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Abstract: The quality of mechanically recycled plastics from WEEE is seen as one of the main
bottlenecks for their re-application in high-quality products to enable a circular economy for
these materials. Most literature focuses on the quality at the end of the value chain while
significant potential to improve the performance of the entire value chain is seen by the quality
assessment of input material of recyclers. In this research a testing procedure for mixed plastic
flakes by Fourier-Transform InfraRed (FTIR) spectroscopy, X-Ray Fluorescence (XRF) and
manual composition analysis assisted by computer vision. Mixed plastics from TV housings,
washing machines, fridges and fridge drawers were taken as case studies. It is shown that
unwanted plastic types, glass, metals, wood, rubber and foam as well as additives such as talc,
calcium carbonate or brominated flame retardants can be detected by the procedure. In addition,
a Failure Mode and Effect Analysis (FMEA) is shown to be a powerful tool for a risk-based
assessment of the most relevant quality influences, which allows to define strategies for quality
control. The economic evaluation showed that automation is required to allow the systematic
use of the testing procedure.



1 Introduction

Plastics recycling has a significant potential to reduce the emission of CO; to the atmosphere
and save on natural resources by replacing virgin plastics. Today, it is estimated that recycled
plastics make only up to 1 wt% of new electronic and electrical equipment (Lhotellier, 2017).
One of the bottlenecks is the mistrust of the manufacturers in the availability of recycled
plastics with a high and consistent quality (European Commission, 2018)Recyclers have the
objective to meet the quality requirements of manufacturers, which is challenging due to a long
chain of different processes and actors in the plastics recycling value chain. WEEE is collected
and subsequently treated in pre-processing facilities for decontamination, material
concentration and the creation of materials streams (Chancerel et al., 2009). Size-reduction
techniques are used to liberate the different materials. From the resulting mixed pieces, metals
are commonly removed before the mixed plastic flakes reach the plastics sorting processes,
such as sink-float separation, electrostatic separation or spectroscopic separation (Buekens and
Yang, 2014; Cui and Forssberg, 2003; Ragaert et al., 2017; Uepping, 2013; F. Wagner et al.,
2018). Resulting streams of single plastic types are molten in compounding to add addititves,
improve material properties or to include a melt filtration step to remove solid impurities
(Lacoste et al., 1996; Markarian, 2008; Xu et al., 2005).

Quality of recycled plastics

Quality needs are mostly defined by the manufacturers or regulating bodies and translated into
material requirements to ease the search for suitable materials (F. S. Wagner et al., 2018).
However, relevant quality aspects that will be relevant for most applications of recycled
plastics from WEEE are considered to be mechanical properties, rheological properties,
aesthetics and legal compliance, which are mainly influenced by impurities, additives,
contaminants and irreversible chemical ageing (Eriksen et al., 2018; Vilaplana and Karlsson,
2008; Wagner et al., 2019).

Impurities

The purity of a polymer is seen as the main influence on the quality of a recycled plastic
(Eriksen et al., 2018; Perrin et al., 2016). Already relatively small amounts of foreign bodies
in the polymer matrix can have severe effect on mechanical, rheological or aesthetical
properties. Kuhnel et al. (Kihnel et al., 2019) showed that concentrations as low as 0.17 wt %
of paper labels in PolyCarbonate/Acrylonirtile Butadiene Styrene (PC/ABS) can result in a loss
of 96 % in strain at break, while comparable concentrations of PolyPropylene (PP) labels
resulted in a significantly lower influence. Not only the type of impurity but also the size, shape
and distribution in the polymer matrix will determine the final effect the impurity has on the
quality of the recycled plastic (Adams, 1993; Eriksson et al., 1998; Perrin et al., 2016). Eriksen
and Astrup (Eriksen and Astrup, 2019) concluded that products designed for recycling can
significantly increase the quality of the recycled plastics originating from these products. In
addition, the copolymer composition of PC/ABS, ratio of PC and ABS, has been shown to
strongly influences the mechanical performance (Nigam et al., 2005). While the copolymer
composition it is precisely defined for virgin plastics, the ratio in recycled plastics will depend
on the input mix of different PC/ABS grades.



Additives

The use of additives such as talc, calcium carbonate, gypsum or wollastonite fillers will
influence the stiffness, thermal stability, shrinkage and impact strength (Jiang et al., 2005;
Kuram, 2019; Putra et al., 2009). A rise in viscosity can be expected for filled polymers, as
reported for the addition of CaCO3 to polypropylene (Lazzeri et al., 2005). Also glass fibres
influence the viscosity, depending on fibre concentration, length and orientation (Crowson and
Folkes, 1980; Eberle et al., 2008). Uncontrolled fluctuations in the concentrations of fillers can
lead to property fluctuations and glass fibres can cause wear of the tools and processing
equipment (Lazzeri et al., 2005). In the context of WEEE plastics, different types of Flame
Retardants (FRs), mostly based on phosphorous and Brominated (Br), are commonly used and
can influence the mechanical properties.

Contaminants

More importantly, some types of Br FR can be seen as contaminants as they are subject to
legislative restrictions (European Commission, 2012). Their presence causes a severe risk for
compliance to RoHS and REACH, which requires a systematic removal of all plastic flakes
containing Br FRs (EERA, 2018). The type and amount of FRs in WEEE depends on the
product as well as on the plastic types (Hennebert and Filella, 2018; Jandric et al., 2019). In
addition to restricted Br FR types, also other substances that threaten legislative compliance or
have unwanted negative effects on the quality can be defined as contaminants. They are mostly
low molecular organic substances, but also consist of metals such lead, cadmium or mercury,
that are subject to restrictions by the RoHS directive (RoHS recast Directive 2011/65/EU,
2011). Also additives such as phthalate plasticizers or colour formulations including cadmium
risk compliance issues for recycling (RoHS recast Directive 2011/65/EU, 2011).

Irreversible chemical ageing

Ageing is often caused by the exposure to moisture, oxygen, temperature or electromagnetic
irradiation and high share rates and high temperatures during processing and cause changes in
mechanical and aesthetical properties as well as dimensional stability (Agroui and Collins,
2015; Bociaga and Trzaskalska, 2016; Facio et al., 2015; Miranda et al., 2001; Yousif and
Haddad, 2013). Physical ageing processes, such as changes in crystallinity, relaxation
processes or inner tensions are reversed when the polymer is molten (Ehrenstein and Pongratz,
2013; Guo et al., 2019; Strangl et al., 2019). Chemical changes on the other hand are mostly
irreversible. Examples are changes in molecular mass, crosslinking, decomposition reactions,
the formation of functional groups or the formation of low molecular products (Ehrenstein and
Pongratz, 2013). Consequences can be a decrease of the impact strength due to crosslinking of
the butadiene phase of ABS, HIPS and PC/ABS, a reduction in strain at break due to chain
scission or the formation of oxygen containing chemical groups (Bai et al., 2007; Boldizar and
Moller, 2003; Tarantili et al., 2010; Vilaplanaet al., 2010). Also degradation products can form,
such as different volatile oligomers due to the decomposition of polystyrene (Marczewski et
al., 2013) or the decay of highly Brominated Diphenyl Ethers (BDEs) into brominated
congeners (Mas et al., 2008).



The main goal of this research is to improve the quality management for plastic recycling in
order to increase the availability of post-consumer recycled plastics with a high and consistent
quality. Most literature focuses on the quality of recycled plastic at the end of the value chain,
while early stages are poorly investigated (Beigbeder et al., 2013; Perrin et al., 2016; Vilaplana
and Karlsson, 2008). Significant potential to improve the performance of the entire value chain
IS seen in the quality assessment of mixed plastic flakes that serve as input in plastic sorting
facilities. This stage is often subject to trade with pre-processors and mixed flakes mostly still
contain metals, glass or other impurities. For this purpose a testing procedure based on FTIR,
XRF, manual composition analysis and Computer Vision (CV) is proposed. The technical
capabilities of the techniques to detect relevant quality influences are presented based on
selected case studies and a literature review. A risk assessment based on a Failure Mode and
Effect Analysis (FMEA) evaluates the control of the most important quality requirements for
plastic flakes. Further, an economic evaluation investigates the systematic application of the
procedure and shows the potentials of automation of this procedure.

2 Materials and Methods

2.1 Materials

Three categories of WEEE were selected as sources of plastics for the four case studies used
in the presented research: TV housings, washing machines, fridges and fridge drawers. The
knowledge on TV housings is based on previous research, including a sampling trial at a
recycler in Belgium in 2016 of approximately 8 tonnes of LCD TV back covers and a
composition analysis (Vanegas et al., 2017; F. Wagner et al., 2018). The plastic flakes of
fridges were collected during a sampling trial at a pre-processing plant in Italy in 2019. In
another sampling trial, 1.5 tonne of fridge drawers were manually removed from fridges during
the depollution step. In total 500 kg of every colour: transparent, white and smoky were
separately collected. The flakes from washing machines were collected in a sampling trial of
20 tonnes in Italy in 2019. For the detection of talc and calcium carbonate in PP by FTIR, virgin
PP HE125MO from Borealis was mixed with 0, 2, 4, 8, 17, 25, 34, 42 wt% calcium carbonate
masterbatch ISOFIL H 40 C2 F NA and 0, 4, 7, 14, 29, 43, 58, 72 wt% of talc masterbatch
(unknown supplier) in a laboratory mixer at increased temperatures.

2.2 Methods

The investigated testing technique for plastic flakes is composed of FTIR spectroscopy, XRF
and Manual Composition Analysis (MCA) assisted by Computer Vision (CV). Sieving at 3
mm is included to determine the amount of fines (Fig 1).

The manual composition analysis is conducted on the entire sample of approximately 5 kg and
serves to determine the sample composition by weight. In addition, the manual composition
analysis can include an estimation by eye to give a rough estimate on the colour composition
of the mixed plastic flakes. However, such indications do not allow to calculate the potential
yield or final colour of the recyclate. Therefore, a computer vision system developed by Ramon
etal. (Ramon et al., 2018) is used to determine the colour distribution in a more precise, reliable



and fast manner for mixed plastic flakes. This technique also determines the flake size and
distribution of the flakes. The sample is representatively split in two and one half is used for
the computer vision analysis. The used setup consists of a line camera and a controlled light
source on a conveyor belt, which is an improved version of the setup as described by Ramon
et al. (Ramon et al., 2018).

The other half was shredded to 5 mm flakes and well mixed for analysis by FTIR to
determination the plastic composition and additives, which is a common technique for the
identification of unknown plastics and commonly available at recycling facilities. Signoret et
al. (Signoret et al., 2019) showed that most relevant WEEE plastics can be discriminated with
this technique. Some plastics are relatively difficult do discriminate and require a very good
quality of the measured spectra. For the FTIR measurements a Thermo Fisher Nicolet iS5 was
used, which was included in an automated setup that used plastic pieces of approximately 5
mm as an input material, compresses the pieces to small sample plates and positions them on
the ATR crystal of the FTIR. Approximately 70-100 spectra of high-quality comparable to
spectra measured by hand were used to determine the plastic composition.

XRF can be used to measure the bromine content in the plastics, which helps to control the risk
of restricted Br additives by applying RoHS restriction levels of 1000 ppm as a threshold
(directive 2011/65/EU). XRF is a fast screening method with measurement times of a few
seconds for lab scale devices and has been reported to allow to control bromine levels of 300
ppm (Aldrian et al., 2015). Discussion with sales representatives revealed that for specific
plastic types detection levels of 6 - 8 ppm have been realized, but not proven in the context of
plastics recycling. However, the technique does not allow to distinguish restricted from non-
restricted Br FRs, which would require dedicated chemical analysis. In addition to bromine,
XRF allows to check the presence of lead, mercury and chromium to give indications for
compliance to RoHS (Mans et al., 2007). Other techniques to measure bromine in plastic flakes
at higher detection levels are Sliding Spark SPectroscopy (SSSP), Laser Induced Breakdown
Spectrometry (LIBS) and Fourier Transform InfraRed spectroscopy (FTIR). All techniques and
relevant detection levels form bromine in plastics are shown in Table 1. XRF measurements
were conducted on 20 flakes for the fridge, fridge drawers and washing machine case studies
by a third-party laboratory. The chemical analysis of 20 flakes per sample for REACH
compliance was conducted by a third-party testing institute by XRF, Gas Chromatography
(GC), High Pressure Liquid Chromatography (HPLC) and Inductively Coupled Plasma (ICP)
combined with Mass Spectrometry (MS).

2.3 Failure mode and effect analysis

The Failure Mode and Effect Analysis (FMEA) is a risk evaluation tool that helps to identify
potential quality failures in systems or products (Hu et al., 2009; Liu et al., 2013). To prioritize
possible failure modes the Probability of a failure (P), the Severity of the failure (S) and the
likelihood of detecting the failure (D) are multiplied to obtain the Risk Priority Number (RPN).
The RPN is defined on a scale of 1 to 1000 and allows to rank risks and determine a focus of
measures for risk reduction. In this paper the method is adapted to the risk assessment of quality
influences for recycled plastics in order to improve the quality management of these materials.



The FMEA is used as a method to evaluate the quality control of the proposed testing procedure
of mixed plastic flakes.

Definition of the influences on quality for mixed plastic flakes

The quality concepts from Vilaplana et al. (Vilaplana and Karlsson, 2008) and previous
research on a quality assessment of WEEE on product level (Florian Wagner et al., 2019) were
used to determine the quality influences on recycled plastics as shown in Fig 2.

The basic structure for quality influences is provided in the categories purity and degree of
degradation. The purity describes the presence of impurities on macro level and additives and
contaminants on micro level. The presence of impurities is sub-categorized into plastics (other
than the targeted plastic), glass/concrete/ceramic, metals, wood/paper, rubber, foam. These
main categories of impurities were defined together with recyclers and based on experience
achieved from plastic recycling projects. For the investigated case studies, the relevant
additives are talc, calcium carbonate, glass fibres, phosphorous retardants and colourants. The
relevant contaminants are brominated flame retardants and restricted substances (according to
RoHS and REACH). The degree of degradation is defined by the irreversible chemical changes,
which are predominantly defined by crosslinking, chain scission and oxidation.

The definition of quality influences is strongly connected to the case studies (sources of WEEE
plastics) and targeted quality. As a general approach it is recommended to consider the waste
category (e.g. WEEE), the waste products (e.g. fridges) and the plastic (e.g. polystyrene) in
order to define the quality influences. For the definition of additives Hahladakis et all provided
a good overview of different additives that are used in plastics (Hahladakis et al., 2018).
Contaminants can be defined by applicable legislation based on the source and targeted quality:
REACH regulation (1907/2006/EC), POP regulation (2019/1021/EU), RoHS for electronic and
electrical applications (directive 2011/65/EU), for toys (directive 2009/48/EC) or food contact
applications (directive EC/282/2008). Furthermore, company specific requirements or other
substances that cause quality issues, such as low molecular compounds that produce smell can
be included.

Probability of presence (P). In this research TV housings, washing machines, fridges, fridge
drawers were investigated WEEE sources for recycled plastics. The probability of presence of
effects that influence the quality is defined on a scale from 1 to 10, 1 meaning it is very unlikely
and 10 meaning the presence is very likely (Table 2). The estimation of presence is based on
the composition analysis results of the case study products, knowledge from previous analysis
and discussion with OEMs and knowledge on the requirements for plastics used in their
products. Possible sorting errors are also taken into account, so that e.g. the presence of glass
in plastics from fridges is very likely, due to the common use of glass trays in fridges. The
probabilities for all case study products are estimated in a similar manner for all case studies.

Probability of non-detection (D). The detection expresses the capability of a testing technique
to identify one of the defined quality influences, 1 meaning that it is almost sure that a quality
influence is detected by the technique and 10 that it is almost impossible. For the analysis in
this research the capability was estimated based on testing, previous research and a literature
study. The testing techniques included in this research are standard techniques that can be found




in material testing labs of plastic recyclers. An exception are the chemical analysis techniques
GC, HPLC and ICP combined with MS, which are analysis that are typically outsourced by
recycling companies. The detection capability is considered at the level of mixed plastic flakes
(input material) at the stage before the plastic sorting and compounding and is not to be
confused with the detection limit.

Severity for the quality (S). The severity for the quality estimates the effect the different
influences might have on the final quality on product level. In this paper the quality is expressed
in four categories, the mechanical properties, the rheological properties, the aesthetical
properties and legal compliance. While in this research the four categories are not ranked, also
weighing by precentral multiplication is possible to define one severity for the quality.

2.4 Economic evaluation of the flake testing procedure

An economic evaluation of the proposed flake testing procedure is done to analyse the
economic viability and investigate the potential for the development of a fully automated setup.
The cost for utilities and chemicals and the labour cost are included in the operating cost. For
the Differential Scanning Calorimetry (DSC), Gas Chromatography (GC) + Mass
Spectrometry (MS), High Pressure Liquid Chromatography (HPLC) + MS and Inductive
Coupled Plasma (ICP) + MS a labour costs of 110 €/h is estimated for skilled staff and for all
other testing techniques 50 €/h is assumed. Labour time includes sample preparation, the
effectively needed time to conduct the measurement and the time required for the analysis of
the results. The total time it takes an operator to prepare a sample for the automated system is
estimated to be 45 minutes for one batch. This time is equally distributed to the automated
FTIR, XRF and CV in the operating cost calculation. The costs of the purchase of the testing
techniques are calculated for labscale equipment. The amount of measurements per year for
every technique are based on the specific measurement time for every technique and the
amount of measurements suggested per batch of mixed flakes. To calculate the costs per
measurement, 3 years of use of the equipment as well as 300 operational days of 8 hours are
assumed. The equipment cost of the automated setup with FTIR, XRF and CV analysis, 100
000 € are estimated based on 65 000 € for the measurement equipment and 35 000 € for the
automated sample preparation and software. The total costs per measurement were calculated
by the addition of the operating and investment costs per measurement. The amount of input
material in from of plastic flakes was estimated an discussions with industrial partners to be 45
000 tonnes of input material.

3 Result and discussion
3.1 Technical evaluation of the testing procedure for plastic flakes

Impurities

For the detection of the impurities the Manual Composition Analysis (MCA) allows to identify
the relative share of plastics, glass, metals, wood, rubber and foam. The results of the
composition analysis in Table 3 show that the removal of the fridge drawers before size
reduction resulted in a pure plastic fraction of 100 and 99 wt %, while the sample of entire



fridges contained 97.5 wt% plastics. The mixed fraction from fridges was subject to a flotation
process to remove metals and enrich the plastics. Regardless, 0.4 wt% of metals are still found
in the plastics, which should have been removed during the plastic separation step. A previous
sampling trial in 2018 without flotation showed a high metal content of 9.7 wt%, a low plastic
content of 80.9 wt% and a very high fines content of 8.5 wt%. While it is assumed that during
the plastic separation and compounding process most impurities and the fines content will be
removed, the results of the MCA indicate a significantly different performance of the three
fridge samples.

The plastic composition of the samples was analysed by FTIR spectroscopy and showed that
the mixed plastic flakes of fridges contained a high content of 47.4 wt% HIPS, 16.7 wt% PS,
23 wt% ABS and 2.5 wt% PP, 1.3 wt% PE and 3.8 wt% PC/ABS, which are plastic types that
are today commercially recycled. HIPS and PS are compatible and it can be considered to the
recycle the two polymers together, considering that the impact strength will be influenced. The
discrimination of HIPS from PS is possible by FTIR, but the accuracy is limited. PS and HIPS
are chemically different due to the butadiene rubber phase in the HIPS, which gives a relatively
weak response in FTIR (Lacoste et al., 1996). In addition, overlaps of peaks and the presence
of unknown additives in the polymer further complicate the analysis. The discrimination of
ABS from HIPS is done based on the acrylonitrile group, which gives a response around 2236
cmt in FTIR. Due to frequent background noises in this region, the discrimination requires a
very good quality of the FTIR spectra. The 0.1 wt% of PVC comes from cables and can cause
problems for the quality of the plastics as well as damage to the compounding and injection
moulding tools. The samples of fridges without flotation showed a significantly higher content
of PVC with 3 wt%. Comparing the samples from fridges to the samples of separately treated
fridge drawers, a significant change in the plastic composition is observed. Depending on the
colour, the transparent fridge drawers are dominated by 89.3 wt% PS and the white fridge
drawers by 64.5 wt% HIPS. While this shows that the selected treatment of the removed
drawers allows to enrich specific polymer types, another advantage is that the drawers are
produced by very high-quality food contact approved plastics, which is not required for all
plastic components in fridges and could bring added value to the recycled plastics from this
stream.

The main gain of the flake analysis by MCA and FTIR is to calculate the expected yield of
targeted plastics in the composition. Furthermore, processing mistakes from pre-processors that
lead to a high fines-content or the unexpected increase of relative shares of materials can be
identified and allow to define subsequent processing decisions for plastic sorting. The results
show that an analysis already at early stages in the supply chain can evaluate the performance
of pre-processing. The FTIR analysis of plastic flakes has the advantage that also relatively
low concentrations of potential impurities can be measured, given that a large amount of flakes
are measured. Once the plastics have been compounded only high concentrations of plastics in
other plastics can be identified. On example is the identification of PP in ABS which is possible
for concentrations of 10 wt% PP (Camacho and Karlsson, 2001).



Additives

The controlled mixing of talc and CaCOs with virgin PP and subsequent measurement by FTIR
was conducted to identify the presence these fillers by the proposed flake testing system. Fig 3
displays representative FTIR spectra for unfilled, 32 wt% talc filled and 34 wt% CaCO3 filled
PP. It can be seen that pure PP is characterized by peaks at 2952, 2916, 2865, 3837, 1455, 1374
cm™ (Socrates, 2001). The peak at 2952 cm™ was used as a reference peak to investigate
absorbance changes in the spectra after the addition of 0, 4, 7, 14, 29, 43, 58, 72 wt% talc and
0,2,4,8,17, 25, 34, 42 wt% CaCO3 (Fig 4).

For talc filler mainly peaks at 3673, 1005 and 667 cm™ occurred and increased with higher
concentrations. The increase in the peak at 874 cm™ is caused by the shoulder of the 1005 cm"
! peak. For the CaCO; filler new peaks form at 1420, 874, 714 cm™, which can be confirmed
by literature (Al-Hosney and Grassian, 2005). Based on the results it is estimated that the
presence of talc and CaCOs can be clearly identified in recycled plastics by FTIR for
concentrations of minimum 10-15 wt%. In contrasts, single tests on 40 wt % glass fibre filled
PP did not yield visible peaks in FTIR. Experiments on selected plastic flakes showed that most
glass fibre, talc or calcium carbonate containing PP flakes can be removed from the unfilled
flakes by a density separation in water at 1 g/cm3. Heavy PP flakes that appear unfilled in FTIR
can then be classified as glass fibre filled samples. However, low concentrations of fillers were
still observed in the light fraction. Regardless, the integration of a density separations step
before analysis by FTIR, XRF and manual composition analysis is seen as a useful step that
can be applied depending on the source and the associated risk of their presence.

While TV housings are like most WEEE defined by black and grey colours (Peeters et al.,
2014), the washing machines, fridges and fridge drawers contain a significant share of white,
light grey and transparent colours. They are considered more valuable, as they can be mixed
with new colourants to achieve green, blue or other colours. Almost all plastics contain
colourants to define the aesthetical appearance. Fig 5 shows that the mixed flakes of washing
machines contain fewer white colours and that washing machines are dominated by light grey
shades. The amount of green flakes in the fridge flakes is based on a relatively large share of
small flakes, which are subject to measurement mistakes of the used conveyor belt.

Contaminants

RoHS and REACH tests of 20 flakes per mixture showed no compliance concerns for fridge
drawers, while washing machine samples indicated the presence of boron, phthalates and
cadmium at elevated levels for single flakes. While the affected flakes might still be removed
during the recycling process and concentrations of the mixture are expected to be under the
legal limit, the results already indicate that risk of contamination is associated with different
sources. Previous research showed that the TV housings from HIPS contained high
concentrations of brominated flame retardants, including the restricted deca-BDE (F. Wagner
etal., 2019a).

Testing the bromine content already at an early stage by XRF can give more detailed insight in
the origin of bromine, if the source information is provided. A systematic monitoring can help
to better control the bromine levels of recycled plastics. In addition, the share of plastic flakes



containing bromine can influence price evaluations between pre-processors and recyclers, as
bromine containing plastics need to be incinerated (Weber and Kuch, 2003), resulting in a cost
for the recycler.

Irreversible chemical changes

The presence of C-O, C=0 and O-H groups were measured in polystyrene flakes from fridges
in the wave number ranges 1710-1750, 1050-1100 cm™ and 4000 — 3000 cm?, respectively (Li
et al., 2017; Socrates, 2001). Discussion with manufacturers revealed that the oxidation of
HIPS is caused by the surface treatment with a Corona process that produces oxidative groups
to form a polar surface needed for the gluing of foam. As this form of treatment only affects
the surface and does not cause chain scission or a decrease in the rubber phase inside the
polymer, no significant quality decrease is expected. However, the use of stabilizers can be
considered to avoid possible influences on the degradation by the increased amount of oxygen
groups in the polymer. While FTIR is a sensitive tool for the detection of oxidative groups, for
the analysis of flakes in recycling only severe cases of oxidation of a polymer surface can be
identified, due to the lack of reference spectra of the non-oxidized polymer surface, which is
usually used for analysis. The presence of the O-H group is also likely to be the result of
moisture in the polymer surface. In addition, the C-O, C=0 groups can be present in additives
and fro some types of plastics are part of the polymer chain.

The detection of chain scission and crosslinking is not feasible with FTIR. Additional
measurements by MFI or DSC can indicate a high/low viscosity and high/low rubber phase,
respectively. However, also these techniques cannot determine whether this is the result of
chemical ageing, due to the lack of reference values

3.2 Failure mode and effect analysis for plastic flakes testing

The FMEA was used to analyse three scenarios: no testing, proposed testing procedure with
FTIR, XRF and MCA (or CV), all techniques (Fig 6).

Impurities

The probability of presence of most impurities is similar for the TV housings, washing
machines and fridges. While the amount of impurities might vary, they are all very likely to
contain the impurities and as already small amounts can cause severe defects in the mechanical
properties and aesthetics, the risk assessment resulted in comparable probability values. A
significant difference can be observed for the case of separated fridge drawers, as the isolation
of this plastic stream before size reduction allows to reduce the risk of impurities significantly.
While the MCA and FTIR composition results do not directly reflect the probability of presence
in the FMEA, it is expected that systematic testing in connection with source and processing
information can contribute to gradually improve the risk estimations. No differences in the
RPN are observed for the testing procedure by FTIR, XRF, manual composition analysis and
computer vision and the scenario of all testing techniques. Therefore, no risk differences
compared to the measurement by all techniques is observed.



Additives

The use of glass fibres is only common for producing the plastic drum housings for washing
machines, while the use in the other investigated sources is highly unlikely. The procedure is
shown to perform well in the detection of talc and calcium carbonate and also the risk of
undetected colourants is significantly reduced. As the presence of glass fibres was identified as
the largest remaining risk in the FMEA, a possible analysis based on density was investigated.
The presence of phosphorous FRs can be expected mainly for the TV housings (Peeters et al.,
2014; F. Wagner et al., 2019b) and relevant concentrations of FRs can influence the mechanical
properties such tensile modulus or strain at break (Jung et al., 1998). No detection based on the
proposed testing system is possible with relevant accuracy and only indications might be
derived from FTIR spectra, if the FRs are present in high concentrations. For plastic recycling
the mixture of different colours can result in unwanted colour shades. This results in a higher
risk of colourants for the predominantly white and light grey sources of fridges, fridge drawers
and washing machines compared to TV housings.

Contaminants

In the FMEA it is visible that the highest risk of the presence of Br FRs is in TV housings.
However, the presence in washing machines or fridges cannot be ruled out. Only the presence
in fridge drawers that need to be food contact approved plastics is seen as almost impossible.
The removal of the fridge drawers and subsequent separate treatment allows to isolate a high-
quality source that might require only little substance control. While legal compliance needs to
be proven at the end of the value chain at product level, the analysis of mixed plastic flakes can
already give a good indication of possible threats for RoHS compliance by XRF. The source
of the plastic as well as the plastic type can already give some indication on possible substances
and help to identify high-risk sources. This stresses the importance of connecting systematic
or semi-regular testing to source and processing information.

Irreversible chemical changes

As TV housings are often exposed to sunlight, they are estimated to have a higher risk to
oxidation compared to fridge drawers that are exposed to low temperatures an no ultraviolet
light. Oxidation can result in a loss in mechanical performance, but also aesthetical properties
are expected to be influenced by discolouration. Chain scission is expected to occur for all
plastics regardless of the source due to high temperatures and shear rates during processing.
The risk of irreversible chemical changes is one of the main limitations of the proposed testing
procedure. Due to shredding and processing some degree of degradation is expected in all
plastics, while the possibilities to detect the degradations for plastic flakes are limited. The
most promising strategy to control the chain scission and crosslinking is by rheological testing
and impact testing at granulate level and improvement in compounding by the addition of chain
extends and impact modifiers.

The FMEA is seen as a powerful tool to visualize quality related risks for recycled plastics and
to define strategies to control them. The systematic testing of input material by the proposed
testing procedure can contribute significantly to detect and control some of the most important
quality influences. While most limitations, such as the determination of low molecular



compounds that could threaten legal compliance, the presence of glass fibres as well as
chemical ageing effects, could be overcome be the application of additional testing techniques.
The combination of testing with metadata on the source of the mixed plastics and processing
information can be used to identify high-risk sources. Consequently, dedicated treatment
strategies by isolation or targeted combination of WEEE sources can be defined to control
risks.

3.3 Economic evaluation of the flake testing procedure

The total cost per measurement for all techniques are dominated by the cost of the manual
labour as shown in Table 4. The amount of measurements per batch are minimum values
required to obtain relevant analysis results. In total the testing by all techniques is evaluated as
a reference for the best practice testing procedure and would result in a cost of 1272 € per 10
tonnes of input material, is considered to be reasonable for a systematic quality assessment.
This equals approximately 4.2 tonnes of output recycled plastic due to material losses and
sorting. Hence, the analysis cost would account to 302 € per tonne, which is considered not
economically viable given that the final sales price of post-consumer recycled HIPS and ABS
is assumed to be 800 and 1200 € per tonne, respectively. Especially GC, HPLC and ICP with
MS are labour intensive, often require the extraction of the substances from the polymer and
skilled staff. Based on the resulting high price, the use of these techniques for compliance
testing at flake level on a regular basis is not seen as economically viable. While the detection
of non-compliant material at early stages can avoid processing costs, it is expected that the
amount of measurements required does not outweigh the testing costs for representative sample
sizes. However, the semi-regular testing of compliance by GC, HPLS and ICP with MS at early
stages on a limited number of flakes can provide deeper insight in contaminants that would
otherwise be diluted underneath the threshold. Thus the testing of restricted substances for
high-risk batches or for the development of new recycled plastics can be a suitable option to
define improved input clustering strategies for substance control. One of the main problems in
plastics recycling is the that only very limited information on restricted or concerning
substances in waste streams is available (Romph and Calster, 2018). As carrying out tests is
very expensive, the availability of substance data from OEMs can help recyclers to identify
high-risk sources. This allows to define clusters, testing procedures and dismantling strategies
to better control substance levels. An example is the decontamination by the removal of CRT
TV housings with a high content of Br FRs (UNEP, 2017).

The evaluation of the proposed testing procedure by FTIR, XRF and MCA (including sieving).
As most recyclers will have this testing techniques in form of handheld or table top versions
and manual use by the quality testing department is assumed. The procedure would cost 322 €
per 10 tonnes of input material or 77 € per tonne of produced recycled plastic. Therefore, it is
expected that the costs of this testing procedure cannot be carried for regular and systematic
testing of input material without further reduction in cost. However, it is seen as valuable to
apply it for material from new or unreliable suppliers and for research projects to determine
the material composition of specific waste streams.



The complementary use of computer vision in an automated system is expected to result in
addition 14 € per batch and allows to analyse the colour and size distribution of the flakes. An
example for the size distribution curves by computer vision of mixed plastic flakes from fridges
and fridge drawers can be seen in Fig 7. The results can be used to determine material losses
for yield calculations when combined with the MCA and FTIR results. Assuming a recycler
uses a 5 mm sieving step in the process, the mixed flakes from fridges would contain 8.5 wt%
of plastics that are smaller. Based on the target fraction of HIPS and PS of 64.1 wt% from the
FTIR composition, only 55.6 wt% could be theoretically recycled. For the fridge drawers with
a HIPS and PS fraction of 81.8 wt% and losses of only 0.6 wt%, the theoretical yield would be
81.2 wt%. In addition, the smaller sizes of the yield fraction of the fridges compared to the
fridge drawers can results in throughput inefficiencies due to unsuitable size distributions for
the subsequent separation processes. Thus, providing a size distribution of the mixed flakes
can be used to detect value chain inefficiencies and can serve for improved pricing models
based on yield calculations, which is expected to result in a direct benefit for the plastic
recyclers and pre-processors.

To allow the proposed testing procedure by FTIR, XRF and MCA (and CV) to be
systematically used for the quality assessment of input material of plastic recyclers, automation
of the testing procedure is required to reduce the labour cost. Based on the experiences with
the automated FTIR and CV setup used for this research, it is expected that labour time can be
reduced to 45 min per batch of 10 tonnes compared to 345 minutes of labour time that are
required for the manual testing. Further development of the automation setup is expected to
reduce the 1 measurement can be reduced to 20 seconds for the FTIR and XRF measurements
and less than 1 second for the computer vision. For the case that the MCA can be fully replaced
the cost could be reduced to 45 € per 10 tonnes of input material or 11 € per tonne of recycled
plastic (Table 5).

4 Conclusions

Methods for the analysis of the quality of plastic flakes along the entire value chain is not well
documented in literature. Especially the stage between pre-processors and recyclers is often
subject to trade. Therefore, the presented research demonstrated the . quality testing by FTIR
spectroscopy, XRF and manual composition analysis, possibly assisted by computer vision
allows to analyse the material composition of the mixed plastics flakes, including relevant
impurities such as metals, glass, wood and other materials. In addition, it is demonstrated that
these methods can be used to assess the presence of additives such as talc and calcium fillers
as well as bromine, cadmium, lead, mercury that risk non-compliance according to RoHS. The
main limitations are seen both in the analysis of glass fibres, which requires the addition of a
density separation step and in the characterization of irreversible chemical ageing processes.

Quality assessment of mixed plastic flakes at the stage between pre-processors and recyclers
increases the transparency of the value chain. In addition, the material composition combined
with size and colour distribution of the plastic flakes allows recyclers to estimate the yield of
their process. This can serve as a basis for yield-oriented pricing models and cross-actor
optimization which is considered to encompass substantial potential for improving the



recycling efficiency of the entire value chain. In addition, it allows to detect unexpected
processing errors and anomalies that result in low processing yields and efficiencies. The
economic analysis of the testing costs showed that automation is required to reduce the labour
costs from 322 to 45 € per tonne, which is considered an acceptable testing cost for the
systematic application of the testing procedure.

FMEA is known to be a powerful tool for the risk assessment and with the presented research
the value of this method is also demonstrated for risk assessment related to plastic recycling.
Major risks can be identified using FMEA based on the requested output quality and on prior
knowledge on the origin of the material, which allows to adapt the testing procedure. The
presented results highlight that the availability of information on the origin of the plastic flakes
and processing history can help to identify high-risk sources. Therefore, it is believed that
future research should develop methods to stimulate the exchange of such meta data. Further,
significant potential is expected from the implementation of innovative clustering strategies
for an improved removal of hazardous substances and to reduce the complexity of input
material streams to increase the yield and quality of the recycled plastic with the state-of-the-
art recycling process

Future research will focus on the improved detection of impurities, such as metals, glass, wood,
foam and rubber by computer vision techniques to further reduce the manual labour required
for testing and hence the cost of testing.
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Table 1. Handheld analysis techniques and their detection levels for bromine.

Technique Bromine Detection Level

300 ppm (Aldrian et al., 2015)

10-100 ppm (UNEP, 2017)
Laser Induced Breakdown Spectroscopy (LIBS) 1500 ppm (A. Haarman, 2016)
Sliding Spark Spectroscopy (SSSP) 1000 ppm (UNEP, 2017)
Fourier Transform InfraRed spectroscopy (FTIR) 5000 ppm (UNEP, 2017)

X-Ray Fluorescence (XRF)




Table 2. Scale definition of the probability, detection and severity factors.

Scale  Probability of presence Probability of non-detection ~ Severity on quality
1 Presence almost impossible Almost sure Almost None

2 Presence very unlikely Very high Very low

3 Presence unlikely High Low

4 Presence possible, but unlikely ~ Moderately high Moderately low
5 Presence possible Moderate Moderate

6 Presence possible Moderate Moderate

7 Presence possible and likely Moderately remote Moderately high
8 Presence likely Remote High

9 Presence very likely Very remote Very high

10 Presence almost sure Almost impossible Hazardous




Table 3. Material composition by manual

composition analysis and FTIR

spectroscopy.

. 3 5. &
Material £ % % %
composition " E S S g S _

> 55 52 52
[wt%] 2 2225 s
LL L E WLE Lo
Plastics 97,5 80.9 100.0 99.0
HIPS 474 411 11 645
PS 167 206 893 173
ABS 23.0 11.8
SAN 5.1
PP unfilled 2.5
PP CaCO; 25 15 8.1
PP talc 8.1
PE 1.3
PVC 0.1 3.0
PC 4.5
PC/ABS 3.8
Other Plastics 3.0 1.2
Metals 0.4 9.7 0.0 0.0
Rubber 0.1 0.0 0.0 0.0
Glass 0.1 0.6 0.0 0.0
Wood, Paper 01 01 00 0.0
Foam 0.0 0.0 0.0 <0.1
Other 0.0 0.1 0.0 0.7
Fines <3 mm 1.9 8.5 0.0 0.3




Table 4. Economic evaluation flake testing techniques

S
£ 0 g S

= % k= 2] > 1%

IS o 3 T E IS5 + @

] o = oo @ LL =)

€ =) c = £ IS o> o g

o = S &8s ¢ £ X <

+ o - h

2 o = -2 2 D o o

3 <3 2 % s 8 P = =

> ) w FE = pa L <

[min]  [€] [€] [€] [1 (€] [€] [€]

FTIR 2 1.7 0.13 1.8 100 0 179 179
XRF 2 1.7 0.17 1.8 50 0 92 92
MCA 45 50.0 0.37 50.4 1 0 50 50
TGA 20 8.8 2.78 11.6 3 0 0 35
DSC 60 29.5 7.22 36.7 5 0 0 184
Density m. 5 4.2 0.03 4.3 5 0 0 21
MFI 30 253 0.78 26 1 0 0 26
Colour m. 2 1.7 0.04 1.7 100 0 0 170
GC + MS 20 125 5 130 1 0 0 130
HPLC + MS 20 125 11.1 136 1 0 0 136
ICP + MS 2 170 16.7 187 1 0 0 187
Total 0 322 1272




Table 5. Comparison between manual and automated testing..
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[min]  [€] [€] [€] [-] (€] [€]
FTIR 2 1.7 0.13 1.8 100 179

Automated FTIR 0.3 0.13 0.03 0.2 100 15
XRF 2 1.7 0.17 1.8 50 92

Automated XRF 0.3 0.25 0.06 0.3 50 15
MCA 45 50.0 0.37 504 1 50

CcVv <0.1 0.13 0.02 0.1 100 14

Total 322 45
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Fig 1. Testing procedure for mixed plastic flakes from WEEE.
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Fig 2. Scheme of quality influences of recycled plastics.




PP, 32 wi% talc

PP, 34wt% CaCO; || I

Abgorbance [-]

PP unfilled M ‘LLM

3850 3600 3350 3100 2850 2600 2350 2100 1850 1600 1350 1100 850 600

Wavenmber [cm]

Fig 3. FTIR spectra of pure, CaCOs3 and talc filled PP.



[ =

.

%]
T
i
i
i
i
i
|
|
|
|
|
|
|
|
T
|
|
|
|
|

S =]

Absorbance ratio /12952 -]

oo ool
3673 2952 1420 1005 874 714 667
Wavenumber [cml]

Fig 4. FTIR absorbance ratios for selected peaks for increasing filler concentrations.



Colour composition

1%
25% 729
44%
15%
Fridges Washing machines
OWhite O Light grev
mDark grey mBlack

mBlue RAL Sxux = Green RAL Gxix

Fig 5. Colour composition of mixed plastic flakes from fridges and washing machines.



Influences on Quality Probability Probability of non- Severity Risk Priority
of presence detection on quality
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-Impurities
Plastic types 3 : 8 162
Glass, concrete, ceramic 4 3 1 2 270
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Wood Paper|3 5 5 3 2 205§ 450 %0
Rubber 3 2 14 144
Foam & 2 2 B 160
-Additives :
Tale 3 4 2 31 4 160
CaCO; 3 2 i1 4 160
Glassfibre 2 4 1 240
Phasphor based FRs 3 3 2 15931 120
Colourants 3 284 2 144
-Contaminants !
Brominated FRs 4 4 1 2 5 3 200
Restricted substances | 3 5 3 120
-Irreversible chemical changes

Oxidation SN 2

3
Crosslinking 3 _ I. - 252
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Fig 6. FMEA of the gquality assessment of mixed plastic flakes from WEEE.



100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0'?«'i1|||||||||||||||||||

60 g0
Smallest flake dimension [mm]

Fridge drawers

Cumulative mass fraction [wi¥a]

=
(=]
o]
e
o]

Fig 7. Size distribution of plastic flakes from fridges and white fridge drawers by computer
vision.



