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Abstract: This paper describes a study for waste of electrical and electronic equipment (WEEE) to
characterise the plastic composition of different mixed plastic fractions. Most of the samples studied
are currently excluded from material recycling and arise as side streams in state-of-the-art plastics
recycling plants. These samples contain brominated flame retardants (BFR) or other substances of
concern listed as persistent organic pollutants or in the RoHS directive. Seventeen samples, including
cathode ray tube (CRT) monitors, CRT televisions, flat screens such as liquid crystal displays, small
domestic appliances, and information and communication technology, were investigated using
density- and dissolution-based separation processes. The total bromine and chlorine contents of the
samples were determined by X-ray fluorescence spectroscopy, indicating a substantial concentration
of both elements in density fractions above 1.1 g/cm3, most significantly in specific solubility classes
referring to ABS and PS. This was further supported by specific flame retardant analysis. It was
shown that BFR levels of both polymers can be reduced to levels below 1000 ppm by dissolution
and precipitation processes enabling material recycling in compliance with current legislation. As
additional target polymers PC and PC-ABS were also recycled by dissolution but did not require an
elimination of BFR. Finally, physicochemical investigations of recycled materials as gel permeation
chromatography, melt flow rate, and differential scanning calorimetry suggest a high purity and
indicate no degradation of the technical properties of the recycled polymers.

Keywords: polymer; WEEE; recovery; density; dissolution; CreaSolv®; brominated flame retar-
dants (BFR)

1. Introduction

Besides design for recycling and design from recycling, collection, sorting, and re-
cycling of plastics are major pillars to move our current value chains towards a circular
economy of WEEE plastics [1,2]. Otherwise, polymers are incinerated, landfilled, or
dumped into the environment after improper treatment. As a result they may pollute the
ecosystem and negatively impact human living conditions [3,4].

Polymers that find their application in electric and electronic equipment, information
and communication technology (ICT), and small domestic appliances (SDA) often contain
a large number of different additives and impurities that prevent recycled polymers to
re-enter the market [5,6]. A significant percentage of these plastics contain additives such
as brominated flame retardants (BFR) including polybrominated diphenyl ester (PBDE)
and tetrabromobisphenol A (TBBPA) [7,8]. Congeners of these substances have been shown
to be persistent and toxic [9,10] and during the processing of plastics containing PBDEs
polybrominated dioxins and furans can be formed and remain in the recycled polymer [11].

Some BFRs, including PBDEs, are listed as persistent organic pollutants (POP) or
substances of very high concern (SVHC) and are subject to current legislation, prohibiting
their use in new products [6]. As long as recycling is unfavourable, incineration is currently
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the treatment of choice, but due to cost issues and export, improper treatment co-exists [3].
The uncontrolled loss of plastics into the environment, as well as the use of primitive
recycling techniques such as open burnings and acid baths, has far-reaching consequences
because brominated flame retardants (BFR) may leach out and enter the environment [4].
These substances may finally end up in our food chain. Improper recycling, that involves
remelting BFR containing plastics, may end up in sensitive products like toys or food
contact materials and affect the safety of consumers [12].

As an alternative route sorting and cleaning of plastics with hazardous additives
has been discussed earlier [6,13–16]. Polymers containing BFR can be sorted and treated
separately from plastics without BFR. This can be performed by manual inspection of
the bromine content via hand-held XRF instruments, however, this is time and man-
power-consuming and therefore not performed on a large scale [14]. For cost reasons,
automated processes like sink and float or spectroscopic XRT separation are often preferred,
although the latter has not yet been widely implemented [13,17,18]. The density approach
is based on the effect that BFR additives are usually used in concentrations that increase
the polymer’s density substantially and allow their separation by sink and float in liquids
with a density of approximately 1.1 g/cm3 [16]. Recycling of thermoplastics containing
potentially hazardous compounds has been demonstrated by dissolution-based recycling
including an extractive unit (e.g., CreaSolv® Process [16])

Besides the separation of BFRs, WEEE plastics recyclers also face the challenge of
sorting a growing number of polymer types. Due to blends and other modifications,
plastics from WEEE may include >15 different types [19]. This is also due to the lifespan
of polymers, which range from a couple of months to multiple decades. Density-based
technologies, however, have great potential in separating BFR containing plastics but
show limitations when dealing with different polymers with similar densities, such as
ABS and HIPS. In this particular case, electrostatic separation may help to further refine
this well-defined mixture [20]. The density-based separation route is well established in
European WEEE plastics treatment, producing ABS, PS, and PP free of elevated BFR levels.

A great share of WEEE plastics ends up in the high-density rejects of such separation
plants. They contain multiple polymer types and BFRs, including PBDE and TBBPA,
making this material a hazardous waste and suggesting thermal destruction. However,
previous analyses of the composition of WEEE plastics reveal that rejects contain other
valuable polymers like PC or PC/ABS blends in addition to plastics containing BFRs [3,21].
However, these require an advanced purification if considered for secondary use [22].

This study, on the one hand, analyses density fractions from WEEE plastics for their
halogen and BFR content. On the other hand it investigates the specific polymer composi-
tion. Density fractions containing both, mixed polymer types and increased BFR levels,
were selected for further treatment. Up to date, there is no known single process tech-
nology that tackles both challenges. In our study, these fractions were subjected to the
dissolution-based CreaSolv® Process to extract target polymers like PS, ABS and PC/ABS
and to separate BFRs. The study is part of the European NONTOX project (www.nontox.eu
[accessed on 2 May 2021]) and has been supported by industrial project partners operating
WEEE plastics plants. They provided us with a large number of 17 different samples from
WEEE, ICT, SDA, CRT, and flat screens.

2. Materials and Methods
2.1. Materials

Fraunhofer IVV received 17 different plastic fractions from the WEEE sector. These
were provided by five European recycling facilities, including fractions that are currently
not used for material recycling. Sampling was initiated by the recyclers themselves who
provided samples of their inputs, products, and side streams. Fridges and large appliances
were not included in this study. The mixed plastic fractions used are shown in Table 1.

www.nontox.eu
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Table 1. Overview of the investigated materials, with respect to source and sampling date and country of origin.

Sample
Name Source Description Sampling Year Country Mass [kg]

Sample 1 ICT Plastic mix > 1.1 g/cm3 11/2019 Netherlands 5
Sample 2 ICT Plastic mix > 1.1 g/cm3 05/2020 Netherlands 20
Sample 3 WEEE mix (SDA/ICT/Screens) Plastic mix > 1.1 g/cm3 09/2019 Sweden 5
Sample 4 WEEE mix (SDA/ICT) Plastic mix > 1.1 g/cm3 11/2019 Spain 5
Sample 5 WEEE (TV’s) Plastic mix > 1.1 g/cm3 11/2019 Spain 5
Sample 6 CRT Plastic mix > 1.1 g/cm3 09/2019 Netherlands 25
Sample 7 WEEE mix (Monitors) Plastic mix > 1.1 g/cm3 11/2019 Spain 5
Sample 8 SDA Plastic mix > 1.1 g/cm3 09/2019 Netherlands 25
Sample 9 SDA Plastic mix 09/2019 Italy 5

Sample 10 SDA Plastic mix 09/2019 Italy 5
Sample 11 SDA Plastic mix 08/2019 Italy 20
Sample 12 CRT Plastic mix 08/2019 Italy 20
Sample 13 CRT Plastic mix 04/2020 Italy 20
Sample 14 CRT Plastic mix 05/2020 Italy 20
Sample 15 Flat screen (LCD) Plastic mix 10/2019 Italy 20
Sample 16 Flat screen (LCD) Plastic mix 05/2020 Italy 20
Sample 17 Flat screen (LCD) Plastic mix 12/2020 Italy 20

ICT = information and communication technology, WEEE = waste of electric and electronic equipment, CRT = cathode ray tube, SDA = small
domestic appliances, LCD = liquid crystal display.

In preparation for the analyses, the particle size of every batch was reduced by a cutting mill
operating with a 10 mm screen (Wanner Technik GmbH, Wertheim-Reicholzheim, Germany).

2.2. Material Separation and Purification
2.2.1. Dissolution Based Polymer Separation and Purification

Density separation of plastics is an important step for the production of high-quality
granulats from mixed plastic fractions. Details on the densities of typical polymers are
described elsewhere [19]. Table 2 suggests density classes of plastics typically used in
electric and electronic equipment. Two density solutions (1.1 g/cm3; 1.25 g/cm3) were
prepared with deionized water and dipotassium phosphate for the density separation. The
desired density was calibrated with a density spindle. A representative subsample (1 kg)
of the provided material was placed into the solution with a density of 1.25 g/cm3 and sink
and float fractions were obtained. The float fraction was then introduced to the liquid with
a density of 1.1 g/cm3 for another separation step. A final separation was performed in
pure water (1.0 g/cm3), again yielding a sink and a float fraction.

Table 2. Density fractions and plastic groups.

Density Fraction (DF) Density Polymers

DF 1 <1.0 g/cm3 PE, PP

DF 2 1.0–1.1 g/cm3 ABS (non-halogenated)
PS (non-halogenated)

DF 3 1.1–1.25 g/cm3
ABS (halogenated),

PS (halogenated)
PC, Soft PVC, PMMA

DF 4 >1.25 g/cm3 POM, Hard PVC, PA

Afterwards, the separated fractions were placed in a hot air oven for drying for 3 h at
105 ◦C. Since salt solutions were used for the other density fractions (DF2–DF4) they were
washed with water to remove any remaining salt before drying.
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2.2.2. Dissolution-Based Polymer Separation

The CreaSolv® Process was applied to the polymers within the mixed plastic fraction
1.1–1.25 g/cm3 (DF 3). Details of the CreaSolv® Process are described elsewhere [6]. In brief,
the input was dissolved at elevated temperatures with a solvent mixture that selectively
dissolves only PS. The dissolved PS was then separated from undissolved polymers and
materials by gross sieving, followed by fine filtration in order to remove all smaller particles.
After this step, the filter residue from step 1 was dissolved in another solvent using an ABS
selective solvent mixture. Subsequently, the above-mentioned 2-stage cleaning steps were
carried out again with the ABS solution, and the insoluble residue was used for the next
dissolving steps: first extracting a group of non-target plastics and finally PC/ABS blends
for the 2-stage cleaning. This procedure was continued until the plastic mix was dissolved
into its individual fractions. All solvents were supplied by CreaCycle GmbH (Grevenbroich,
Germany) and the solvent composition is undisclosed proprietary information of Creacycle.

To purify the polymer solution and remove legacy additives like brominated flame
retardants, the solution was precipitated and then purified by solvent extraction. In the
final step, the extract is separated from the polymer and the polymer undergoes a drying
and a granulation step. The extracts are submitted to a solvent recovery step, leaving a
concentrate of BFRs for safe disposal.

2.3. Material Characterization
2.3.1. XRF Analysis

With a focus on bromine and chlorine, the samples were analysed for different ele-
ments using energy dispersive X-ray fluorescence analysis (Spectrolab 2000, SPECTRO
Analytical Instruments GmbH, Kleve, Germany). For the analysis, representative samples
of the shredded mixed plastic fractions were crushed to a powder (<1 mm) in a hand mill
using under nitrogen-cooling. This plastic powder was placed in cuvettes lined on the
bottom with a thin PP film (4 µm). Every plastic fraction was analysed fivefold due to
the expected material inhomogeneity. Arithmetic means of these multiple determinations
are given.

2.3.2. BFR Analysis

Flame retardants were determined by gas chromatography (GC) combined with elec-
tron capture detection (ECD), which combines high sensitivity to halogenated compounds
(comparable to GC-MS) and high stability to co-extracted oligomers that may affect the per-
formance of GC-MS systems. Powders (<1 mm) of mixed plastic fractions were extracted by
dissolution in tetrahydrofuran (p.a., Merck, Kenilworth, NJ, USA) and precipitation of the
polymers in ethanol (p.a., Merck). The filtered extracts were analysed by gas chromatogra-
phy coupled to an electron capture detector (GC-2010, Shimadzu, Kyoto, Japan). Samples
were injected at 290 ◦C in splitless mode and separated on a DB-5HT (5 m × 0.25 mm,
0.1 µm, Agilent J&W) using a short oven program (170 ◦C, 2 min, 20 K/min to 230 ◦C,
20 K/min to 340 ◦C (4 min). Measurements were calibrated using certified standards of
hexa- through deca-BDEs, TBBPA, and BTBPE from Wellington Laboratories Inc. (Guelph,
Ontario, Canada).

2.3.3. FTIR

Polymers were characterised using an FT-IR (Spectrum One, PerkinElmer LAS Ger-
many GmbH, Rodgau, Germany). Samples of the dissolved polymers and their residues
were analysed with the instrument using Golden Gate ATR (attenuated total reflectance).
Polymer types were determined by comparing the measured FT-IR spectra with entries of
a spectra library (references Fraunhofer IVV, Perkin Elmer).

2.3.4. Melt Flow Rate

Rheological properties of the recycled polymers were obtained using MFR analysis.
Melt flow rate (MFR) and melt volume rate (MVR) were determined according to ISO 1133.
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2.3.5. Differential Scanning Calorimetry (DSC)

The glass transition temperature of the polymers was determined by DSC (Mettler-
Toledo GmbH, Gießen, Germany). Dynamic differential calorimetry was performed ac-
cording to ISO 11357.

3. Results
3.1. Composition of Mixed Plastic Fractions

The breakdown of the 17 mixed plastic samples into density classes is shown in
Figure 1. The results are expressed as percentages related to the input of each four-stage
density separation. For better understanding, these fractions were divided into their
sources. Fractions that were already density separated at the recycling facilities, do not
show shares in density fractions 1 and 2. Furthermore, it should be noted that for bet-
ter understanding, three CRT fractions (S6–8) were assigned to the WEEE >1.1 g/cm3

fraction, which are then assigned to the CRT fraction in Chapter 3.2. The proportion of
plastics in the density fraction DF3 (1.1–1.25 g/cm3) is on average 83%, while the share
of DF4 (>1.25 g/cm3) accounts for 15% on average. Samples, not pre-treated at recycling
sites, show different shares. SDA samples exhibit 15–30% shares of each density fraction.
However, the proportion of fractions free of halogens (DF 1 and 2) vary from 42–68%.

Figure 1. Overview of the density distributions from the different fractions (S = sample).

For equipment containing cathode-ray tubes, the share of PP/PE is below 6%, however,
the proportion of non-halogenated ABS/PS (DF 1 + 2) accounts for 70%. The halogen-
containing density fraction (DF3) accounts for 19–39%. In comparison, liquid crystal
displays (LCD) show significantly higher shares of DF 3 and DF 4 with 47–72%.

3.2. Material Separation Achieved by Dissolution

The dissolution-based separation applied in this study, further segments the density
fraction DF3. Applied to a 100 g sample, a four-stage dissolution of each input material,
followed by coarse and fine filtration, achieved an average material yield of 66%, compris-



Recycling 2021, 6, 33 6 of 15

ing ABS, PS, PC, and PC/ABS. Thus, 30–35% of input was discarded due to insolubility in
the polymer-selective solvents. Types and shares of the three target plastics are displayed
in Figure 2. In general, the most common types of polymers were found to be PS, ABS, PC,
and PC/ABS.

Figure 2. Overview of the composition of the different WEEE plastic fraction >1.1 g/cm3 (S = sample).

FT-IR analysis of these materials revealed that the polymer solutions refer to the
polymers expected, indicating that the solvent-based separation of the polymers from
the bulk mixture worked sufficiently well. Plastic yields of the five WEEE categories
investigated, i.e., ICT, WEEE, SDA, CRT, and LCD, show different results. In CRT fractions,
more PS and ABS (approx. 30%) are found than PC and PC/ABS (~15%). In the other
fractions, the average yield is 15% for PS and for ABS, while PC and PC/ABS make up a
great proportion with 15–44%.

3.3. Distribution of Elements and Related Materials

All samples of the density fractions were analysed for their bromine and chlorine
content by XRF. The results are presented in Table 3. In general, it can be stated that the
fractions with densities above 1.1 g/cm3 have the highest bromine and chlorine content. In
more detail, the highest bromine content is found in density fraction 3 (1.1–1.25 g/cm3)
and the highest chlorine content in density fraction 4 (>1.25 g/cm3). Fraction 4 has an
average bromine content of about 10,000 ppm and a mean chlorine content of >50,000 ppm,
mainly due to the presence of PVC. In contrast, the fraction <1.0 g/cm3 contains the fewest
halogens. For density fraction 2 (1.0–1.1 g/cm3) it is noticeable that bromine and chlorine
contents are higher than assumed with levels up to 5000 ppm. According to the WEEELabex
standard a bromine content of <2000 ppm is required, which is exceeded in six out of nine
laboratory-scale samples. Industrially recycled materials were additionally analysed by
XRF and showed values below 2000 ppm in all cases. These materials are already sold on
the market today. Table 4 clearly demonstrates that the bromine and chlorine content of
these recycled samples is below 2000 ppm.

Nevertheless, Table 3 demonstrates an effective separation of halogenated and non-
halogenated plastics via density separation, which has been performed with the mixed
plastic fractions.
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Table 3. Overview of the bromine and chlorine content in mg/kg (ppm) of the different samples.

Sample Name Source <1.0 g/cm3 1.0–1.1 g/cm3 1.1–1.25 g/cm3 >1.25 g/cm3

[ppm] Br Cl Br Cl Br Cl Br Cl

Sample 1 ICT - - - - 10,621 10,940 6480 47,443
Sample 2 ICT - - - - 4335 380 6069 13,410
Sample 3 WEEE - - - - 10,402 2875 7916 22,733
Sample 4 WEEE - - - - 14,296 16,190 4214 28,917
Sample 5 WEEE - - - - 45,856 13,653 13,760 29,363
Sample 6 CRT - - - - 27,618 16,100 3570 16,100
Sample 7 WEEE - - - - 70,193 10,210 1335 266,566
Sample 8 SDA - - - - 9434 5442 10,498 15,800
Sample 9 SDA 696 2084 3346 4542 11,167 33,700 9000 35,300

Sample 10 SDA 2283 2655 3138 4471 10,933 53,367 9667 52,033
Sample 11 SDA 1027 268 2598 771 33,327 7303 8506 36,917
Sample 12 CRT 596 168 2656 197 58,300 10,933 n.a. n.a.
Sample 13 CRT 750 72 591 <10 48,340 2837 328 188,500
Sample 14 CRT 430 <10 358 <10 20,200. 1800 24 158,600
Sample 15 LCD 2222 229 5048 <10 16,333 1063 187 283
Sample 16 LCD 349 69 389 30 3451 <10 56 44,510
Sample 17 LCD 2546 <10 1757 <10 19,785 <10 196 <10

- Not considered, since the sample consists only of the fraction >1.1 g/cm3. n.a not availaible.

Table 4. Bromine and chlorine values of the recycled materials, which is produced on industrial scale
by means of density separation.

Name Description Source Br [ppm] Cl [ppm]

Recycler 1

ABS SDA/ICT 1197 1125
PP/PE SDA/ICT 380 705

PS SDA/ICT 173 406
HIPS fridge 76 386

Recycler 2
ABS WEEE 1269 641
PP WEEE 145 605

HIPS WEEE 931 570

Recycler 3
ABS WEEE 141 148

PP/PE WEEE 942 84
PS WEEE 613 705

To better understand the relevance of the above-reported halogen levels present in
specific density fractions, the bromine and chlorine percentages were calculated from
the measured XRF concentrations, as well as the percentages by weight of the respective
density fractions.

Results for two SDA, two CRT, and two flat-panel samples are displayed in Figure 3.
Five out of six samples indicate an almost complete shift of bromine into density

fractions 3 and 4, with a combined share exceeding 94% of the total bromine. Only sample
9 exhibits a 30% bromine load in density fraction 2, mainly due to a high weight share of
this faction and a bromine level of >3000 ppm, which is untypical for this density class and
may indicate an accidentally incomplete separation between density fraction 2 and 3. For
chlorine loads, more than 72% end up in density fractions 3 and 4.

Nevertheless, this demonstrates that an effective separation of halogenated and non-
halogenated plastics is possible via density separation. Based on our XRF results, the light
fraction (<1.1 g/cm3) can be further processed without contaminant removal whereas
the heavy fraction (>1.1 g/cm3) is a valuable input material for sophisticated extractive
processes, such as the CreaSolv® Process.
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Figure 3. Bromine (above) and chlorine (below) freights continued in the 4 density fractions of untreated WEEE samples
from SDA, ICT, CRT and flat screens.

Density fraction 3 had the highest halogen levels, which does not necessarily contradict
recycling, however, such levels are indicative of the presence of BFRs including those
prohibited in new products. Thus, specific types of BFRs were analysed by GC-ECD. Table 5
shows the different BFRs compared to the bromine value measured by XRF spectroscopy.

Table 5. Overview of GC-ECD results of selected samples from density fraction 1.1–1.25 g/cm3.

Polymer
1.1–1.25 g/cm3 Source Total Bromine

a [ppm] TBBPA [ppm] BTBPE [ppm] Hexa-Nona-BDE
[ppm]

Deca-BDE
[ppm]

Sample 1 ICT 10,621 4147 341 288 279
Sample 4 WEEE 14,296 9487 1481 332 1453
Sample 6 CRT 27,617 13,616 6766 1231 10,686
Sample 9 SDA 11,167 4172 99 93 784
Sample 11 SDA 33,327 22,698 4538 2518 2038
Sample 15 LCD 16,333 6966 - 237 176

a Total bromine content measured by X-ray fluorescence analysis—no measured value available.

TBBPA showed the highest levels, ranging from 4147 to almost 23,000 ppm, followed
by decaBDE (176–10,686 ppm) and BTBPE (<10–6766 ppm). Levels of hexa- through nona-
BDE are lower but exceeded 1000 ppm in samples 6 and 11. However, a waste stream with
TBBPA levels higher than 2500 ppm is classified as hazardous and leads to implications
for waste treatment options. This level is exceeded in all six samples. Also, levels of hexa-
through deca-BDE total for more than 1000 ppm in samples 4, 6, and 11, whereas a level of
500 ppm is exceeded in all samples but sample 15.
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3.4. Dissolution Based Separation of BFR from ABS and PS

ABS and PS dissolved from DF 3 were subjected to the extractive cleaning step of the
CreaSolv® Process. This issue will be described in much greater detail in a separate publi-
cation and is only briefly reported here. As indicated by XRF measurements of bromine
and chlorine levels in samples of non-extracted and extracted ABS and PS, respectively,
a significant reduction of halogenated additives was observed, e.g., for the PS sample
from 61,740 ppm to 950 ppm bromine and from 18,080 ppm to 70 ppm chlorine. This
corresponds to a bromine reduction of 98.5% and a chlorine reduction of 99.6%.

3.5. Material Properties

Three target polymers were recovered in our study from different WEEE sources
by a combination of density separation and subsequent dissolution (including extractive
cleaning from BFRs). ABS and PS were recovered from SDA, while PC was recycled from
a mixture of SDA and ICT. Finally, samples of these recycled polymers were drawn and
subjected to an analysis of material properties and specific levels of brominated flame
retardants. Results are depicted in Table 6.

Table 6. Material properties of the recyclate.

Polymer Unit R-PS R-ABS R-PC PS, Virgin ABS, Virgin PC, Vigin

Melt flow rate * (MFR) g/10 min 4.2 + 19.2 ++ 12.2 +++ 9.5 a,+ 22 b,++ 6.0 c,++++

Weight average of
molecular weight (Mw) ** g/mol 163,498 106,205 44,379 194,224 105,812 37,879

Tg (DSC) ◦C 103.7 107.7 141.0 100 120 148

GC-ECD
TBBPA [ppm] <10 <10 47 - - -
TBPE [ppm] <10 22 <10 - - -

DecaBDE [ppm] 108 <10 16 - - -
a Numbers indicate properties of Styrolution PS 495N (INEOS Styrolution), a typical material for TV equipment component b Numbers
indicate properties of Novodur® P2M-AT (INEOS Styrolution), a typical material for household appliances c Numbers indicate properties
of Novodur® P2M-AT (INEOS Styrolution), a typical material for household appliances + 200 ◦C, 5 kg ++ 220 ◦C, 10 kg +++ 240 ◦C, 5 kg ++++

300 ◦C, 1.2 kg * MFR virgin ranges obtained from online material database of Prospector available at www.materials.ulprospector.com
(accessed on 12 February 2021) ** Moleculare weight from virgin material obtained from literature PS, ABS [23] and PC [24] * R-PS and
R-ABS values obtained from sorting and purification of sample 11. R-PC values obtained from sorting and purification of a mixture of the
sample 1 and 8.

The measured MFR, Mw, and Tg of recycled polymers correspond well with the
properties of virgin material, even though different grades of one plastic type are present
in the mixed plastic fractions used as a feedstock for the recycling process. Furthermore,
the recyclates also showed a nice glossy surface.

GC-ECD results show significantly lower BFR levels compared to concentrations
reported in Table 5 for DF 3, used as a feedstock. These BFR levels comply with threshold
values defined by the European directive on the restriction of hazardous substances (RoHS)
and with the European POP regulation.

4. Discussion
4.1. Identification of Target Polymers

This study intends to provide relevant information on the plastic composition of
WEEE materials for recycling. Due to density-based separation, a rough pre-sorting was
established. According to Maris et al. [19], this classification separates polyolefins into DF
1, ABS and PS mainly into DF 2, and halogen-containing ABS, PS, as well as PC/ABS, PC
and others into DF 3 and 4, as already indicated in Table 2. The authors report shares of
ABS, PS, PP, PC/ABS, and PC in a 10 t batch of small WEEE appliances with 29%, 26%,
22%, 5%, and 3%. In quantitative terms, these five polymers represent the most promising
target polymers for WEEE plastic recycling and dominate DF 1–3. The density cut at
1.25 g/cm3 was selected because fractions above this cut contain no relevant quantities
of target polymers, however polymers like hard PVC and POM are separated from the

www.materials.ulprospector.com
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stream of target polymers. Even low PVC shares may initiate a deliberation of HCl during
re-compounding and cause degradation of other polymers. Furthermore, small amounts
of POM may have a negative influence on the extrusion, as it may degrade and form and
release formaldehyde, a chemical compound that is considered carcinogenic [25].

As summarised in Figure 2, density fractions 1 and 2 make up a share of approximately
50% of the input material. The differences between individual samples in the same sources
can be attributed to different WEEE providers of the recyclers, different use patterns in
different European regions but also to chance, taking the high temporal variability of WEEE
composition into account. The sources of the investigated mixed plastic fractions vary
greatly. The polymer composition in the light fraction breaks down as follows, for CRT and
LCD the share of PP/PE is about 5%, whereas the non-halogenated ABS/PS share is around
70% in CRT and around 30% in LCD. On the other hand, polymers from DF 3 dominate
in flat panel (LCD) samples (~60%). However, in the small domestic appliance fraction,
the distribution of polymers is relatively similar. There, the different density fractions are
almost equally distributed at approximately 30 (+/− 5)%. These figures are consistent with
the data presented in the study by Martinho et al. [21] on the plastic composition for WEEE
appliances. The technologically robust and cost-effective processing step using density
separation transforms the mixed WEEE plastic fractions into valuable input materials for
plastics recyclers. Therefore, DF 1 and 2 are currently used for polymer recycling from
WEEE plastics on an industrial scale. Otherwise, the fraction >1.1 g/cm3 is currently not
further used due to expected high bromine and chlorine contents, which will be further
discussed in Section 4.2.

The results of selective dissolution of specific polymers from pre-sorted heavy fractions
(claimed as >1.1 g/cm3) provided from three different European WEEE plastics recyclers
(samples 1–8, Figure 2) show that the proportion of the four target polymers ABS, PS, PC,
and PC/ABS is very high, on average about 83%.

The proportions of these target plastics in fractions >1.1 g/cm3 were further elaborated
in this study and are shown in Figure 2. With the help of selective dissolution, it was
possible to split the plastic mix into individual polymer streams. In total, 66 w% were
recovered as target polymers and around 30% of the >1.1 g/cm3 mixed plastic fraction was
discarded due to insolubility or dirt. FT-IR analyses of the recycled materials revealed that
the polymer solutions refer to the expected target polymers and indicate a reasonable purity.

Considering the high share of DF 3 in WEEE plastic mixes (Figure 1), the high share
of target polymers in DF 3 as well as the obtained purities, the inclusion of this density
fraction into WEEE plastics recycling strategies is highly recommended.

4.2. Characterization and Management of Halogen and BFR Content

Measurement of halogen concentrations (Table 3 and Figure 3) indicate that a density
separation at around 1.1 g/cm3 not only presorts groups of polymers, it additionally con-
centrates halogens, including brominated flame retardants in the higher density fractions.
Even if the bromine levels in the two lighter fractions are not zero, our data indicate a
removal of more than 94% of bromine when using DF 1 and DF 2 for mechanical recy-
cling directly.

It must be stated that density separations reported for samples 9 to 17 were performed
in batch vessels at the laboratory level and do not reflect industrial-scale separation perfor-
mance. In this setup, a small share of particles with densities >1.1 g/cm3 may float if they
lie on a bed of lighter particles. Thus, bromine levels measured in DF 1 and 2 of samples
9–17 may overestimate typical bromine levels of density fractions produced at industrial
scale. Commercial operations of that technology have established an industry standard
that requests a maximum bromine level of 2000 ppm in fractions below 1.1 g/cm3 [6].

Concentrations and profiles of brominated flame retardants reported in our study
reflect the use pattern of 2001 when the global demand for decaBDE accounted for 83% of
the BFR market [26] and the use of TBBPA reached up to 200,000 tons [27]. It is therefore not
surprising that these were the flame retardants with the highest proportion in the samples
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investigated in this study. A decline of decaBDE is expected in the upcoming years due to
the phase-out of its use after being listed as a POP. Elevated levels of TBBPA have been
found in the blood plasma of recycling plant employees, confirming human exposure and
indicating the need for proper and safe handling of such materials in recycling facilities [28].

Keeping in mind the above-mentioned thesis that polymers from DF 3 may contribute
to future polymer recycling, measured halogen and BFR levels are critical. As mentioned
above, recycled polymers have to comply with European thresholds for brominated flame
retardants (e.g., 1000 ppm of PBDEs according to the RoHS directive).

Furthermore, the reported TBBPA levels above 2500 ppm classify such density frac-
tions as hazardous waste due to the H14 clause in EU regulation 2017/997. Waste streams
are indicated as hazardous if total PBDE levels exceed 0.1%. In such a case they require a
treatment process that is listed in Annex IV A of the Basel Convention. Here the solvent-
based CreaSolv® Process is recognized as a D9 process (physicochemical treatment) as it
allows separating POP compounds from the polymer, enabling downstream recovery of
POP-free polymers, while the POPs are subjected to a destruction process [20,29].

In this study we achieved a bromine reduction of 98.5 (+/− 1.8)% and a chlorine
reduction of 99.6 (+/− 2.8)% in a PS sample recovered from the mixed plastic fraction by
application of the dissolution based CreaSolv® Process, which is in accordance with prior
studies [20,29]. Therefore, the BFRs are almost completely extracted from the polymers
and after substantial enrichment during solvent recovery, they may be further treated by
pyrolysis and high temperature gasification for recovery of oil, inorganic bromine (HBr,
NBr), and chlorine (HCl) for further use [30,31].

Levels of decaBDE were between 10 ppm and 108 ppm after the CreaSolv® Process
and thus safely below the European threshold of 1000 ppm. The concentrations of other
BFRs (e.g., TBBPA) were below 100 ppm and do not negatively affect their market value.
These findings show that the recycled polymers from the mixed WEEE plastic fraction have
a valuable place in the recycling market.

The technical feasibility of this approach is currently demonstrated at an industrial
scale in a project called LIFE-PSLoop Polystyrene Loop, which treats PS foams from
demolition waste containing HBCD, which is according to the European Union identified
as a Substance of Very High Concern (SVHC) due to its persistant bioaccumulative toxic
(PBT) properties. The elimination of this flame retardant is mandatory for a circular
economy. By the CreaSolv® Process, a purification of 99.7% is reached [29]. Through
this project, an industrial recycling plant called PolyStyreneLoop was built in Terneuzen,
Netherlands. The plant can recycle 3300 tons per year of PS-foam from demolition waste
containing HBCD.

4.3. Recycling Concept Derived from Laboratory Scale Trials and Effect of BFR Management

A recycling concept can now be drawn up from the laboratory trials carried out, which
is considered useful in the context of the above-mentioned NONTOX project. Using density
separation, a rough classification of the fractions into high-halogenated (DF 3 + 4) and
low-halogenated plastics (DF 1 + 2) is possible. Due to the dissolution process, however, a
high purification of the halogenated plastics can be performed. The concept is outlined
in Figure 4.

The concept can easily be implemented in current European WEEE treatment schemes
that produce a plastic fraction in initial WEEE treatment plants. These are transferred to me-
chanical recycling plants that apply density based separation and subsequent purification
to produce ABS, PS and PP with acceptable low bromine levels. Instead of state-of-the-art
treatment in incineration plants, high density fractions with increased halogen levels may
in future be subjected to a CreaSolv® Process (DF3) whereas materials with densities higher
than 1.25 may be used in smelters if they contain sufficient copper levels. Dissolution-
based processing will provide purified polymers like PS, ABS, and PC, PC/ABS as well
as a halogen rich extraction residue, which may be used for bromine recovery in thermal
destruction units [31]. The concept is based on a network of large, medium, and even
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small enterprises as it includes a large scale smelter, an initial treatment plant, medium
scale recycling operators of mechanical and dissolution based plastics separation and
purification as well as small and medium scale compounders.

Figure 4. Recycling concept for WEEE plastics combining density separation with CreaSolv® Process.

The concept addresses in the first place developed countries with existing established
state-of-the art WEEE recycling schemes (e.g., according to the WEEELabex standard). If
implemented, a higher degree of valorization is expected, that may result in a financially
beneficial situation and prevent the current practice of export [3]. The economic efficiency
depends on different parameters like throughput of waste, size of plant, purity, and value
of target polymers.

The effectiveness of the dissolution process may be improved by implementing a
sensor-based sorting system after density separation, which increases the purity of the
fractions (PS, ABS, and PC) for the dissolution process and saves unnecessary pre-extraction
steps. Due to the high incidence of black colours in WEEE plastics laser spectroscopy may
be most beneficial here [20]. These will be investigated in future studies.

Most bromine was found in PS and ABS, whereas almost no bromine was found in PC
and PC/ABS as earlier reported by Arends et al. [32]. The measured bromine and chlorine
contents of PC, PC/ABS were below 2000 ppm for each sample. As TBBPA is the major BFR
used in these polymers they could be recycled without any further treatment. However,
due to the density separation, these polymers end up in the density fraction >1.1 g/cm3.
This can be avoided, for example, by the above suggested laser-induced sorting, separating
ABS and PS from the PC, PC/ABS.

Another advantage of the density-based sorting is, that BFRs are enriched in the den-
sity fraction above 1.1 g/cm3. Due to this fact the recovery rate of non-halogenated plastics
is around 50–60%, meaning that the rest (~30%) is still landfilled or incinerated nowadays.

A combination of density separation and dissolution, as proposed in this study,
allows recovery of ABS and PS from sources with a higher concentration of BFRs plastics,
nevertheless, safe treatment of BFRs is guaranteed. Furthermore, the yield of target



Recycling 2021, 6, 33 13 of 15

polymers is significantly increased since ABS + BFR, PS + BFR, and PC, PC/ABS can
be recovered. Our trials have shown that over 60% of target plastics can be recovered due
to this combination of technologies. The BFR levels in residual plastics are substantially
reduced, the chlorine content of the residue, however, is still high, mainly due to PVC. If
pyrolysis is chosen for the further valorization of such residues, such processes must prove
their ability to comply with high chlorine loads.
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Abbreviations

ABS acrylonitrile butadiene styrene copolymer
BFR brominated flame retardants
Br bromine
Cl chlorine
CRT cathode ray tube
DF density fraction
FT-IR Fourier transform infrared
g gramm
g/10 min grams per ten minutes
g/mol Grams per mol
g/cm3 grams per cubic centimeter
mm Millimeter
µm Mikrometer
min minute
HIPS high impact polystyrene
ICT Information and Communication Technology
kg kilograms
K/min Kelvin per minute
LCD liquid-crystal-display
MFR melt flow rate
RoHS restriction of hazardous substances directive
SDA small domestic appliances
PA polyamide
PS polystyrene
PC polycarbonate
PP polypropylene
PE polyethylene
PBT persistant bioaccumulative toxic
POM polyocymethylene
POP persistent organic pollutants
PVC polyvinyl chloride
ppm parts per million
WEEE waste of electrical and electronic equipment
XRF X-ray fluorescence
◦C degree celsius
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