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Introduction

The rapid growth of Waste Electrical and Electronic Equipment (WEEE) has led to significant recycling
challenges, particularly due to brominated flame retardants (BFRs) in plastics. These additives complicate
compliance with EU POP regulations and hinder circularity. This study investigates the use of multi-shot
pyrolysis-GC-MS (Py-GC-MS) for simultaneous identification and quantification of five flame retardants
(HBCD, TBBPA, DBDPE, TPHP, and PolyFR) in polystyrene (PS) streams from a large-scale WEEE
recycling plant. The novelty lies in the systematic development of the Py-GC-MS method, including the
complementary capabilities of thermogravimetric analysis (TGA) and the optimal use of multi-shot
analysis. Additionally, this study aims to evaluate the sorting efficiency of the recycling process and assess
Py-GC-MS as a screening tool for complex waste matrices.

Globally, WEEE generation reached 62 Mt in 2022, with only 22.3% formally recycled. Plastics represent
approximately 30 wt% of WEEE, dominated by styrenics such as PS, HIPS, and ABS. Brominated flame
retardants like HBCD and TBBPA are of particular concern due to their persistence and toxicity. Regulatory
thresholds include 1000 mg/kg for POPs in waste and 100 mg/kg for recyclates (i.e., UTC limit). Accurate
identification of specific FRs is critical to avoid unnecessary incineration and enable compliant recycling

(11, (2], [3]-
Materials and methods

Two WEEE streams were sampled: Type 1 (temperature-exchange equipment) and Type 2 (mixed small
electronics). Four sampling points (SP1-SP4) were selected along the PS recycling line:
e  SPI: fraction that floats at density 1.20 kg L™!, but sinks at density 1.08 kg L™
e  SP2: fraction that floats at density 1.08 kg L™!, comprising the input fraction for the sink/float
separation at 1.00 kg L™
e SP3: fraction that sinks at density 1.00 kg L', sorted for PS in the subsequent tribo-electric
separation
e  SP4: PS recyclate fraction, comprising the output fraction of the extruder
Each sample (2.5 kg) was homogenized via coning and quartering, cryo-milled, and analyzed.

Total bromine was quantified using MIC-IC (Anton Paar Multiwave 5000), with triplicate measurements.
TGA (Netzsch TG 209 F3) characterized thermal degradation profiles under N> flow (20 mL/min) from
35 °C to 700 °C. Py-GC-MS analysis employed a Shimadzu GCMS-QP2020 NX with OPTIC-4 pyrolyzer
and HP-5ms column. Multi-shot pyrolysis steps were set at 370 °C, 420 °C, and 600 °C to mobilize FRs
and minimize interferences. SIM mode targeted characteristic m/z ratios for each FR.

Calibration curves were established for all FRs, and replicate analyses ensured reproducibility. Real-world
WEEE samples were analyzed alongside pure FR standards to validate method robustness and identify
potential interferences. A simplified overview of the stepwise analytical procedure, which can be used for
chemical analysis of specific flame retardants, is shown in Figure 1.
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Results

MIC-IC confirmed effective isolation of halogenated plastics in SP1, with bromine concentrations up to
2755 + 430 mg/kg for Type 2 and 641 + 62 mg/kg for Type 1. Bromine decreased by 20—40% from SP3 to
SP4, indicating volatilization during extrusion. Py-GC-MS detected TBBPA and PolyFR as dominant FRs.
TBBPA reached 1534 + 244 mg/kg in SP1 (Type 2) and remained above 1000 mg/kg in PS recyclate (SP4),
exceeding typical UTC limits. PolyFR was primarily found in SP2 (up to 847 = 184 mg/kg), linked to
residual EPS/XPS foams. HBCD, DBDPE, and TPHP were below detection limits.

Multi-shot Py-GC-MS minimized matrix interference and enabled semi-quantitative analysis. SIM mode
improved sensitivity and reduced background noise. Despite robust identification, total bromine exceeded
the sum of detected FRs, suggesting other BFRs (e.g., PBDEs) in the matrix.

In summary, this work introduces a practical approach for the simultaneous identification and quantification
of brominated flame retardants in complex waste streams. Such capability can support policymakers in
shaping targeted regulations and help recyclers meet compliance requirements. By moving beyond total
bromine as a proxy for restricted compounds, the method reduces the risk of misclassification and
minimizes the unnecessary disposal of recyclable plastics through incineration or landfilling..
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Figure 1. Schematic and simplified overview of the stepwise analytical procedure proposed in this work
for the simultaneous identification and quantification of five different flame retardants.
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