
for clean or smooth surface, 
expensive 

 

Terahertz spectroscopy 2–50 
Non-destructive, very 
precise, may require low 
operation temperatures 

(Nüßler et al., 2019) 

*) Commercially available for automated sorting 

2.4.1.1 Near-infrared (NIR) spectroscopy 

NIR spectroscopy has long been the most commonly applied technology to identify different 
polymer types at plastic recycling factories (Freegard, Tan and Morton, 2006; Ragaert, Delva and 
Van Geem, 2017; Maisel et al., 2020). The identification is based on detecting particular functional 
groups in the polymers, such as O-H, N-H and C-H, because NIR irradiation is absorbed by the 
vibrations characteristic for those functional groups (Freegard et al., 2006). However, NIR suffers 
from the inability to recognize black plastics, because the colouring agent (carbon black) used in 
black plastics intensely absorbs electromagnetic radiation in the NIR range and masks all other 
spectroscopic features (PerkinElmer, 2015; Ragaert et al., 2017). This poses severe restrictions to 
the identification of WEEE and ELV plastics, where a substantial part of the material is black 
(Beigbeder et al., 2013; Frerejean et al., 2015). On the other hand, the advantages of NIR include 
short response times, especially compared to MIR spectroscopy which, on the other hand, would 
be able to identify also black plastics (Freegard et al., 2006; PerkinElmer, 2015). Moreover, 
commercial NIR technologies allow quite a wide particle size range of 10–150 mm (Maisel et al., 
2020). 

2.4.1.2 High-speed laser spectroscopy 

High-speed laser spectroscopy is rather recently commercialised technology for sorting plastics. In 
this method, material is optically excited with a high energetic laser light, after which the emitted 
fluorescent light is collected over a wide wavelength range, from UV to NIR, and analysed. The 
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analysed spectrum forms the “fingerprint” of the material, which is compared to the spectral 
library. High-speed laser spectroscopy allows the collection of a complete fingerprint in a 
microsecond, enabling high throughput in automated sorting. Due to different operational principle 
compared to NIR spectroscopy, carbon black poses no problem for the identification of black or 
dark plastics. The technique is applicable to plastic-containing shredder fractions from WEEE and 
ELV treatment processes (Meyer, 2017). In NONTOX project, high-speed laser spectroscopy is used 
as an additional separation method before Creasolv® process. 

2.4.2 Screening of bromine content 

Identification and separation of regulated BFRs is a prerequisite for the recycling of plastic waste 
streams that may contain these compounds. However, distinguishing the regulated BFRs from other 
types of BFRs can currently only be obtained by employing standardised methods such as a gas 
chromatography-mass spectrometer (GC-MS), or by other combinations of methods, which often 
are time consuming and/or destructive. For these reasons, the current methods capable of 
identifying different BFR compounds are not suitable for online use (Retkin, 2012).  

Thus, the only practical solution is to identify and separate all bromine-containing materials above 
certain concentration using faster and simpler methods that can be applied during the pre-
treatment processes (UNEP, 2010). The options are to use hand-held devices on manually 
disassembled parts prior to shredding, or instruments installed directly on the treatment line for 
continuous identification of the shredded material (Haarman & Gasser, 2016; Ministry of the 
Environment of Finland, 2016; Retkin, 2012). The hand-held devices can also be used from time to 
time to verify the results of density-based separation. In this chapter, the fast analysis techniques 
for bromine screening are presented in this section, whereas the laboratory analyses capable of the 
identification of specific BFR compounds are discussed separately in Chapter 3. 

The fast-screening analyses are operated on the assumption that all the detected bromine 
originates from organic compounds (BFRs), which is a rather justified assumption considering that 
inorganic bromine (bromine salts) are rarely used in polymers (Guzzonato, Puype, et al., 2016).  
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Table 2.2 provides a comparison of the most common commercially available fast screening 
techniques used for bromine detection in plastics recycling. 
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Table 2.2 Comparison of commercialised fast screening techniques for bromine detection 
(ESWI, 2010; Freegard et al., 2006; Haarman & Gasser, 2016; Peeters et al., 2014; UNEP, 
2010, 2017). 

Technique 
Sorting 
criteria/detected 
elements 

Detection 
threshold for 
bromine 

Duration of 
analysis Approximate price 

SSS  
Elemental 
composition/Br, Cl, 
inorganic additives 

1000–10,000 
ppm (0.1–1%) 1 s 4,000-5,000 EUR 

(hand-held) 

LIBS Elemental composition 15,000 ppm 
(1.5%) 0.1–1 s 35,000 EUR (hand-

held) 

FTIR  Polymer type and some 
additives 

50,000 ppm 
(5%) for 
brominated 
organic 
molecules 

from a few 
seconds to 
half a minute 

25,000 EUR (table 
top) 

XRF  Elemental composition, 
excluding light elements 10–100 ppm 

from real time 
(automated 
versions) to 
less than a 
minute (hand-
held versions) 

hand-held 20,000–
50,000 EUR, 
automated 450,000 
EUR 

XRT  Atomic density/Br, Cl, 
other  real time 400,000–500, 000 

EUR (automated) 
  

2.4.2.1 Sliding spark spectroscopy (SSS) 

Sliding-spark spectroscopy (SSS) is a rapid surface screening technique for analysing the 
concentration of bromine, chlorine and inorganic additives in the material. The method of 
operation is based on vaporising a small amount of surface material by a high voltage spark. The 
vaporised material is then atomised and activated to emit light, of which spectra is analysed. The 
intensities of the characteristic radiations in the spectra are correlated to the concentrations of the 
elements in question (Haarman & Gasser, 2016). The operation principle is more specifically 
described, for example, by Golloch & Siegmund (1997). 

SSS is used as a handheld instrument especially in WEEE dismantling and also in other fields (UNEP, 
2017). Hand-held SSS method is usually employed before shredding to identify items with bromine 
content above 1% (Haarman & Gasser, 2016). The advantages of the SSS method include fast 
scanning time (few seconds in maximum), ease of use and relatively low price: 4,000–5,000 EUR is 
often cited as a cost. Downsides of the method include the need to remove coatings, stickers, dust 
and dirt from the analysed surface. (Haarman & Gasser, 2016; UNEP, 2017) In addition, there is a 
possibility that the operator is exposed to small amounts of unidentified fumes that are generated 
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when the spark is applied on the sample. Therefore, good ventilation needs to be applied in the 
workplace where SSS method is used.  

The SSS method can also be integrated with a near-infrared (NIR) analyser to enable identification 
of different polymer types. The utility of the NIR technology in WEEE dismantling is, however, 
compromised by its inability to extract useful information from black plastics (UNEP, 2017). In some 
of the dual-function equipment the identification of black plastics can be performed with the SSS 
part of the device (GUT GmbH, 2019). 

2.4.2.2 Laser-induced breakdown spectroscopy (LIBS)  

Laser-induced breakdown spectroscopy (LIBS) (also known as laser-induced plasma spectroscopy 
(LIPS) and laser induced multi emission spectroscopy (LIMES)) is a technique for the determination 
of the elemental composition of solid, liquid or gaseous samples. Its operation principle is similar 
to that of the SSS technique, except that instead of a spark, a laser is used to vaporise a small 
amount of the material and the spectral lines emitted in the ultraviolet region form the ‘fingerprint’ 
of the sample (Haarman & Gasser, 2016; Miljöstyrelsen, 2014). Figure 2.14 shows an image of a 
hand-held LIBS device.  

 

Figure 2.14 A LIBS device being used for the elemental analysis of an alloy. (Photo 
Credit: Dean Calma / IAEA) 

While the LIBS method is described as simple, relatively inexpensive, fast and easy-to-use (Haarman 
& Gasser, 2016) and that it “works well” in bromine detection (Freegard et al., 2006), its applicability 
on bromine detection has also been questioned (Guzzonato, Puype, et al., 2016; Miljöstyrelsen, 
2014). Stepputat et al. (2003) applied an on-line LIBS system on an automated sorting of WEEE 
plastics on a conveyor belt for the quantification of heavy metal and bromine content. They 
discovered that bromine could not be identified directly: instead, BFRs were identified indirectly by 
the sufficient detection of antimony present as Sb2O3, which is used as an auxiliary substance for 
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BFRs (Babushok et al., 2017). However, in the laboratory, they could detect Br directly at levels 
down to 15000 ppm (ESWI, 2010; Stepputat et al., 2003). 

Although relatively simple to use, the LIBS method should only be used by trained personnel due 
to the possible health hazard resulting from the powerful laser applied in the technology (Haarman 
& Gasser, 2016). In addition, as the collected fingerprint of the material depends on the instrument 
settings, the technique needs well-controlled operating conditions for a consistent identification 
(Freegard et al., 2006). 

2.4.2.3 Fourier-transform infrared spectroscopy (FTIR) 

Fourier-transform infrared spectroscopy (FTIR) identifies chemical bonds in a molecule by 
producing an absorption or a reflectance spectrum of the sample at infrared wavelengths. In 
operation, this spectrum is compared to the library of spectra consisting of samples with known 
composition. It is thus susceptible to incorrect analysis results, or not giving a result at all, if the 
level of reflected light is low, as may occur with dark colours or coated surfaces (ESWI, 2010; UNEP, 
2017). The ability of this technique to analyse black plastics depends on the used infrared range: 
the carbon black used as a black colouring agent in plastics intensely absorbs electromagnetic 
radiation in the near-infrared range thus masking all other spectroscopic features. However, in the 
mid-infrared region the masking is not notable (PerkinElmer, 2015). 

FT-IR has customarily been used in the recognition of polymers in laboratories, but it has also been 
shown that this technique can detect the presence of BFRs because they produce small differences 
in the reflected spectra of polymers (ESWI, 2010). The detection limit for molecular bromine is 
about 5% (UNEP, 2017). This translates to about 3–4% of elemental bromine, if assumed that 
bromine constitutes about 60–80% of the mass of the most common BFRs. The limit of detection is 
therefore rather high compared to other analysis techniques presented in this report. 

FT-IR is most commonly employed in table top models, which cost approximately 25,000 euros 
(Freegard et al., 2006). Hand-held FT-IR instruments have also been developed (UNEP, 2017), but 
literature does not acknowledge their use on BFR detection from plastics. The disadvantages of this 
technique are the poor applicability on coated or uneven surfaces and rather long analysis time 
ranging from a few seconds to half a minute, depending on the device (ESWI, 2010; Freegard et al., 
2006). 

2.4.2.4 X-ray fluorescence (XRF) 

X-ray fluorescence (XRF) spectroscopy is a non-destructive analytical technique used to determine 
the elemental composition of materials. XRF analysers identify the elements contained in a sample 
by measuring the secondary, or fluorescent, X-rays emitted from a sample when it is excited by a 
primary X-ray source. The spectrum of the characteristic X-rays emitted by the different elements 
in the sample reveal its composition (Haarman & Gasser, 2016). The sensitivity of XRF is rather poor 
for elements of low atomic number (Z) (Margui & Van Grieken, 2013), but this does not concern 
bromine, for which the atomic number is 35 (UNEP, 2017).  
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XRF can be used for the detection of BFR-containing plastic with a bromine detection limit of 10 to 
100 ppm (UNEP, 2017). Compared to the SSS method, XRF is slower and more expensive, but also 
more reliable in lower concentrations of bromine, i.e. below 1000 ppm. The requirements for 
sample preparation are similar to those for the SSS method (Haarman & Gasser, 2016). 

The XRF technology is mainly found in hand-held instruments, as seen in Figure 2.15: The 
applicability of hand-held XRF on the detection of BFRs in waste plastics is recently examined in 
several studies (Guzzonato, Puype, et al., 2016; Schlummer et al., 2015; Sharkey et al., 2018). In 
addition to XRF scanning of, for example, manually disassembled parts, hand-held XRF devices are 
also used to scan batches of physically separated materials from time to time, in order to validate 
the quality of the physical separation.  

 

Figure 2.15 A hand-held XRF analyser. (Public domain) 

Literature acknowledges also table top and automated on-line instruments based on XRF 
technology (Haarman & Gasser, 2016; Peeters et al., 2014). For instance, an automated XRF unit 
with several X-ray tubes placed in parallel was tested by Peeters et al. (2014), and the purity of the 
separated non-BFR plastics was observed to be above 95%. 

2.4.2.5 X-ray transmission (XRT) 

X-Ray transmission (XRT) spectroscopy is based on identifying the specific atomic densities of 
materials, regardless of their particle size, shape, weight of surface treatment, by using high-
resolution X-ray transmission image processing (Haarman & Gasser, 2016; Miljöstyrelsen, 2014). As 
the specific density is notably increased in polymers with BFRs, it has been shown that XRT is 
capable of separating BFR-free polymers from BFR-polymers (Miljöstyrelsen, 2014; Schlummer, 
2014). 
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Contrary to the previously discussed screening methods, XRT is solely used in automated on-line 
sorting machines. Automated sorting means a higher amount of scrap sorted per hour, but also a 
significantly higher investment cost: 400 000–500 000 € (Haarman & Gasser, 2016). An automated 
sensor system analyses the material coming across on a conveyor belt and controls a separator 
process, such as a compressed air jet, which blows a piece of material out of the waste stream, if 
the set criterion is filled (Freegard et al., 2007). However, in order to be effective, the automated 
sorting is to be applied on already quite concentrated target polymers because the automated 
separation always leads to a certain share of falsely sorted particles (Schlummer, 2014). 

Automated screening and consequent sorting of plastics on a conveyer belt can only be performed 
on shredded material. In the literature, the minimum particle size for automated sorting in general 
is cited to be 5–10 mm (Maisel et al., 2020; Schlummer, 2014), whereas the maximum particle size 
for automated XRT is even 150 mm (Freegard et al., 2007; Maisel et al., 2020)  

The XRT-based sorting can be coupled with NIR technology to improve the efficiency of the sorting 
process, either by first separating the different polymers with NIR and then further sorting out BFR-
containing polymers from each polymer stream with XRT (Miljöstyrelsen, 2014), or using the two 
technologies in the opposite order (UNEP, 2017). 

2.4.2.6 Hyperspectral imaging (HSI) 

Hyperspectral imaging (HSI) is an imaging technique based on collecting and processing two-
dimensional per-pixel electromagnetic reflectance or transmittance spectra of an object (Amigo et 
al., 2015; Caballero et al., 2019). HSI has been successfully applied to the recognition of polymer 
types, for instance, detection of PVC in post-consumer plastic packaging (Bonifazi et al., 2014), LDPE 
and HDPE in mixed plastic waste (Bonifazi et al., 2018) and PE, PP and PS in marine microplastic 
samples (Serranti et al., 2018). 

The applicability of HSI for the recognition of flame retardants in the near-infrared region has been 
demonstrated (Amigo et al., 2015; Caballero et al., 2019), but further research is needed in order 
to commercialise the technology (Miljöstyrelsen, 2014). If successful, HSI provides a fast, robust 
and reliable means to identify the additives in polymers with a high degree of accuracy, also in an 
automated set-up (Caballero et al., 2019).  

In NONTOX project, the detection and identification of plastic samples with BRF additives by HSI 
will be studied both in a laboratory environment as well as in industrial field trials. A spectral library 
based on measurements of real plastic waste samples will be constructed using HSI in short-
wavelength infrared and mid-infrared wavelength ranges. In addition to conventional methods, a 
novel supercontinuum laser based active hyperspectral sensing (Kääriäinen et al., 2019) will be 
applied. Algorithms will be developed for the separation of samples containing BRFs and samples 
without BRFs. Best performing algorithms will be selected to be used in the field trial at Stena 
Recycling facilities. Figure 2.16 shows the HSI device used in NONTOX. 
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Figure 2.16 Specim SWIR camera (1000–2500 nm) (left), placed on a conveyor belt at VTT 
Optical Measurements team for spectral analysis of plastic waste (right). (VTT) 

2.5 Preparation for recycling 

The steps here considered as preparation for plastic recycling can be executed at different stages 
of the pre-treatment chain. These processes aim for improving the quality of the recyclates or 
increasing the ease of handling of the plastic waste streams. 

2.5.1 Washing  

The quality of the recyclates is improved if contaminants, such as dirt or adhesive residues from 
stickers are removed in a washing step (Bill et al., 2019). Washing can be performed in one or 
several steps and in some cases washing is done prior to density-based separation (Ragaert et al., 
2017). A basic solution, such as diluted NaOH, and surfactants can be used in washing, especially if 
the goal is glue removal (Al-Salem et al., 2009). Simple techniques such as a settling tank enable 
reusing the washing water and thus help to lower operating costs. The wastewater should be 
disposed of through an industrial sewage system (Bill et al., 2019). 

2.5.2 Bromine removal 

Removal or reduction of bromine is one of the means to improve the quality and safety of 
recyclates. Several methods have been developed to the debromination of BFR-containing plastic 
waste, such as with the aid of metallic catalysts (Zhuang et al., 2010) and microwave irradiation 
(Bhaskar et al., 2008). However, debromination by mechano-chemical treatment (Grause et al., 
2015; K. Zhang et al., 2012) is here shortly described because this method is also developed and 
investigated in NONTOX project.  

Mechanochemistry is a branch of chemistry concerned with chemical and physico-chemical 
changes of substances due to the influence of mechanical energy. Mechanical energy is transferred 
from milling balls to the substrate, through shear, stresses and/or compression, depending on the 
device used. A dehalogenating agent can be used to facilitate the dehalogenation, but the process 
does not require any heating (Cagnetta et al., 2016). 
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Many variations of the mechano-chemical treatment have been investigated, where different types 
of milling devices, dehalogenating agents such as CaO, Fe/SiO2 and Bi2O3, and different milling times 
have been employed (Cagnetta et al., 2016) 

In NONTOX project, the capability of mechano-chemical treatment for the debromination is studied 
by subjecting typical BFRs to a treatment in a planetary ball mill. A novel Si-Al-based reagent is used 
as the debromination agent. 

In addition to bromine removal by mechano-chemical treatment, the potential of using the modular 
extruder for debromination by thermal decomposition of BFRs is investigated in NONTOX project. 
The objective is to use modular extruder as a preliminary method for reducing the bromine content 
prior to subsequent processing for instance by pyrolysis, Extruclean or Creasolv®.  

2.5.3 Compacting 

Due to the size reduction operations performed for WEEE, ELV and C&DW streams for the 
separation purposes, the plastic materials separated from these streams are in form of flakes, which 
can be used as such by plastic recyclers (Al-Salem et al., 2009).  

The extrusion process where plastic flakes are turned into pellets, as the ones seen in Figure 2.17, 
is here considered as part of the actual mechanical recycling process, as the resulting pellets can be 
used in the manufacture of plastic products (Shen & Worrell, 2014). Thus, pelletizing conducted by 
a conventional extruder is considered to be out of the scope of this report. 

 

Figure 2.17 Pellets of recycled plastic processed by extrusion. (VTT) 

For the compacting of bulky, fluffy or film-like plastic waste, a novel modular extruder developed 
at VTT can be used (Heikkilä et al., 2020). These type of waste streams can originate, for example, 
from construction sites as clipping waste from the installation of insulation foams or vapour barrier 
films.  
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The modular extruder is an extruder that consists of a comparably short but large-diameter hollow 
screw, in contrast to conventional extruders that have a long and small-diameter screw designed 
for efficient mixing. The benefit of VTT’s modular extruder is that the large-diameter screw also 
allows a relatively large feed throat, as shown in Figure 2.18a on top of the device, thus enabling 
feeding of material that is difficult or impossible to feed into conventional extruders as such.  

The current prototype of the modular extruder lacks a nozzle that would allow pelletizing the 
compacted waste, as seen in  Figure 2.18b. Instead, the compacted waste is extruded as strands. In 
NONTOX project, the modular extruder is modified to better suit the compacting of NONTOX waste 
streams. Special attention is paid to the control of temperature, and ventilation and cleaning of 
possibly generated gaseous decomposition products.  

2.6 Pre-treatment chains for various wastes 

Each pre-treatment facility is a unique combination of different unit operations in various 
sequences, as described earlier. Therefore, in this chapter examples of the pre-treatment chains in 
WEEE and ELV sectors are described. In addition, information on material flows, if found, are also 
presented. 

2.6.1 TV housing and LCD module pre-treatment 

In a study by Peeters et al. (2014) the separation of BFR- and phosphorus-based flame retardant 
(PFR) plastics from TV housing and LCD module was investigated. The research composed of pilot 
trials on density separation and experiments with colour/optical and XRF sorters. These 
experiments were complemented with calculations on process efficiencies by Cryan et al. (2010) 
(Cryan et al., 2010; Peeters et al., 2014).  

In order to have an optimum particle size (10–100 mm) for optical sorting for flame retardant 
separation, crushed feed need to be sieved removing fines from the crushed material. On the other 
hand, density separation operates best with particle size between 10 and 15 mm, which means that 
sensor sorting needs to be carried out prior to density separation. Accordingly, light material such 
as PET foils should be removed after sieving with a blower or air classifier. Thereafter, ferrous and 

a) b) 

Figure 2.18 Modular extruder designed for compacting heterogeneous waste. (VTT) 
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non-ferrous metals need to be removed with magnetic and eddy current separators. Afterwards, 
white internal and BFR plastics can be separated with colour or NIR and an XRF sorter. After optical 
sorting the particle size should be decreased with a secondary size reduction process (not covered 
in this study) to facilitate the separation of remaining heavier materials, such as PC filled with glass 
fibres, residue metal particles and printed wiring boards as well as glass. Only afterwards sink-float 
should be applied to separate the remaining plastics (Peeters et al., 2014). Figure 2.19 presents a 
Sankey diagram of the different polymers separated in the pre-treatment chain.  

 

Figure 2.19. Polymer flows from TV Housing and LCD module in a pre-treatment chain. 
Reprinted from Peeters et al. (2014) with permission from Elsevier. 

Figure 2.19 presents well how not entirely pure (various in quality) plastic fractions are created with 
mechanical pre-treatment. For example, PC/ABS PFR fraction after two-stage density separation 
contains more than 18% of other plastics. The main cause for this is that a substantial share of the 
false rejects which were not separated in the optical separation end up in the PC/ABS fraction. The 
overall recovery of PC/ABS PFR in this process can be increased from 55% to 71% by using a rotary 
table which allows the reject fraction of the XRF sorter to pass once more through this optical sorter 
(Peeters et al., 2014). 

The minimum required investment for an installation for separation of PFR plastic after size 
reduction is in the range of 1 000 000 € of which roughly half is composed of automated optical 
sorters. This type of process line would have a capacity of 6 tonnes per hour of waste LCD TVs while 
producing roughly 250 kg of PC/ABS PFR per hour. In comparison, a manual disassembly 
complemented with plastic sorting after plastic analysis would require an investment in the range 
of 250 000 € to obtain a similar PFR PC/ABS output per hour. (Peeters et al., 2014) However, it 
should be noticed that technology has evolved and become cheaper since the study in 2014 which 
has an effect on the investment calculations. 

2.6.2 ELV treatment 

A typical ELV treatment chain consists of dismantling, followed by a sequence of mechanical unit 
processes such as crushing, air separation, magnetic and eddy separation as well as sieving, density 
separation and sensor sorting (Figure 2.20). In addition, different type of dust treatment 
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configurations, e.g. cyclones and scrubbers are mounted to the process. Finally, hand picking for 
larger fractions can be carried out. In the dismantling phase, before primary crushing, some parts 
can be removed for reuse. 

 

Figure 2.20 A typical treatment process for ELVs, details such as sieve cut and dust 
treatment can differ between different actors. Reprinted with permission from Mehlhart et 
al. (2018). 

The process separates different types of metals/alloys (Fe, Al, Cu, Mg, Ni, Zn and stainless steel) for 
sale, whereas organic rich fractions such as shredder light fraction (SLF) and fines are sent to post-
shredder treatment (PST) plant to separate further metals and inert material from organics/plastics 
(Figure 2.21. Typical post shredder operations, details may differ between actors. ). 
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Figure 2.21. Typical post shredder operations, details may differ between actors. Reprinted 
with permission from Mehlhart et al. (2018). 

Commonly a PST plant composes a group of mechanical unit operations such as crushing, sieving, 
magnetic, eddy current, air separation as well as washing and density separation. The plant usually 
produces different metal, plastic and inert/mineral fractions for further refining, energy recovery 
or disposal. A detailed study on how different polymers behave in ELV recycling chain could not be 
found, however, in the Netherlands a rough calculation on how plastics and some polymers (ABS, 
PUR and PS) divide to different end-fractions was made, based on some assumptions. An overview 
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of the Dutch ELV recycling chain, coordinated by Auto Recycling Nederland (ARN), can be seen in 

 

Figure 2.22. 
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Figure 2.22 An overview on plastic routes in ELV treatment in Netherlands. Adapted from 
Leslie et al. (2013). 

The Dutch example composes more or less of same stages, as discussed previously. The unit 
operations in shredder and PST-installation boxes in the figure can be assumed to imitate processes 
presented in Figure 2.20 and Figure 2.21. Typical post shredder operations, details may differ 
between actors.  even though they can be slightly different in reality. The overall plastic mass flow 
in the ELV treatment in the Netherlands can be seen in Figure 2.23.  
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Figure 2.23 Mass flow of plastics in ELV treatment. Adapted from Leslie et al. (2013). 

Roughly 60% of plastics is separated before entering to the shredder. From this share roughly 40% 
is treated outside the ARN system which treatment methods and destination is not known clearly. 
Almost 75% of the plastics entering the shredder does not end in PST plant but in incineration. The 
rest is fed to PST plant from which roughly 20% is separated to recycling, while the rest is 
incinerated. In overall roughly 8% of all plastics is recycled and 18% reused, while 74% is incinerated 
in the entire system, taking into account also the amount outside the ARN system. Based on ABS, 
PUR and PS concentration assumptions (Leslie et al., 2013) in different streams, 16% of ABS ends 
up in reuse fraction while 16% and 68% end in recycling and incineration, respectively. For the PUR 
distribution, the shares are 25% reuse, 9% recycling, 66% incineration. As for PS: 18% reuse, 8% 
recycling and 74% incineration. The figures should be looked at with critical mind set as they 
describe the situation only roughly.  

The study by Melhart et al. (2016) presents the bromine content detected by XRF from various 
fractions from the ARN’s PST plant, as illustrated by Figure 2.24. This indicates how plastics with 
brominated flame retardants distribute in various end fractions. 
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Figure 2.24 Bromine content (by XRF) in various plastic fractions from PST plant. Reprinted 
with permission from Mehlhart et al. (2018). 

The bromine analysis show that plastic fraction with density below 1.1 mg/cm3 have rather low 
bromine content, which is desirable as it is sent for recycling. For the other two density fractions 
the bromine content is much higher. In the density fraction 1.1–1.3 mg/cm3 there is a large variation 
in the results, which does not favour recycling. In addition, this fraction contains a significant 
variation of different polymers, which also hinders recycling. However, this fraction could be used 
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as a reducing agent in a blast furnace where the heaviest >1.3 mg/cm3 plastic fraction cannot be 
used due to the high chlorine content (e.g. PVC) and therefore needs to be fed into waste 
incineration (Mehlhart et al., 2018). 

3 Laboratory analyses for BFR identification 

Identification at the compound level, i.e. recognising the specific BFR compounds, is only possible 
by laboratory analysis. As discussed in the previous chapter, these analyses are unsuitable to be 
used at the recycling facilities due to being slow, expensive and labour-intensive. Instead, the 
samples are collected as spot checks and sent to laboratories for the analysis (Ministry of the 
Environment of Finland, 2016). This chapter describes the laboratory analyses suitable for the 
determination of specific BFR compounds from plastic waste samples. 

Many of the laboratory analyses are connected to chromatographic separation methods. The 
separation is based on different rates of travel that sample components have in a system which 
constitutes of a stationary phase and a mobile phase. In this system, mobile phase acts as a 
conveyor belt that transports the sample whereas stationary phase is used to interact with some 
or all of the sample components. The more interaction a sample component has with the stationary 
phase, the slower it travels through the chromatographic system. As a result, the sample 
components are separated from each other (Li et al., 2016).  

Liquid chromatography (LC) is a type of chromatography where the mobile phase is liquid, whereas 
in gas chromatography (GC) the transport medium is gaseous. Using a liquid mobile phase signifies 
that the sample components need to be soluble, at least to some extent, in the used liquid. 
Respectively, in the GC, the components have to be sufficiently volatile to enter the gas phase. 
Consequently, GC is usually operated at much higher temperatures than LC (Li et al., 2016).  

GC and LC columns can be coupled to various detectors that analyse the separated sample 
components. The combinations of chromatographic separation methods, GC and LC, with the most 
commonly used detectors are discussed next. 

3.1 Methods based on gas chromatography (GC) 

Gas chromatography coupled with mass spectrometry or similar variants is the most commonly 
used method to analyse BFRs from various matrices, including plastic waste (Abdallah, 2014; Jandric 
et al., 2020). 

3.1.1 GC-MS 

The use of gas chromatography coupled with mass spectrometry (GC-MS) in the context of BFR-
analysis is standardised in the European standard “EN 16377:2013 Characterization of waste. 
Determination of brominated flame retardants (BFR) in solid waste”. The standard is based on the 
GC-MS method in the electron ionisation (EI) mode (GC-EI/MS) and it is applicable to the 
determination of polybrominated diphenylethers (PBDEs) in samples containing 100 µg/kg to 5 000 
µg/kg (0.1 ppm to 5 ppm) of tetra- to octabromodiphenyl ethers (tetraBDE…octaBDE) and 100 
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µg/kg to 10 000 µg/kg (0.1 to 10 ppm) of decabromodiphenyl ether (decaBDE) (CEN, 2013). As the 
concentration limits cited in the standard are rather low compared to typical concentrations of BFRs 
in plastics – up to 4400 mg/kg for octaBDE and up to 16300 mg/kg for decaBDE in WEEE plastics 
according to Hennebert and Filella (2018) – the applicability of the standard for BFR plastics remains 
questionable. Instead of using the standard as such, there may be a need to modify the analysis 
practise so that an additional dilution of sample solutions is involved. 

According to the standard, PBDEs are extracted from samples using an organic solvent (CEN, 2013). 
Before this, the samples need to be ground and cryo-ground to reach a suitable particle size 
(Guzzonato, Mehlmann, et al., 2016). The obtained extracts are concentrated and purified, followed 
by a separation of the PBDEs by capillary GC and detection by EI/MS (CEN, 2013). The  basic  
principle  of  MS  is  to  ionize compounds, separate the ions by their mass-to-charge ratio (m/z) and 
to detect them qualitatively and quantitatively by their respective m/z and abundance (Amorim 
Madeira & Florêncio, 2012). Figure 3.1 presents a schematic of the GC-EI/MS system. 

 

Figure 3.1 Schematic of the GC-EI/MS setup (By courtesy of Wikimedia Commons/K. 
Murray, licensed under CC BY-SA 3.0)  

Thermal degradation is one of the main challenges related to the GC-MS analysis of BFRs 
(Schlummer et al., 2005). Thus, several parameters of the GC-MS system, such as injection 
technique, stationary phase, column dimensions, and mass spectrometric parameters, necessitate 
cautious optimisation according to the properties of target compounds (Abdallah, 2014). In 
addition, as BFRs exhibit a wide range of boiling points, it is difficult to use the same GC-MS system 
set-up to analyse all BFRs simultaneously in a single GC run. To overcome this challenge, two 
different GC columns are ideally used, which on the other hand increases the duration of the 
analysis. Therefore, due to being  time-consuming, expensive and laborious technique, alternative 
methods for GC-MS in the BFR identification and quantification have been developed (Guzzonato, 
Mehlmann, et al., 2016). 
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3.1.2 Pyrolysis GC-MS 

In comparison to conventional GC-MS, pyrolysis (or thermal desorption) coupled with GC-MS 
enables easy sample preparation since no extraction or other sample pre-treatment is necessary 
(Riess et al., 2000). In this method, pyrolysis acts as an extraction technique and feeds the sample 
being analysed to GC-MS. Therefore, also analytical challenges such as different solvent extraction 
efficiencies depending on the polymer matrices and solubility variations depending on the analytes 
can be avoided (Puype et al., 2017).  

When pyrolysis is operated at moderate temperatures, up to 350 °C, non-covalent bound BFRs can 
be evolved. When using an elevated temperature, approximately 650 °C, also the carbon covalent 
bounds are cleaved. The evolved fragments are transferred for separation and detection with GC 
and MS, respectively (Puype et al., 2017). BFRs are identified by comparison of MS patterns with 
commercial or user-defined data libraries (Riess et al., 2000). According to (Herrera et al., 2003), 
this method is more suitable to the analysis of low-molecular-weight BFRs. 

3.1.3 Other variations based on MS 

GC coupled with high-resolution mass spectrometry (HRMS) enables analysis of ultra-low level of 
concentrations. It is usually constructed with a triple sector mass spectrometer in an electrostatic-
magnetic-electrostatic geometry. GC-HRMS has a high sensitivity especially for hepta…decaBDEs 
(D. Wang & Li, 2010). 

Guzzonato et al. (2016) coupled a direct insertion probe with an HRMS for the analysis of PBDEs in 
plastics and were able to achieve results as accurate as those reached with a conventional GC-MS 
but at least in 50 times shorter time-scale. Moreover, the thermal decomposition during sample 
injection was reduced (Guzzonato, Mehlmann, et al., 2016). 

3.2 Methods based on liquid chromatography (LC)  

While most GC-based analytical methods are optimised for certain groups of BFRs, such as to PBDEs, 
LC and detectors coupled with it are often less analyte-specific (Schlummer et al., 2005). 

High-performance liquid chromatography (HPLC) is a form of LC where higher operational pressures 
and smaller diameter adsorption particles are used when compared to ordinary LC. As a result, 
HPLC offers a much better efficiency and resolution than traditional LC, and is also able to separate 
more substances with lower detection limits (Li et al., 2016). 

The problems related to the analysis of high-molecular-weight compounds and thermal 
degradation associated with techniques based on GC can be avoided by using HPLC. The time of 
analysis is relatively short and if coupled with ultraviolet (UV) detection, good detection limits can 
be achieved (Riess & Van Eldik, 1998). 

Riess & Van Eldik (1998) reported the use of HPLC-UV method on the analysis of BFRs in styrene-
based plastics. The analysis was quick, but sample preparation procedures required time (Riess & 
Van Eldik, 1998). To overcome the laborious sample preparation, Pöhlein et al. (2005) further 
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developed the method by combining it with ultrasonic-supported solvent extraction. With this 
improvement, the duration of extraction and chromatographic analysis could be reduced to 10 min 
(Pöhlein et al., 2005). In a more recent study, a complete dissolution of the polymer matrix was 
found to yield 200 times more BFRs than the ultrasonic extraction (Miyake et al., 2017), highlighting 
the significance of additive extraction in the chromatographic analysis process (Schlummer et al., 
2005; Vilaplana et al., 2008). 

Other analysis methods coupled with LC have also been successfully employed in the BFR analysis, 
for instance LC-MS/MS (Miller et al., 2016; Miyake et al., 2017), HPLC-MS/MS (Pivnenko et al., 2017; 
Vilaplana et al., 2008) and HPLC-UV/MS (Schlummer et al., 2005). MS/MS refers to tandem mass 
spectrometry. In the most common MS/MS setup, a first analyser is used to isolate the precursor 
ion, which then undergoes fragmentation to yield product ions and neutral fragments, which are 
then analysed by a second mass analyser. This enables identifying and separating ions that exhibit 
very similar m/z-ratios when analysed by conventional MS (Amorim Madeira & Florêncio, 2012). 
Figure 3.2 visualises an instrument setup where HPLC is coupled with tandem MS. 

 

Figure 3.2 A diagram of an HPLC-MS/MS setup. (Public domain) 

4 Standardised testing techniques 

Standardised testing techniques are applied on plastic compounds in order to reliably evaluate their 
properties. The standardisation of testing techniques is an attempt to ensure that all materials are 
measured by the same, repeatable manner and that the obtained results are comparable with the 
results obtained in other laboratories. The results of the standardised testing techniques are shown 
in the technical data sheets of commercial plastic compounds (ESR, 2019). The information on the 
data sheets reveals to a plastic part manufacturer, e.g. an injection moulder of TV casings or a blow 
moulder of vehicle bumpers, or to other end-users, which plastic compounds are suitable as regards 
the requirements of their product (ASTM, 2020).  
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The need to provide a technical data sheet also applies to recycled plastic compounds, and they are 
indeed usually offered by the suppliers (ESR, 2019). However, there are no specific physical and 
mechanical testing standards intended to be used only for recyclates. Compared to virgin plastic 
grades, the mechanically recycled grades have higher probability of exhibiting variance in their 
properties, and consequently, instead of specific values for certain properties, a range of values 
may be given in the technical data sheets, especially for compounds of 100% recycled content7. 

The most relevant properties for quality control of NONTOX recyclates have been compiled in WP4, 
which focuses on the valorisation of recycled plastics after purification by CO2 extraction 
(Extruclean) and separation by selective dissolution (Creasolv®).  

The physical and mechanical properties selected for characterisation and quality benchmarking in 
WP4 are impact resistance, tensile properties, heat deflection temperature and melt flow rate. The 
standardised measurement techniques for these properties defined by ISO and ASTM International 
are compiled in Appendix 1. 

The differences in possibly existing alternative standardised measurement methods are pointed out 
in the sections below. In addition, the effect of mechanical recycling or selective dissolution on the 
impact resistance, tensile properties, heat deflection temperature and melt flow rate reported in 
the literature are shortly reviewed. 

4.1 Impact resistance 

Impact resistance is a measure of how well the plastic material can distribute the impact energy 
over its matrix and absorb it. Impact resistance is thus sensitive to imperfections in the matrix as 
they can act as crack initiation points causing early breakage (Kühnel et al., 2019). Imperfections 
may result from impurities, a poor compatibility between the polymer and additives, or aggregation 
of particulate additives (Rothon, 2017). The standardised tests for impact resistance aim for 
investigating the behaviour of samples under defined impact conditions and for estimating the 
brittleness or toughness of specimens (ASTM, 2018a; ISO, 2015). 

Mechanically recycled plastics often suffer from decreased impact resistance compared to virgin 
grades (Bai et al., 2007; Barbosa et al., 2017; Brennan et al., 2002; Peeters et al., 2014; Scaffaro et 
al., 2012). The effects of selective dissolution on the impact resistance of the recycled material is 
less examined in the literature, but Arostegui et al. (2006) explored that dissolution-based recycling 
reduced the impact resistance of ABS.  

Impact tests, in general, are based on applying a load to a sample at high speed while observing 
and measuring the response of the sample. Breakage occurs if the applied energy is large enough 
to both create a crack and extend the crack to a failure (Plastics Technology, 2001).  

                                                           
7 See examples: https://enva.com/userfiles/fileuploads/redactor/technical-data-sheets.pdf and 
https://www.ptsltd-uk.com/wp-content/uploads/2016/03/PTSCPLT5-G115.pdf 
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The most common methods to determine impact strength are standardised Charpy and Izod testing 
methods. They are both pendulum-type impact tests, which measure the impact energy absorbed 
by the sample. Another type is falling-weight tests, such as Gardner falling weight for rigid materials 
and dart-drop for films which give the average impact energy required to break the samples 50% 
of the time (Plastics Technology, 2001).  

The impact test can be performed either in non-instrumented or instrumented mode. In the 
instrumented mode, the pendulum is equipped with sensors and can therefore provide data that 
distinguish ductile from brittle failure, and crack-initiation from crack-propagation energy, giving a 
more detailed picture of the toughness of a sample. However, instrumented testing instruments 
are more expensive compared to non-instrumented ones, and their application requires more 
expertise (Plastics Technology, 2001). 

Another variable in the testing is the choice of using notched or unnotched samples. Notching helps 
to concentrate the stress caused by the impact. The ASTM standard for Charpy impact test only 
employs notched samples (ASTM, 2018a). 

Historically, Izod method has been more popular in the U.S. while Charpy has been more common 
in Europe (Plastics Technology, 2001). Table 4.1 summarises the main differences of Charpy and 
Izod impact testing setups. According to ISO, Charpy has a greater range of applicability than Izod, 
and is more suitable for the testing of materials showing interlaminar shear fracture or of materials 
exhibiting surface effects due to environmental factors (ISO, 2015). 

Table 4.1 Comparison of the measurement setups for Izod and Charpy impact testing. 

Part of the measurement setup Izod impact test Charpy impact test 

Position of the sample Vertical Horizontal 

Point of stroke Upper part of the sample Middle of the sample 

Sample dimensions 75 x 10 x 10 mm 55 x 10 x 10mm 

Sample attachment Fixed by jaws Loose on a sample holder 

Direction of notch Facing the hammer Away from hammer 

Type of notch V-shaped notch V- or U-shaped notch 

 

4.2 Tensile properties 

Tensile testing measures the force required to break a sample by pulling it to opposite directions, 
as seen in Figure 4.1. It also measures the extent to which the specimen stretches, or elongates, 
until it reaches the breaking point. Tensile tests thus produce a stress-strain curve that is used to 
determine the tensile modulus, or elastic modulus, or Young’s modulus, which means the 
relationship between stress (force) and strain (stretch). The tensile strength is determined as the 
maximum stress that a material can withstand before breaking. The yield strength or yield stress is 
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the stress corresponding to the point at which the material begins to deform in a non-reversible 
way (ASTM, 2004).  

 

Figure 4.1 Plastic material in tensile testing (By courtesy of Wikimedia 
Commons/Skatesandy, licensed under CC BY-SA 4.0) 

The goal of the standardised testing methods for tensile properties is to determine the tensile 
strength, tensile modulus, elongation at break and other aspects of the tensile stress/strain 
relationship for the control and specification of plastic materials (ASTM, 2014; ISO, 2019). 

The effect of mechanical recycling on tensile properties has been observed to be notable but less 
profound than on impact resistance for ABS (Bai et al., 2007; Scaffaro et al., 2012), PC/ABS (Peeters 
et al., 2014), and PP (Barbosa et al., 2017), but also negligible in some studies, e.g. for ABS/HIPS 
blends (Brennan et al., 2002) and for HDPE (Boldizar et al., 2000). In the case of dissolution-based 
recycling, Achilias et al. (2007) discovered that the tensile properties of recycled LDPE, HDPE and 
PP corresponded or exceeded those of virgin plastics. The improvements in the elastic modulus 
were associated with the fractionation of the molecular weight of polymers during 
dissolution/precipitation processes. Arostegui et al. (2006) noticed that the low-strain properties, 
such as tensile modulus, of ABS were not affected by the dissolution-precipitation, but high-strain 
properties, such as yield stress, were reduced due to the degradation of the butadiene phase of 
ABS, and also due to the reduction in the molecular weight of styrene-acrylonitrile phase of ABS. 

4.3 Heat deflection 

The heat deflection temperature (HDT) is a temperature at which the plastic material yields under 
a given load under heating. The HDT test results give an indication of the relative service 
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temperature for a plastic material when used in load-bearing parts. The testing of HDT is performed 
by submerging a sample test bar in oil that is heated 2 °C/min while applying a load to the midpoint 
of the test bar. The temperature at which the sample is bent 0.25 mm is recorded as the HDT 
(McKeen, 2014). 

Standards provide different options for the used load depending on the stiffness of the measured 
material. Both ISO and ASTM use loads of 0.46 MPa and 1.8 MPa. The test using an 8 MPa load, 
presented under ISO 75 Method C, is less frequently used (ASTM, 2018b; ISO, 2013; McKeen, 2014). 

The measurement of HDT is seldom reported in the studies concerning the properties of recycled 
plastics. Santana and Manrich (2002) discovered that after five reprocessing cycles of HIPS, the HDT 
decreased slightly. In another experiment, HIPS recycled by selective dissolution was observed to 
have HDT within the range measured for virgin HIPS (Freegard et al., 2006).  

4.4 Melt flow rate 

Measuring melt flow rate (MFR), or the rate of extrusion of molten thermoplastic, is a common 
quality control test for both virgin and recycled thermoplastics (ASTM, 2013; Vilaplana & Karlsson, 
2008). Changes in rheological properties, such as in MFR, can act as an indicator of polymer 
degradation because they are related to the melt viscosity, and therefore to the molecular weight 
of the polymer. Thermo-mechanical degradation during processing and mechanical recycling 
usually results in a decrease in the molecular weight of the recyclates. Consequently, an increase in 
the MFR is often linked with repeated processing steps. The extent of variation in MFR, however, 
differs among different polymers: PP, in particular, has been reported being susceptible to changes 
in MFR upon mechanical recycling (Vilaplana & Karlsson, 2008). 

The standardised test methods for the determination of MFR are based on using a type of an 
extruder, as sketched in Figure 4.2: After a specified preheating time, plastic material is extruded 
through a die under certain conditions of temperature, load, and piston position in the barrel. The 
mass of material that extrudes from the die over a given period of time is then measured, giving a 
melt flow rate as grams of material per 10 min (ASTM, 2013). 
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Figure 4.2 Representation of a device to measure MFR (By courtesy of Wikimedia 
Commons/ Miladfarhani, licensed under CC BY-SA 3.0 ) 

ISO provides a separate standard, ISO 1133-2, for the determination of MFR for materials that are 
more susceptible showing variation in MFR when exposed to elevated temperatures. ISO 1133-2 
specifies tighter tolerances on the temperature in the cylinder and on the duration over which the 
material is subjected to that temperature, which reduces the variability of test results (ISO, 2011). 
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5 Regional perspectives on the recycling of waste plastics 
containing BFRs 

This chapter, along with D1.68, addresses the Milestone 1 of NONTOX project, titled as “Description 
of the state-of-the-art in plastics recycling, globally and in the EU and Japan, with emphasis on 
C&DW, ELV, and WEEE flows, and BFR as a contaminant”. However, as a systematic in-depth 
comparison of recycling practices in different countries for different waste streams (WEEE, ELV, 
C&DW) is not in the scope of this deliverable or the related WP, this topic is mainly covered by 
relying on the information provided by NONTOX partners and experts in the NONTOX stakeholder 
platform.  

5.1 WEEE management in Italy 

In 2018, Europe reached 17% of world’s plastics production that was 359 million tonnes. In the 
same year, the amount of plastics required by Italian plastics converters was 13.9% of the total 
European demand that was equal to 51.2 Mt. Packaging, building & construction are the largest 
segments, the other big end-use markets being automotive and electronics.  

In the same year, the amount of e-waste collected by the Italian take-back schemes was 310,610 
tonnes as reported in the annual report published by the Italian Coordination Centre (CdC RAEE, 
2019) with a recorded increase of almost 5% over 2017. According to the annual report, in 2019, 
the Italian Collective Schemes have collected 343,069 tonnes of WEEE. The increase registered in 
2018 and 2019, is mainly due to the complex situation of the raw materials market. The drop in the 
commodity prices has made the recovery of secondary raw materials such as iron, copper, 
aluminium less attractive for scrap dealers that are not working in collaboration with the Collective 
Schemes. As a consequence, these actors, no longer interested in managing the e-waste, let the 
Collective Schemes to manage larger quantities of WEEE. 

5.1.1 Composition of WEEE plastics 

The WEEE streams are characterised by a complex material composition; the main components of 
WEEE are ferrous and nonferrous metals (48% by weight) and plastics. Plastics recovered during 
the treatment of e-waste are characterized by a mix of polymers, however depending on the stream 
the average composition can be more or less complex. The amount of plastics in WEEE also varies 
according to the stream under consideration: for example, SDA (small domestic appliances) stream 
contains about 30% of plastic, while LDA (large domestic appliances) stream contains about 15% of 
plastic (Slijkhuis, 2018). Another relevant factor is the flame retardants content. Table 5.1 presents 
the average composition of WEEE plastics collected in Italy. 

                                                           
8 D1.6 Mapping of Feedstock, scheduled publication on 1st of June 2020. 
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Table 5.1 Average composition of Italian WEEE (Data collected by Ecodom). R1: 
Refrigerators and air conditioning systems; R2: Large household appliances; R3: TV sets 
and displays; R4: Small household appliances, consumer electronics, office automation, 
computer appliances, lighting devices; and R5: Light sources (no incandescent lamps). 

 Mixed plastics composition (%)  

 
R1 R2 R3 R4 R5 

Total in 
WEEE 

plastics (%) 

ABS 3 15 22 36 8 25 

PA <1 <1  <1 12 <1 

PC <1 1 3 4 13 3 

PE <1 1 <1 1 1 1 

PP 12 56 12 15 3 24 

PS 42 3 <1 16 11 15 

PUR 37 <1  <1  5 

PVC 4 3 <1 <1 7 2 

SAN <1 <1 <1 <1  <1 

PBT  1 3 2 23 <1 

PMMA  <1 2 1 6  

Other 1 19 58 24 15 24 

TOTAL 100 100 100 100 100 100 

 

Plastic waste recoverable from WEEE is approximately 20%: in 2018, the total amount of plastic 
waste (plastics with and without BFRs) separated and processed was approximately 60,000 tonnes 
in Italy. The amount of BFRs present in WEEE varies according to the stream considered: plastics 
with BFRs are generally used in EEE products that generate heat, such as CRT televisions and 
monitors, printed circuit boards, IT equipment, printers, cables and connectors. 

5.1.2 WEEE regulation 

The Italian regulatory framework related to the management of WEEE is very complex: Directives 
2002/95/EC (the first RoHS Directive), 2002/96/EC (the first WEEE Directive) and 2003/108/EC (the 
amended WEEE Directive) which restrict the use of certain hazardous substances in EEE and guide 
the WEEE management, have been implemented through the Law Decree N. 151 of 25th July 2005 
and later. The new WEEE Directive 2012/19/EU has been implemented in Italy through the Decree 
Law N. 49 of 14th March 2014 reinforcing the extended producer responsibility (EPR) principle. In 
addition to the implementation of the European directives, the Italian framework is made up of 
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other decrees9. According to the Italian framework, the Italian WEEE System involves several actors: 
producers, WEEE Coordination Centre (CdC RAEE), Collective Schemes, municipalities, distributors, 
recyclers and logistics operators.  

Collection of WEEE is organized in accordance with the Ministerial Decree N. 185 of 25 September 
2007. Collection must be organized in every collection facility in 5 groups: R1 - Refrigerators and air 
conditioning systems, R2 - Large household appliances, R3 - TV sets and displays, R4 - Small 
household appliances, consumer electronics, office automation, computer appliances, lighting 
devices and R5 - Light sources (no incandescent lamps). The grouping of devices is based for 
example on their treatment and possible environmental effects. 

Finally, Italian pre-treatment facilities carrying out the treatment and recycling of WEEE must be 
accredited by WEEE Coordination Centre in accordance to a technical specification designed 
starting from the requirements of the European Committee for Electrotechnical Standardization 
(CENELEC) and WEEELABEX. WEEELABEX is an organisation implementing the CENELEC standards 
into the accredited certification scheme10. 

5.2 WEEE, ELV and C&DW management in Finland and Sweden 

The government of Finland has ambitious goals in the context of the circular economy: one of the 
objectives is to strengthen Finland’s role as a circular economy pioneer through the current 
Government Programme (Finnish Government, 2019). Removing hazardous substances while 
letting safe materials to circulate is identified as one of the most difficult tasks in realising the 
circular economy in practice, and enabling it requires development in both legislation and operation 
models (Circwaste, 2019). In 2016, Finland was the first country in the world to publish a national 
road map to circular economy, which was updated to a version 2.0 in 2019 (SITRA, 2019). Circular 
economy is an important topic also in Sweden, but the activities are mostly led by academia and 
innovation centres. Examples of such activities include the circular economy education initiative by 
KTH Royal Institute of Technology (KTH, 2020), and the launch of a circular economy project by the 
Royal Swedish Academy of Engineering Sciences in 2018, aiming to build a platform for bringing 
together industry, research and policymakers (IVA, 2020). 

Table 5.2 presents the estimated amounts of generated plastic waste from collected WEEE and ELVs 
and from C&DW in Finland and Sweden. The large difference in the estimated for plastic originating 
from C&DW in Finland and Sweden may indicate that they are calculated differently.   

                                                           
9 Regulations are available at the following link: https://www.registroaee.it/Normativa# 
 
10 https://www.weeelabex.org/ 
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Table 5.2 Estimated amounts of generated plastic waste in WEEE, ELVs and C&DW. 
Estimates from 2018, except if noted otherwise (Andersen, 2014; Fråne et al., 2019; 
Statistics Finland, 2018; Stenmarck et al., 2019). 

 Finland (kt) Sweden (kt) 

Plastics in collected WEEE 11 (in 2013) 28-29 

Plastics in collected ELVs 12–15 29 

Plastics in C&DW 8,7 (in 2017) 60 (in 2016) 

 

5.2.1 WEEE 

Sweden is seen as one of the forerunners in WEEE collection and treatment in Europe. Sweden 
implemented the law of producer responsibility for EEE producers in 2001, and established a 
recycling system for WEEE in 2002. In Finland, a comprehensive, separate collection and recycling 
system for WEEE was launched later, in concurrence with the implementation of the old WEEE 
Directive (2002/96/EC) in 2004 (Ylä-Mella et al., 2014). The new WEEE Directive (2012/19/EU) 
became effective in 2014. 

In Finland and Sweden, the electrical and electronic equipment (EEE) belong under the extended 
producer responsibility (EPR) policy according to the EU legislation, which means that the collection 
of WEEE is organised by the manufacturers or importers by themselves or by the separately 
founded producers’ associations (Finland’s Environmental Administration, 2018; Swedish EPA, 
2020). For instance, in Finland there are five producer associations, whereas in Sweden, two 
producers’ responsibility associations have been founded. In both countries, the WEEE 
management system is funded by a fee included in the selling price of EEE (Ylä-Mella et al., 2014). 

Both in Finland and Sweden, the recycling process of WEEE starts with separating the equipment 
that can be reused. At least in Finland, this fraction is however rather small (SER-kierrätys, 2020). 
Next, the hazardous substances or components, such as refrigerants, batteries or LCD panels are 
removed, often manually, from the equipment entering recycling (SER-kierrätys, 2020). In addition, 
parts containing valuable materials, like circuit boards, are removed (El-Kretsen, 2019). Large WEEE, 
especially stoves and washing machines, are crushed as such, followed by separation of materials 
by various separation methods. For smaller WEEE, containing more plastic, the treatment practices 
vary as the variety of equipment is also wide. In Finland, the producers’ responsibility organisations 
claim that even 99% of the materials in modern computers can be recycled (SER-kierrätys, 2020). 
According to reports published approximately 5 years ago, plastic fractions however ended up in 
incineration in Finland, or were exported as a mixed plastic waste (Moliis et al., 2015; Ylä-Mella et 
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al., 2014). The current practices are not explicitly reported, but at least one of the WEEE recycler 
operators in Finland sells plastic fractions ABS, PP, PS and PC/ABS separated from WEEE11. 

In Sweden, the plastic fraction separated from metals, glass and other materials, is split into two 
categories using a sink-float density separation: plastics with and without BFRs. The BFR-free 
plastics are then further separated into PP/PE, PS and ABS fractions. As a result, approximately 50% 
of the plastic in collected WEEE is recycled in Sweden (El-Kretsen, 2019). 

5.2.2 ELV 

The ELV legislation in Finland and Sweden is in line with the ELV directive (2000/53/EC) and based 
on producer responsibility. In Finland, the EPR scheme for ELVs was implemented at the same time 
as for WEEE in 2004 (Papineschi et al., 2019). Before 2007 in Sweden, the take-back scheme for 
ELVs was based on a refund that consumers received when scrapping their ELV (Skræp Svenningsen 
et al., 2019). However, the earlier ELV legislation in Sweden dates back to 1975 (BilRetur, 2020). 
There is only one producer responsibility organisation for ELVs in both in Finland and in Sweden (M. 
Andersson, 2016; Finland’s Environmental Administration, 2018).  

ELVs are delivered to dismantling companies by consumers or insurance companies (Magnus 
Andersson et al., 2019).  According to Finnish and Swedish ELV legislation, liquids are removed along 
with hazardous components, such as batteries and airbags. In addition, some components are to 
be removed in order to contribute recycling: the catalytic converter, wind shield and tyres, along 
with large plastic components such as bumpers and dashboards, provided that these materials are 
not separated later during the post-shredder treatment by means that enable their effective 
recycling as materials (Magnus Andersson et al., 2019; Haapaniemi & Lukkari, 2016). However, in 
Finland the authorities supervising the dismantlers have noticed that in reality, the plastic parts and 
glass are rarely removed during dismantling (Haapaniemi & Lukkari, 2016). 

The dismantler sends the stripped car bodies to shredding, where the main goal is on extracting 
bulk metals such as iron and steel, copper and aluminium (Stenmarck et al., 2019). There are three 
shredder companies in Sweden that have made contracts with the producer responsibility 
organisation, and four in Finland (Haapaniemi & Lukkari, 2016; SBR, 2020). The plastics in the ELVs 
mainly end up in the shredder light fraction (Stenmarck et al., 2019). According to Stena Recycling 
in Sweden, different plastic fractions are separated from the shredder light fraction, but currently 
all plastic fractions are sent to cement kilns, incineration or landfills. The reason for this is that the 
separated plastic fractions are either too mixed or constitute mainly of PVC and rubbers with little 
recycling potential. Commercial-scale recycling of ELV plastics has not been reported in Finland or 
Sweden by other recycling operators either. 

From 2010 to 2019, the average scrapping age of passenger cars in Finland has been approximately 
20 years (Autoalan Tiedotuskeskus, 2020), whereas in Sweden the cars were scrapped at the age of 

                                                           
11 https://www.kuusakoski.com/en/united-kingdom/#/material-sales/material-sales/product-groups 
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about 17 years according to Stena Recycling. Tetra-, penta-, hexa- and hepta-BDE were banned in 
vehicle models sold in 2005 and later (Ministry of the Environment of Finland, 2016). This means 
that tetra-, penta-, hexa- and hepta-BDE are to be found in Finnish ELVs until around 2025 provided 
that the age of vehicles to be scrapped stays roughly the same within the coming years. Respectively 
in Sweden, these BRFs should not be encountered to a large extent in ELVs after 2022. 
Hexabromocyclododecane (HBCDD) and deca-BDE, on the other hand, are estimated to be found 
in Finnish vehicles until the mid-2030s and 2040, respectively (Ministry of the Environment of 
Finland, 2016). In Sweden, these periods can be estimated to end about three years earlier. 

5.2.3 C&DW 

In both Sweden and Finland, there are legal requirements for the source separation of C&DW. In 
Finland the requirements are stated in the Government Decree on Waste and in Sweden in the 
waste ordinance. However, in both countries there is also a possibility to collect mixed waste for 
later separation. The waste fractions possibly separated are concrete, bricks, gypsum, metal, rock 
wool, PVC, other plastics, glass, wood and roofing bitumen (Wahlström et al., 2019). 

In Sweden, there is no official collection system for plastic waste from construction sites (Fråne et 
al., 2019), and the majority of plastic waste from the building sector is incinerated or landfilled 
(Wahlström et al., 2019). However, some of the production waste generated during the installation 
of PVC flooring is collected and recycled to a new flooring material (Fråne et al., 2019; Wahlström 
et al., 2019). One company involved in the activity has estimated that the generated waste during 
installation can reach 10% of the sold flooring materials. In 2019, this company collected 370 tons 
of PVC flooring waste in Sweden, which amounts to about 2% of the sold flooring materials 
(Olofsson, 2020). Another recycling business in the field in Sweden involves a collection of plastic 
waste from the installation and demolition of plastic pipes made of PVC, HDPE and PP. 
Approximately 100 tonnes of pipe waste are collected within the system per year, of which about 
60–80% is recycled either in Sweden or abroad. In Finland, such activities have not been established 
and PVC in general is usually not separated from C&DW and is either sent to energy recovery or is 
landfilled (Fråne et al., 2019). Also other plastic waste from C&DW is mainly used in energy recovery 
(Wahlström et al., 2019). 

Some of the plastics from C&DW can be assumed to contain BFRs. In Finland, all expanded 
polystyrene (EPS) and extruded polystyrene (XPS) used in insulation in buildings is flame retarded, 
whereas in Sweden the majority of EPS and XPS is not flame retarded because the use of flame 
retardants is restricted to certain applications. Until 2016, the main flame retardant for EPS in 
buildings was HBCDD (Lassen et al., 2019). For example, 11% of the EPS boards produced in Finland 
were earlier treated with HBCDD. Most likely it is found in buildings constructed between 1990 and 
2015 (Ministry of the Environment of Finland, 2019). 

5.3 WEEE, ELV and C&DW management in Japan 

The recycling-oriented legislation rests upon the Basic Act on Establishing a Sound Material-Cycle 
Society enacted in Japan in 2000 (JWNET, 2018). The aim of the Act was to reform the country to a 
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resource-recycling society, and various nationwide efforts for waste management, recycling and 
reduction of disposed materials have been promoted through it. However, the Home Appliance 
Recycling Law was already enforced before the Act in 1998, targeting the collection and recycling 
of TVs, air conditioners, washing machines, and refrigerators. On the other hand, the Small Home 
Appliances Recycling Law was enacted as late as 2012 (Amemiya, 2018). The End-of-Life Vehicle 
Recycling Law was enacted in 2002 and put into effect in 2005 and is targeting especially the 
management of automotive shredder residues (ASR), air bag waste and fluorocarbon gases 
(Despeisse et al., 2015; METI, 2006). The Act on the Recycling of Construction Materials, with wood, 
concrete and asphalt as main target waste streams was enacted in 2000 (Amemiya, 2018; Ministry 
of the Environment of Japan, 2014). 

Despite seemingly similar concepts, the idea of a Sound Material-Cycle Society partly differs from 
that of circular economy as it is understood in the EU. The main difference is the strong emphasis 
on the energy recovery in the Japanese concept. In some cases energy recovery is referred to as 
thermal recycling, or simply recycling, which sometimes complicates the interpretation of the EoL 
treatment data of the waste in Japan (Despeisse et al., 2015). One reason for the wide use of the 
term recycling may be the fact that various chemical recycling, or feedstock recycling, technologies 
have long been used in Japan (Buekens, 2006; Inoue, 2018). Another difference in Japanese waste 
treatment statistics compared to European ones is the term “reduced waste”, which refers to the 
weight of waste that is lost during incineration and other treatments (Amemiya, 2018; Ministry of 
the Environment of Japan, 2014). 

5.3.1 WEEE 

As mentioned above, WEEE management is enforced by two laws in Japan, the Home Appliance 
Recycling Law and the Small Home Appliances Recycling Law. As a consequence, the organisation 
of the management of the respective waste streams, large and small home appliances, differ from 
each other. Manufacturers and importers are responsible for the collection and proper recycling of 
large home appliances, whereas consumers pay for their recycling. In 2018 the recycling fee was 
between 10 and 40 euros per appliance (Amemiya, 2018). 

In the case of various small appliances, it is the municipalities and certified recyclers that share the 
responsibility of the collection and recycling of small WEEE. In this operation model, certified 
recyclers purchase small WEEE from municipalities, or from other organizations collecting 
appliances on behalf of the municipality. However, the collection of small WEEE is not mandatory 
according to the Small Appliances Recycling Law but municipalities are free to decide whether or 
not to manage this waste stream separately. The share of municipalities implementing small home 
appliances recycling has been increasing year by year, and reached 70% of the total number of 
municipalities in Japan in 2016. As the funding of the system comes from the price paid by recyclers, 
there is no cost for consumers in this system. On the other hand, the consumers often are not aware 
of the recycling system for small WEEE even though such a system existed in their area (Amemiya, 
2018). 
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5.3.2 ELVs 

Prior to the enactment of the of  the End-of-Life Vehicle Recycling Law in 2002, the recycling of ELVs 
was profitable business based on the trade of engines and other part for reuse and scrap metals for 
recycling. The remaining automotive shredder residue, accounting to 20–25% of the weight of the 
vehicles, was landfilled. As the landfilling costs started to increase due to limited land available for 
final disposal sites, the recycling of ELVs became unprofitable and endangered the whole ELV 
management system (Amemiya, 2018; Despeisse et al., 2015). In addition, illegal dumping of 
shredder residues and of whole ELVs was considered a threat (Despeisse et al., 2015). Therefore, in 
order to strengthen the functioning ELV recycling system, and to ensure the safe management of 
airbag chemicals and fluorocarbon gas from air conditioners, the costs of system were transferred 
to consumers in a form of a recycling fee. The fee of about 100–200 euros per vehicle was to be 
paid by new car buyers as enacted by the End-of-Life Vehicle Recycling Law (Amemiya, 2018).  

The ELV management in Japan is regulated and controlled by a government organisation (Japan 
Automobile Recycling Promotion Center, JARC) (Despeisse et al., 2015). The complete chart of the 
organisation of the ELV management in Japan is available on the website of the Japanese Ministry 
of Economic, Trade and Industry (METI, 2006). 

The ELV recycling law posed recycling target of 95% for ELVs by 2015 but this target was exceeded 
already by 2010 (H. Zhang & Chen, 2014). However, this figure contains also the shares of 
incinerated materials because recycling as material and recovery as energy are not separated as 
discussed above (Despeisse et al., 2015).  

Figure 5.1 depicts the simplified ELV treatment process with the destination and shares of 
separated material streams in Japan. The process starts with dismantling, where components 
containing hazardous substances such as fluorocarbon refrigerants, airbags and lead batteries are 
separated first. Special attention is given for the collection of fluorocarbons and airbags as the 
separation of these components is regulated by the End-of-Life Vehicle Recycling Law and 
monitored by JARC. Next, recyclables and valuable materials for secondary use, including engines, 
tyres and bumpers are collected (Despeisse et al., 2015; Hiratsuka et al., 2014; Sakai et al., 2014). 
Car bodies remaining after the dismantling process go to shredding, after which the shredded 
materials are separated by a sequence of separation processes to ASR and to a fraction containing 
ferrous and non-ferrous metals. Only small part of ASR is landfilled, while majority of it is recycled 
or used in energy recovery, for instance by gasification (Okuwaki, 2004; Sakai et al., 2014).  
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Figure 5.1 Simplified ELV treatment scheme with the destinations and shares of separated 
material streams in Japan. Adapted from Hiratsuka et al. (2014); Sakai et al. (2014). 

5.3.3 C&DW 

The shortage of landfill space and improper waste disposal started to cause problems during the 
1990s due to an increase in the amounts of generated construction waste in Japan. As a 
consequence, the Act on the Recycling of Construction Materials was enacted in 2000 to promote 
the recycling and reuse of construction waste. According the Act, contractors demolishing or 
constructing buildings must sort and recycle C&DW of specified construction materials (concrete, 
concrete-iron, wood and asphalt-concrete) (Ministry of the Environment of Japan, 2014). Plastic 
fractions are often used in energy recovery (Suishinkaigi, 2019; Yolin, 2015) 

5.4 BFR-plastics management in China12 

5.4.1 Amounts of produced and recycled BFR-plastics  

The amount of plastics produced was 75 Mt in 2017 in China. In the same year, the amount of waste 
plastics recycled was approximately 17 Mt as shown in Figure 5.2. The main source of waste plastics 
is the consumer sector. About 90% of post-industrial plastic waste is recycled13. 

                                                           
12 This section is based on the report kindly compiled by Dr. Mingxiu Zhan, Associate Professor from the 
Institute for Energy Engineering, China Jiliang University. 
13 李晓，崔燕，刘强，等. 我国废塑料回收行业现状浅析[J]. 中国资源综合利用. 2018, 36(12): 103-106 

ELVs

Depollution (e.g. 
fluorocarbons, airbags, 

lead batteries)

Parts for reuse (e.g. 
engines) ~20–30%

Parts for recycling (e.g. 
autocatalysts) ~15%

Vehicle body ~55–65% 

Ferrous and non-ferrous 
metals for recycling

~40–45%

ASR ~17%

Recycling and energy 
recovery  15–16%

Landfilling 1–2%

Dismantling Shredding ASR treatment
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Figure 5.2 Amount of recycled plastic waste in China in 2014–201713. 

Until 2017, more than 7 Mt of waste plastics, including waste PET, PE, PVC and PS, was imported 
from abroad each year13. More than 50% of waste plastics came from America, Japan, Thailand and 
Belgium. In 2017, Chinese government forbade importing waste from abroad. Consequently, the 
amount of imported waste plastics decreased to approximately 5.8 Mt in 2017, as depicted in Figure 
5.3. In recent years, most imports of waste plastics from Southeast Asia have been ceased due to a 
series of domestic policies on environmental protection rectification, and restriction or prohibition 
of waste plastics import were published in China. 

 

Figure 5.3 Amount of plastic waste imported to China in 2014–201713. 
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The amount of BFR plastics is about 20% of the total amount of plastics produced in China14. As 
mentioned above, 17 Mt of waste plastics was recycled when the production amount of plastics 
was 75 Mt in 201713. This means that about 22% of domestic waste plastics was recycled in China.  

The literature does not report the produced amounts of waste plastics containing BFRs in China. 
Thus, the recycling rate of the total plastics (22%) is used to estimate the amount of recycled BFR-
containing waste plastics. The estimated value is domestic part (75 Mt × 20% × 22%) added to the 
recycled imported plastic waste (7 Mt × 20%, if the share of BFR plastics is also assumed 20% ) = 4.7 
Mt each year. Among that, the waste BFR plastics separated from e-waste was about 0.2 million 
ton15. 

Generally, granulating technology, mechanical recycling, as well as chemical recycling are employed 
in the recycling of waste plastics in China16. In these recycling processes, the potential 
environmental problems caused by the release of toxic and harmful substances should be 
considered, and the toxic and harmful substances in the recycled products should not exceed the 
relevant standards. 

A co-incineration of BFR-containing waste plastics both in the municipal solid waste incinerators 
and in cement kilns has also been applied. Furthermore, the chemical recovery of bromine is also 
an important recycling technology for BFR-containing waste plastics in China.  

5.4.2 Regulations concerning the recycling of plastic waste 

The regulation aimed specifically at BFR-containing plastic waste is very limited in China. Table 5.3 
compiles some of the recent regulations and policies related to the plastic waste recycling in 
general. 

Table 5.3 Some of the currently effective regulations and policies concerning the recycling 
of plastic waste in China. 

Year Title Content and notes 

2019 Technical Specifications for 
Recycling Waste Plastics (GB / 
T 37821-2019)  

Separate recycling and classification of waste plastic 
products containing brominated flame retardants 

2017 Implementation Plan on 
Prohibiting the Entry of 
Foreign Waste into the 
Promotion of Solid Waste 
Import Management System 

Requires a complete ban on the entry of "foreign 
garbage". Consequently, waste plastic imports have 
shown signs of contraction. 

2017 E-waste, waste tyres, waste 
plastics, waste clothes, 

Among other things, urge local governments to clean 
up and rectify WEEE and waste plastics; ban a number 

                                                           
14 李飞龙，胡永琪，刘润静，等. 中国塑料阻燃剂应用现状和发展趋势[J]. 无机盐工业. 2015, 47(3): 1-3. 
15 马川. 典型溴系阻燃电子塑料的热解—催化提质实验研究[D]. 华中科技大学, 2017. 
16 赵旭远. 电子废弃物中含锑、溴阻燃塑料的水热处理研究[D]. 华东师范大学, 2019. 
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dismantling of household 
appliances and other recycling 
industries 

of small, polluting and highly-reported illegal 
processing workshops; guide relevant enterprises to 
adopt advanced processing technologies. 

2016 Industrial Green Development 
Plan (2016-2020) 

By 2020, the amount of domestic waste plastic 
recycling will reach 23Mt by, e.g., accelerating the 
promotion and application of advanced recycling 
technologies for waste plastic. 

2012 Administrative Regulations on 
the Prevention and Control of 
Pollution from Waste Plastic 
Processing and Utilization 

Strengthening pollution prevention and processing of 
waste plastics 

2011 Administrative Measures on 
Import of Solid Waste 

It is forbidden to import solid wastes that cannot be 
used as raw materials or cannot be used in a harmless 
manner 

2007 Technical Specification for 
Pollution Control of Waste 
Plastic Recycling and Recycling 
(Trial) (HJ / T 364-2007) 

The recycling of halogen-containing waste plastics 
should be carried out separately from other waste 
plastics 

There are many barriers to both promoting and regulating the recycling industry of waste plastics, 
including that of BFR-containing plastic waste in China. First, there are many small companies and 
numerous people engaged in the waste recycling in China, and it is very difficult to standardize their 
management. It has been reported that there are more than 3000 small companies engaged in 
waste plastics recycling in China. Second, the relatively heterogeneous and low quality of the waste 
plastic results in a complex plastic waste treatment industry. This has also limited the recycling of 
BFR-containing plastic waste17. Third, the recycling system for plastic waste is imperfect and needs 
improving. Fourth, the plastic recycling policies and regulations are not enough to support the 
development of plastic recycling market. 

5.4.3 Future prospects of BFR-plastics recycling in China 

The development of plastic recycling has been promising in China. However, the amount of recycled 
BFR-containing plastic waste will decrease since the BFR-plastics production and consumption will 
be limited as China tries to replace the BFR-plastics by other modified plastics with better features. 
In addition, the imported BFR-containing plastic waste will be strictly forbidden. On a general level, 
the plastic waste recycling system, recycling policies and regulations will be more complete. A 
number of large enterprise will enter the waste plastics recycling market, while small and medium-
sized enterprises will go out of business. In summary, China has a strong ambition to further 
promote the sustainability of the plastic waste recycling industry. 

                                                           
17 赵宏伟. 废弃塑料处理工程中的环境保护研究[J]. 科技风. 2019 (10): 126. 
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5.5 Remarks on globally patented pre-treatment methods 

A patent search was performed in PatBase Express database. Search terms, such as “plastic 
recycling, automobile recycling, electronic waste and construction waste”, combined with 
“cleaning, sorting or separation” were used. The search was restricted to last 5 years. The selected 
search results are listed in Appendix 1. The list excludes results clearly related to waste streams not 
in the focus of NONTOX, such as packaging waste, medical waste and post-consumer solid residue 
waste. In most of the patents, however, the intended waste stream was not clearly stated. Patents 
concentrating only in compounding of plastic recyclates, or creating new composite materials or 
their extrusion, were excluded. However, patents where compounding or extrusion stage was 
shown as a part of a recycling line involving also pre-treatment procedures, were included. In 
addition, many patents of which description did not provide enough or understandable information 
to confirm its purpose, were also excluded. 

The results of the patent search showed that the field of cleaning, sorting and separation of plastic 
waste is dominated by Chinese inventions: only a couple of the selected patents originated 
elsewhere, namely in South Korea or the U.S.  

Most of the patents involved several successive pre-treatment and recycling processes and only a 
few concentrated on single separate treatment processes. Of the separate treatment process, the 
developed methods to remove plastic cable skins from cables (CN109301766A Cable stripping 
machine for stripping cable in absorption mode) and dirt from C&DW plastics (CN110625850A 
Cleaning device for soil dregs sticking to construction waste plastic) could serve as potentially 
increasing the recycling rate and quality of WEEE, ELV and C&DW plastics. Notable was also the 
motivation to reduce the handwork and automatize sorting and separation processes, which 
signifies that the use of manual workforce in the pre-treatment operations has been common in 
China until these days. 
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Appendix 1 

Property ASTM ISO 

Impact resistance ASTM D256-10(2018) ISO 180:2019 

Izod Standard Test Methods for Determining 
the Izod Pendulum Impact Resistance of 
Plastics 

Determination of Izod impact strength 

Charpy 
 

ASTM D6110-18 ISO 179-1:2010 

 Standard Test Method for Determining 
the Charpy Impact Resistance of Notched 
Specimens of Plastics 

Determination of Charpy impact properties — Part 1: 
Non-instrumented impact test 

 ISO 179-2:1997 

 Determination of Charpy impact properties — Part 2: 
Instrumented impact test 

Tensile strength ASTM D638-14 ISO 527-1:2019 

Standard Test Method for Tensile 
Properties of Plastics 

Determination of tensile properties — Part 1: General 
principles 

ISO 527-2:2012 

Determination of tensile properties — Part 2: Test 
conditions for moulding and extrusion plastics 

Heat deflection 
temperature 

ASTM D648-18 ISO 75-1:2020 

Standard Test Method for Deflection 
Temperature of Plastics Under Flexural 
Load in the Edgewise Position 

Determination of temperature of deflection under load 
— Part 1: General test method 

ISO 75-2:2013 

Determination of temperature of deflection under load 
— Part 2: Plastics and ebonite 

Melt flow rate ASTM D1238 - 13 ISO 1133-1:2011 

Standard Test Method for Melt Flow Rates 
of Thermoplastics by Extrusion 
Plastometer 

Determination of the melt mass-flow rate (MFR) and the 
melt volume-flow rate (MVR) of thermoplastics 

ISO 1133-2:2011 

Determination of the melt mass-flow rate (MFR) and 
melt volume-flow rate (MVR) of thermoplastics — Part 
2: Method for materials sensitive to time-temperature 
history and/or moisture 
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Appendix 2 

Code Title Classification Notes Country Publication 
date 

CN110900889A A method for recovering the 
bumper system for processing 
sheet material 

Recovery of plastics or other constituents of waste 
material containing plastics 

 China Mar 24, 
2020 

CN210148488U A sorting function with plastic 
recycling cleaning device 

Cleaning by methods involving the use or presence 
of liquid or steam; Recovery of plastics or other 
constituents of waste material containing plastics 

Combined sorting and washing China Mar 17, 
2020 

CN110861238A A scrap car recycling 
equipment 

Recovery of plastics or other constituents of waste 
material containing plastics 

Includes flotation, conveying, 
iron removal, sorting, washing 
mechanism 

China Mar 6, 2020 

CN210116080U A waste plastic recycling 
processing pipeline 

Recovery of plastics or other constituents of waste 
material containing plastics 

Involves automated crushing, 
cleaning, drying and sorting 

China Feb 28, 
2020 

CN110640940A ABS plastic recycling washing 
reproduction production line 

Filters with filtering elements stationary during 
filtration; Magnetic separation; Cleaning by methods 
involving the use or presence of liquid or steam; 
Recovery of plastics or other constituents of waste 
material containing plastics; Machines or apparatus 
for drying materials in loose, plastic, or fluidised 
form 

Special attention paid to 
cleaning 

China Jan 3, 2020 

CN110625850A Cleaning device for soil dregs 
sticking to construction waste 
plastic 

Cleaning by methods not provided for in a single 
other subclass or a single group in this subclass; 
Recovery of plastics or other constituents of waste 
material containing plastics 

 China Dec 31, 
2019 
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CN209714502U One kind of waste plastics 
recycling waste water 
filtration device 

Filter circuits or combinations of filters with other 
separating devices 

 China Dec 3, 2019 

CN209521155U Sorting device for waste 
plastic recovery 

Recovery of plastics or other constituents of waste 
material containing plastics 

 China Oct 22, 2019 

KR102031973B Construction waste 
separation equipment 

Arrangement of accessories in apparatus for 
separating solids from solids using gas currents 

To separate heavy waste such 
as concrete lumps, gravel, 
earth, sand and light waste such 
as paper, plastic and styrofoam 
from construction waste 

South 
Korea 

Oct 14, 2019 

CN209409054U Mechanical intelligent finish 
machining system for sorting 
various materials from 
comprehensive waste plastics 

Combinations of wet processes or apparatus with 
other processes or apparatus; Recovery of plastics or 
other constituents of waste material containing 
plastics 

Involves pulverizer, vibration 
separator, magnetic separation, 
cleaning, dehydration, friction 
electrostatic separation and 
colour sorting  

China Sep 20, 
2019 

CN209095802U Complete recovery 
equipment for electronic 
waste plastics 

Recovery of plastics or other constituents of waste 
material containing plastics 

Involves crushing, density 
sorting, cleaning, drying, 
elastomer separation, 
electrostatic sorting and 
granulating 

China Jul 12, 2019 

CN109849233A Processing equipment based 
on plastic recycling 

Recovery of plastics or other constituents of waste 
material containing plastics 

Equipment integrates crushing, 
screening and sorting 

China Jun 7, 2019 

CN109795053A Waste plastic sorting machine Recovery of plastics or other constituents of waste 
material containing plastics 

The efficiency of an airflow 
separator is improved 

China May 24, 
2019 

CN109719861A Hard unclassified material 
recycling process 

Recovery of plastics or other constituents of waste 
material containing plastics 

Involves salt water impurity 
removal, crushing, friction 
cleaning, sorting, hot melt 
granulation, screening and 

China May 7, 2019 
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drying, wastewater treatment 
and waste gas treatment 

CN109551664A Swirling flow type waste 
plastic crushing sorting 
cleaning system 

Recovery of plastics or other constituents of waste 
material containing plastics 

Special attention paid to 
cleaning 

China Apr 2, 2019 

CN109301766A Cable stripping machine for 
stripping cable in absorption 
mode 

Removing insulation or armouring from cables  China Feb 1, 2019 

CN109049415A Efficient cleaning and 
separation process for 
electronic waste plastic 

Recovery of plastics or other constituents of waste 
material containing plastics 

Oil stains, paint coatings, 
attachments, dust and the like 
on the surface of waste plastic 
can be removed through 
magnetic separation, heat 
treatment, low-speed and high-
speed grinding and multi-stage 
cleaning and separation 

China Dec 21, 
2018 

CN108927340A Waste plastic sorting device Grading or sorting solid materials by dry methods; 
Recovery of plastics or other constituents of waste 
material containing plastics 

Reduces hand labour in sorting, 
possibly designed for mixed 
plastic waste 

China Dec 4, 2018 

CN207888965U Waste plastic recovery 
assembly line and sorting 
device thereof 

Recovery of plastics or other constituents of waste 
material containing plastics 

Special attention paid to sorting 
by colour 

China Sep 21, 
2018 

CN108530934A Waste plastic recycling 
method 

Recovery or working-up of waste materials; Use of 
inorganic substances as compounding ingredients 

Washing step involving a 
modifier solution and ultrasonic 
treatment  

China Sep 14, 
2018 

CN108273741A Plastic recycling and sorting 
device 

Sieving, screening, sifting, or sorting solid materials 
using networks, gratings, grids, or the like; 
Separating solids from solids by subjecting their 
mixture to gas currents; Combinations of apparatus 

Aimed for improving sorting 
efficiency 

China Jul 13, 2018 
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for screening or sifting or for separating solids from 
solids using gas currents; Conditioning or physical 
treatment of the material to be shaped 

WO18113228A1 Method and apparatus for 
overall recycling treatment of 
end-of-life vehicle 

Destroying solid waste or transforming solid waste 
into something useful or harmless 

Provides a method and an 
apparatus for overall recycling 
treatment of an end-of-life 
vehicle 

China Jun 28, 2018 

CN107322831A Plastic recycling technology Recovery of plastics or other constituents of waste 
material containing plastics; Making granules 

Hydrocyclone used in 
separation, oil contamination 
removed by alcohol 

China Nov 7, 2017 

US2017259305A Sorting installation and 
method for separating 
material fractions 

Sorting according to a characteristic or feature of the 
articles or material being sorted; Investigating or 
analysing materials by the use of optical means 

Aimed for increasing material 
throughput and/or sorting 
speed 

U.S.A. 
(First in 
Germany) 

Sep 14, 
2017 

CN106956385A Plastic crushing and dust 
separating all-in-one machine 

Recovery of plastics or other constituents of waste 
material containing plastics 

 China Jul 18, 2017 

CN206124002U Old and useless ABS recovery 
plant 

Recovery of plastics or other constituents of waste 
material containing plastics 

It is unclear from which 
material(s) ABS can be 
separated 

China Apr 26, 2017 

CN205628609U Selection by winnowing 
plastics recycling device 

Sieving, screening, sifting, or sorting solid materials 
using networks, gratings, grids, or the like; 
Separating solids from solids by subjecting their 
mixture to gas currents 

High sorting precision claimed China Oct 12, 2016 

KR101568175B Hand sorting apparatus in 
plastic recycling process 

Recovery of plastics or other constituents of waste 
material containing plastics 

Designed for enabling a worker 
to sort PP or PE 

South 
Korea 

Nov 12, 
2015 

CN103524889 B Recycling and 
remanufacturing method of 
spray-painted polypropylene 
bumper of retired automobile 

Recovery of plastics or other constituents of waste 
material containing plastics; Making granules; 
Compositions of homopolymers or copolymers of 

Disassembling, hot-pressing the 
bumper and mechanically 
removing paint, crushing, 
cleaning, drying, selecting the 

China Sep 30, 
2015 
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unsaturated aliphatic hydrocarbons having only one 
carbon-to-carbon double bond 

components and blending to 
obtain blended aggregates, 
extruding 

CN102873789 B Recycling and processing 
device for painted plastic 
parts 

Recovery of plastics or other constituents of waste 
material containing plastics 

The paint removing device 
comprises a quantitative feeder, 
a friction separator, an air 
blower, a spindle motor and 
dusty-air purifiers 

China Jun 3, 2015 
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