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A B S T R A C T

Brominated flame retardants remain a key challenge for the chemical recycling of polystyrene, particularly for 
expanded polystyrene used in external thermal insulation composite systems. Pyrolysis offers a viable route to 
recover monomer-rich oils, provided that bromine can be efficiently separated. In this study, the pyrolysis 
behavior of flame-retarded polystyrene containing hexabromocyclododecane and brominated butadiene-styrene- 
copolymer is investigated with a focus on bromine release and product composition. Thermogravimetric analysis 
coupled with Fourier-transform infrared spectroscopy shows that approximately 90 wt% of bromine is released 
as hydrogen bromide below 350 ◦C, largely independent of composition. At elevated flame-retardant contents, 
stabilization effects emerge at higher temperatures due to interactions between flame-retardant decomposition 
intermediates and the polystyrene matrix. Pyrolysis-gas chromatography–mass spectrometry indicates that, at 
application-relevant loadings, the styrene-dominated product distribution remains unchanged. Heating rate 
variation reveals temporal separation between dehydrobromination and PS depolymerization, with rapid 
bromine release occurring under conditions relevant to technical pyrolysis. These findings demonstrate that 
pyrolysis can effectively direct bromine to the gas phase without compromising product quality, providing a 
basis for temperature-driven process design and advancing circular recycling strategies for flame-retarded 
polystyrene waste.

1. Introduction

The transition to a circular economy is a central component of 
Europe's strategy for sustainable development and climate neutrality by 
2050 [1,2]. In this context, waste management increasingly prioritizes 
preserving material value and closing resource loops through reuse, 
remanufacturing, and recycling across the product life cycle [3].

Approximately 88% of expanded polystyrene (EPS) waste origi
nating from external thermal insulation composite systems (ETICS) 
generated in Germany was incinerated in 2021 [4]. Although absolute 
volumes are relatively low, municipal solid waste incineration plants are 
already operating near maximum capacity. Moreover, the high calorific 
value of EPS presents technical challenges during combustion, even at 
current waste levels [5]. While incineration enables energy recovery, it 
disregards the potential for material recycling and therefore limits 
progress toward circularity. EPS waste from ETICS is expected to in
crease substantially over the coming decades. With a typical service life 

of 40–60 years [4], many ETICS installations are approaching their end- 
of-life phase. Projections suggest that EPS waste volumes will double by 
2030 [3] and quadruple by 2050 [5], highlighting the need for scalable 
alternatives to incineration.

A major barrier to recycling EPS insulation is its flame-retardant 
content [6]. For decades, hexabromocyclododecane (HBCD) was the 
standard additive flame retardant used for fire safety purposes in poly
styrene (PS) insulation materials [4] (meaning it is not covalently bound 
to the polymer matrix). HBCD is an aliphatic brominated flame retar
dant (BFR) containing 71–75 wt% bromine [7]. The chemical structure 
of HBCD (C12H18Br6) is shown in Fig. 1. Due to its persistence, bio
accumulation, and toxicity, HBCD was listed under the Stockholm 
Convention on Persistent Organic Pollutants (POPs) in 2013 [8], and its 
manufacture and use have been banned across Europe since 2016 [9]. 
Although HBCD loadings in EPS insulation typically did not exceed 2 wt 
% [8,10], the mechanical recycling of this material is prohibited because 
the additive is not removed during processing, and could therefore be 
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reintroduced into the environment [4]. Owing to the long service life of 
building insulation, HBCD-containing EPS will continue to enter the 
waste stream for decades, thereby limiting mechanical recycling options 
far into the future.

To replace HBCD, a polymeric flame retardant known as PolyFR was 
developed [11]. PolyFR is a brominated styrene-butadiene-styrene tri
block copolymer that is selectively brominated at the 1,2- and 1,4- 
isomeric units of the butadiene block, as shown in Fig. 2. Incorpora
tion of styrene units into the flame retardant's backbone improves 
thermal stability and compatibility with PS in blend formulations [12]. 
PolyFR is an additive BFR that contains approximately 64 wt% bromine. 
Because bromine is bound to the aliphatic butadiene block, PolyFR is 
classified as an aliphatic flame retardant [13]. Due to its higher mo
lecular weight (> 100,000 Da vs. 642 Da for HBCD [14,15]), PolyFR 
exhibits a lower tendency to migrate from PS insulation materials and is 
therefore considered to have a reduced environmental impact compared 
to HBCD [11,16]. In PS blends, PolyFR provides flame retardancy 
through similar gas-phase and condensed-phase mechanisms as HBCD, 
releasing bromine radicals and promoting polymer decomposition 
[7,9,12]. Since 2016, PolyFR has been the standard flame retardant used 
in newly produced flame-retarded EPS in Western countries [4,10]. 
Because long term behavior of PolyFR is still unknown [15,17], it is not 
classified as a hazardous substance. Hence, its potential entry into 
recycling streams for packaging EPS cannot be excluded [18,19]. 
Consequently, current end-of-life management still relies on incinera
tion, highlighting the need for alternatives.

In this context, pyrolysis has gained increasing attention as a 
promising chemical recycling route for polymers [20–22], including PS- 
based materials [3,5,23,24]. During pyrolysis, polymers are thermally 
decomposed into smaller molecules at temperatures above 300 ◦C in an 
inert atmosphere [20]. EPS decomposes predominantly into styrene 
monomer and oligomers, yielding a monomer-rich oil that can serve as a 
secondary raw material for circular PS production [3,20,23]. The un
derlying decomposition chemistry follows the well-established radical 
chain scission mechanism of PS (C8H8)n, involving initiation, propaga
tion, and termination reactions [25]. Initiation occurs via random 
backbone scission to form macroradicals. Propagation proceeds through 
three main pathways: (i) unzipping, the dominant route for styrene 
formation, (ii) intermolecular hydrogen transfer followed by mid-chain 
β-scission [11,26], producing low-molecular-weight fragments and 
macroradicals [27], and (iii) intramolecular hydrogen transfer followed 
by mid-chain β-scission [26,27], generating styrene dimer and trimer via 
1,3- and 1,5‑hydrogen transfer, respectively [27]. Thermogravimetric 
analysis (TGA) shows that the expansion of PS into EPS has minor in
fluence on the thermal decomposition behavior [11]. In nitrogen and at 
10 K•min− 1, both materials decompose in a single step from 325 to 
450 ◦C, leaving no solid residue [28,29].

Despite the favorable product distribution [23], the industrial 
applicability of pyrolysis oils from PS-based ETICS waste is constrained 
by stringent impurity limits. PS manufacturers accept pyrolysis oils only 
when contaminant levels are sufficiently low [20]. Although no bromine 

specification has been published for circular PS feedstock, halogen 
tolerance is generally expected to be very low due to well-known issues 
such as corrosion, salt formation, and operational disruptions [30,31]. 
In the absence of dedicated limits for bromine, chlorine specifications 
applied in established petrochemical processes, for example 3 ppm in 
steam crackers [30], provide a useful reference for the level of impurity 
control required. For high circularity, recovered styrene must be suitable 
for direct reuse in PS production. Consequently, effective bromine 
removal is a prerequisite for both closed-loop PS recycling and for 
ensuring compatibility with existing polymer manufacturing 
infrastructure.

However, the influence of BFRs used in insulation-grade EPS on PS 
pyrolysis remains insufficiently investigated. Existing studies have 
shown that HBCD-containing PS exhibits a lower decomposition onset 
temperature than non-flame-retarded PS [32,33]. For example, Beach 
et al. attributed this behavior to homolytic C–Br cleavage in HBCD, 
which facilitates subsequent hydrogen abstraction from the PS backbone 
and promotes earlier radical formation. They proposed two hydrogen 
abstraction pathways, both requiring lower bond dissociation energies 
than those involved in the initiation reaction in non-flame-retarded PS. 
Their qualitative analyses identified styrene as the dominant product 
alongside oligomers and HBr, with maximum HBr evolution occurring at 
approximately 290 ◦C and styrene release at approximately 390 ◦C [32].

Thermal analysis studies report that HBCD decomposes from 230 to 
270 ◦C at 10 K•min− 1 under nitrogen [7], largely independent of 
isomeric compositions (see Fig. 1), owing to the rapid establishment of 
isomeric equilibrium [7,33]. Decomposition proceeds via a radical- 
driven, autocatalytic mechanism with substantial bromine release as 
HBr (77–84 wt%) [7,34]. Sequential HBr elimination leads to debro
minated intermediates [35,36], suggesting that bromine is predomi
nantly transferred to the gas phase during thermal treatment.

In contrast, significantly fewer studies have addressed the thermal 
decomposition of PolyFR. Available literature indicates a two-step 
decomposition behavior involving C–Br bond cleavage at 
265–320 ◦C, followed by slower decomposition of debrominated struc
tures at 230–500 ◦C [11,12]. While these studies provide initial 

Fig. 1. Chemical structures of the α-, β-, and γ-HBCD enantiomers predominate in all technical HBCD mixtures, recreated as per [9].

Fig. 2. Chemical structure of PolyFR, recreated as per [13].
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mechanistic insights, they are limited to isolated PolyFR and do not 
consider its interaction with PS. A systematic understanding of the py
rolysis behavior of PolyFR-containing PS is therefore still lacking. To the 
best of our knowledge, quantitative data on HBr formation and its 
dependence on process conditions have not yet been reported.

Moreover, previous studies separately examine PS depolymerization 
[23,27], HBCD-induced decomposition shifts in PS [30,31], and the 
thermal behavior of PolyFR [12,16]. Investigations addressing the py
rolysis behavior of PolyFR-containing PS, as well as comparisons be
tween the legacy HBCD and the younger PolyFR in PS pyrolysis, remain 
scarce. As a result, the feasibility of pyrolysis as a recycling route for 
flame-retarded insulation-grade EPS remains uncertain. Bridging this 
gap is essential to assess whether pyrolysis of flame-retarded ETICS- 
derived PS waste can produce bromine-poor oil fractions that are suit
able for downstream use while effectively separating bromine into the 
gas phase.

Against this background, the present study compares the influence of 
HBCD and PolyFR on the pyrolysis behavior of EPS by combining 
thermal analysis with product characterization. A method for quanti
tative HBr accounting is developed and applied to PS-based model 
mixtures with elevated PolyFR loadings. In addition, the effect of 
heating rate on HBr evolution is examined. This work evaluates whether 
pyrolysis can yield a bromine-poor oil fraction alongside an HBr-rich gas 
phase and identifies the factors governing the observed thermal 
behavior. The resulting insights provide a foundation for pyrolysis-based 
recycling strategies for flame-retarded EPS from ETICS by addressing 
bromine contamination, a key bottleneck for high-quality circular PS 
production.

2. Materials and methods

2.1. Model samples

The investigated samples were chosen to represent both realistic 
waste streams and controlled model systems relevant to flame-retarded 
EPS insulation. HBCD-containing EPS was included as a legacy material 
commonly found in demolition waste from ETICS, while PolyFR- 
containing EPS represents the current industrial standard for newly 
produced insulation materials and a future waste stream. Non-flame- 
retarded EPS was used as a reference to isolate the influence of BFRs 
on pyrolysis behavior. This combination enables a direct comparison 
between legacy and replacement BFRs under application-relevant 
conditions.

The compositions, ash contents, as well as the higher heating values 
(HVV) of the real EPS samples are listed in Table 1. HBCD-containing 
EPS waste (EPS-HBCD), collected from demolished buildings and me
chanically compacted into blocks, was provided by LANXESS AG. 
Commercial PolyFR-containing EPS (EPS-PolyFR) was supplied by 
RYGOL Dämmstoffe Werner Rygol GmbH & Co. KG, and non-flame- 
retarded EPS (Styropor/Airpop) was obtained from Schlaadt Plastics 
GmbH. Key physical properties of the investigated EPS samples are 
summarized in Table 2.

While the samples listed in Table 1 reflect realistic compositions, the 
low BFR loadings present an analytical limitation. At 0.2 and 0.3 wt% 
bromine, bromine-containing pyrolysis products are close to detection 
limits. To overcome this and enable a quantitative and mechanistic 
assessment of bromine release and bromine-related effects, model mix
tures with elevated BFR loadings were prepared.

Due to regulatory restriction on the purchase and use of HBCD in the 
European Union [9], model mixtures with elevated HBCD loadings were 
not prepared. For this purpose, only PolyFR was used. Mixtures con
taining 25, 50, and 75 wt% PolyFR were selected to systematically in
crease bromine content, thereby enhancing analytical sensitivity and 
enabling reliable detection of HBr. These compositions do not represent 
application-relevant formulations but provide a controlled framework to 
investigate composition-dependent effects and interaction phenomena.

The model mixtures were prepared by manually mixing PS and 
PolyFR. Pure PolyFR was supplied by LANXESS AG. General-purpose PS 
granules (Styrolution PS 124N, INEOS Styrolution) were ground to 500 
μm and mixed with PolyFR powder at room temperature by gentle 
shaking. Individual masses of PS and PolyFR controlled to within ±8 μg 
to ensure reproducibility. The mixtures are denoted as PSXPolyFR, 
where X indicates the PolyFR content in wt% (e.g. PS25PolyFR contains 
25 wt% PolyFR). PS was used instead of EPS after confirming that both 
materials exhibit comparable pyrolysis behavior and because it is easier 
to handle (see Supporting Material). The compositions of PS, PolyFR, 
and the prepared mixtures are summarized in Table 3. Key physical 
properties of PS and PolyFR are summarized in Table 4.

To ensure relevance to application conditions, additional mixtures 
with lower PolyFR contents (0.84, 2.0, and 2.5 wt% PolyFR) were pre
pared to validate the transferability of the trends observed at elevated 
loadings. The compositions of these samples are given in Table 5.

The influence of the sample preparation method was also assessed by 
comparing manually mixed and industrially blended samples. Blended 
samples were provided by LANXESS AG, and the corresponding results 
are provided in the Supporting Material. No significant differences in the 
resulting decomposition behavior were observed.

2.2. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was conducted using a NETZSCH 
TG 209 F1 Libra equipped with an automatic sampler. 10 mg samples 
were weighed into Al2O3 crucibles without lids. Measurements were 
performed under a constant nitrogen flow of 60 mL min− 1, heating from 
40 to 900 ◦C at a constant heating rate of either 10 or 100 K min− 1. Prior 
to each measurement, samples were purged inside the balance with 
nitrogen at 40 ◦C for 30 min. After reaching the final temperature of 
900 ◦C, the atmosphere was switched from nitrogen to synthetic air to 
oxidize remaining residues and pyrolysis deposits within the crucible 
and the furnace.

The selected experimental conditions (heating rate, gas flow rate, 
sample mass, and temperature program) were based on established 
methods for polymer pyrolysis [38,39] and were validated through 
preliminary experiments. Particular attention was given to ensuring 
controlled pyrolytic conditions, reproducible heat and mass transfer, 
and the avoidance of secondary effects, such as catalytic interactions 
with the crucible material. Reproducibility was confirmed at 10 and 100 

Table 1 
Elemental compositions, ash contents, and HVV of the commercial samples.

Sample C/wt 
%

H/wt 
%

Br/wt 
%

BFR loading/ 
wt%

Ashd/wt 
%

HHVe/ 
MJ•kg− 1

EPS-HBCD 92.0a 7.2a 0.2b 0.3c 0.57 40.8
EPS-PolyFR 91.7a 7.6a 0.3b 0.5c 0.31 40.5
EPS 92.0a 7.8a – – 0.13 41.3

a Determined on a dry basis using a LECO elemental analyzer (Truspec CHN 
Micro).

b Determined experimentally via combustion ion chromatography (C-IC).
c Calculated based on the elemental analysis.
d Determined in accordance with DIN EN ISO 3451-1:2008-11.
e Determined in accordance with DIN 51900:2023-12.

Table 2 
Physical properties of the investigated materials.

Sample Physical form Color Density/kg•m− 3 Softening/◦C

EPS-HBCD Foam White 54.6a 108b

EPS-PolyFR Foam White 23.9a 108b

EPS Foam White 26.3a 110b

a Measured bulk density.
b Determined using a Netzsch 214 Polyma differential scanning calorimeter 

(DSC; see Supporting Material).
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K•min− 1 by replicate measurements. No significant influence of sample 
preparation or experimental parameters on the resulting mass loss 
profiles was observed.

Unless otherwise stated, experiments were conducted in quadrupli
cate and the resulting mass loss curves were averaged. Because both 
HBCD and PolyFR act primarily in the gas phase, mass loss curves ob
tained from TGA were converted to volatile formation curves as per 
Netsch et al. [38]. The derivative mass loss curves were converted to 
volatile formation rate curves in the same manner.

Interactions between PolyFR and PS were evaluated by comparing 
experimental and theoretical volatile formation and volatile formation 
rate curves for the mixtures containing 25, 50, and 75 wt% PolyFR. 
Experimental mass loss and derivative mass loss curves were obtained 
via TGA. Theoretical curves were generated in the Netzsch Proteus 
Thermal Analysis Software [40] by arithmetically superimposing the 
individual PS and PolyFR curves according to their respective mass 
fractions in the mixture. This superposition yields a weighted average of 
the PS and PolyFR contributions at each temperature. Theoretical mass 
loss Mass losstheo.(T) was calculated using Eq. 1, where xPS and xPolyFR 

denote the mass fractions of PS and PolyFR in the mixture, and PS(T)
and PolyFR(T) represent the temperature-dependent mass loss profiles of 
the individual components. The derivative of Mass losstheo.(T) was 
defined as the theoretical derivative mass loss. The resulting theoretical 
mass loss and derivative mass loss curves were subsequently converted 
to volatile formation and volatile formation rate curves for comparison 
with the experimental data. 

Mass losstheo.(T) = xPS • PS(T)+ xPolyFR • PolyFR(T) (1) 

2.3. Fourier-transform infrared spectroscopy

A Bruker Vertex 80v Fourier-transform infrared (FTIR) spectrometer 
coupled to the NETZSCH TG 209 F1 Libra Thermogravimeter (TG) was 
used to monitor HBr evolution during pyrolysis. The coupled system 
(TG-FTIR) proved effective for investigating evolving gases in complex 
mixtures [41,42]. The FTIR was coupled to the TG following the setup 
described by Zeller et al. using a heated polytetrafluoroethylene (PTFE) 
transfer line [43]. Both, the TG outlet interface and the transfer line were 
kept at 230 ◦C to prevent product condensation, while the infrared cell 
temperature was set to 200 ◦C.

A background spectrum was recorded after a 30-min nitrogen purge 
of the system and before starting each TG measurement. Volatile species 
were analyzed across a wavenumber range of 600–4000 cm− 1 at a 
spectral resolution of 2 cm− 1. This spectral resolution was selected based 
on preliminary tests, which showed that higher resolutions lead to the 
splitting of the HBr peak. For measurements performed at 5, 10, and 100 
K•min− 1, 64 scans per spectrum were collected, corresponding to 
measurement intervals of 13 s. This number of scans was selected to 
optimize the signal-to-noise (S/N) ratio while maintaining sufficiently 
short measurement intervals to accurately resolve the HBr evolution 
profiles at the respective heating rates. Unless otherwise stated, HBr 
evolution profiles from quadruplicate TG-FTIR measurements were 
evaluated individually and then averaged.

2.3.1. HBr calibration
HBr was calibrated by assuming a linear relation between infrared 

absorbance and concentration in accordance with the Beer-Lambert law. 
The Beer-Lambert relationship, given in Eq. 2, is applied in its integral 
form over a characteristic wavenumber interval (v1-v2). Here, I is the 
integrated absorbance, A is the measured absorbance, ∈ is the extinction 
coefficient of the target gas, l is the optical path length, and C is the 
concentration [7]. 

I =
∫ v2

v1

A(v) dv =

∫ v2

v1

∈ (v)lC dv (2) 

The HBr concentration was determined using the integral of the 
absorbance band 2621 cm− 1, evaluated over the range 2620–2622 
cm− 1. This spectral region was selected because it remains free of 
overlapping absorption bands from other species throughout the 
measurement.

The FTIR spectrometer was calibrated with certified HBr/N2 refer
ence gas mixtures which were introduced into the FTIR via the TG outlet 
interface. Calibration parameters, including gas flow, temperature and 
optical path length of the IR cell, and the optical settings of the FITR 
spectrometer, were kept identical to those used during the experiments.

The standard deviation of all calibration points was below 1.9⋅10− 4. 
The highest relative standard deviation (RSD) was observed at 3.2% for 
the reference gas concentration of 1027 mg m− 3. This confirms a high 
level of precision across the calibration range. A best-fit linear regression 
was applied to create the calibration curve. The resulting coefficient of 
determination (R2) is 0.9981. Both the calibration points and resulting 
calibration curve are shown in Fig. 3.

To calculate the total mass of detected HBr mHBr, the integral is first 
converted into time-resolved concentration profiles and then integrated 
for a temperature range from 40 to 600 ◦C while considering the purge 
gas flow. The resulting mHBr is converted into a total mass of bromine 
released as HBr mBr in HBr using Eq. 3. Here, MHBr and MBr represent the 
molecular masses of HBr and Br, respectively. Bromine released as HBr 
relative to the bromine content introduced by the sample composition 
mBr relative to input is calculated using Eq. 4, where mBr in sample represents the 
bromine content in the sample. 

mBr in HBr =
mHBr

MHBr
• MBr (3) 

Table 3 
Elemental compositions of PS, PolyFR, and the mixed samples prepared with 
elevated PolyFR loadings.

Sample C/wt% H/wt% Br/wt% BFR loading/wt%

PS 92.0a 8.1a – –
PolyFR N/Ab N/Ab 64c 100
PS25PolyFR N/Ab N/Ab 16d 25
PS50PolyFR N/Ab N/Ab 32d 50
PS75PolyFR N/Ab N/Ab 48d 75

a Determined on a dry basis using a LECO elemental analyzer (Truspec CHN 
Micro).

b N/A: not applicable. Analysis not possible due to bromine interference, 
composition not calculable.

c Disclosed [13].
d Calculated based on mixture composition.

Table 4 
Key physical properties of PS and PolyFR.

Sample Physical form Color Density/kg•m− 3 Softening/◦C

PS Granules Colorless 1040a 102a

PolyFR Powder White 582b 120c

a Disclosed [37].
b Measured bulk density.
c Disclosed [13].

Table 5 
Elemental compositions of the mixed samples prepared with application- 
relevant PolyFR loadings.

Sample C/wt% H/wt% Br/wt% BFR loading/wt%

PS0084PolyFR N/Aa N/Aa 0.5b 0.84
PS020PolyFR N/Aa N/Aa 1.3b 2.0
PS025PolyFR N/Aa N/Aa 1.6b 2.5

a N/A: not applicable. Analysis not possible due to bromine interference, 
composition not calculable.

b Calculated based on mixture composition.
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mBr relative to input =
mBr in HBr

mBr in sample
• 100 (4) 

To ensure that measurements remained within the applicable cali
bration range, TG-FTIR analyses were performed using sample masses of 
either 5 or 10 mg, depending on the bromine content and heating rate. 
At 10 K•min− 1, a sample mass of 5 mg was chosen for pure PolyFR and 
PS75PolyFR as both exhibited the highest HBr yields, while PS25PolyFR 
and PS50PolyFR were analyzed using a total mass of 10 mg. At 100 
K•min− 1, PS50PolyFR was analyzed using a total sample mass of 5 mg to 
account for the more concentrated HBr release occurring over a shorter 
time at this heating rate.

2.4. Pyrolysis-gas chromatography–mass spectrometry

Pyrolysis-gas chromatography–mass spectrometry (Py-GC–MS) ana
lyses were performed using a CDS Pyroprobe 6200 micropyrolyzer 
coupled to a 7890B Agilent gas chromatograph and a 5977B Agilent 
single-quadrupole mass selective detector. The micropyrolyzer was 
connected to the GC using a heated transfer line maintained at 350 ◦C. 
The GC inlet and the GC–MS transfer line were also kept at 350 ◦C to 
ensure consistent transfer conditions. The GC was equipped with a 31 m 
× 250 μm × 0.25 μm Rtx-200MS column from Restek. The split injector 
was operated at 300 ◦C and 70 kPa, with a split ratio at 100:1. The MS 
detection was conducted in positive ion mode in the scan range of mass- 
to-charge (m/z) 10–600 at a scan frequency of 4.8 Hz.

Approximately 50 μg of sample was used for each measurement. The 
samples were weighed into quartz glass tubes and secured with chemi
cally inert quartz wool. The tubes were introduced into the pyrolyzer 
using an automated sampler. After insertion, the reaction chamber was 
sealed and purged with helium. Pyrolysis was initiated by heating the 
sample from room temperature to the target temperature at a heating 
rate of 500 ◦C s− 1, followed by a 1 min isothermal hold. During pyrol
ysis, the reaction chamber was continuously flushed with helium, 
transferring volatiles products into the GC. Upon the completion of the 1 
min, the sample tube was rapidly cooled back to room temperature, 
while helium flushing continued for an additional 10 s to ensure com
plete transfer of analytes. The helium flow rate in the system was 
regulated by the GC and set to 135 mL min− 1.

Two pyrolysis programs were used for the analysis: (i) single-step 
pyrolysis and (ii) temperature-staged pyrolysis.

In the single-step program, the sample heated to 450 ◦C for held for 1 
min, as described above. During this time, volatile products were 
continuously transferred to the GC–MS. After completion of the run, the 

sample tube was removed from the reaction chamber, which was then 
purged with helium for 10 s. Subsequently, the chamber was isolated 
from the GC, vented to the atmosphere, and heated to 1000 ◦C to remove 
residual deposits.

In the temperature-staged program, pyrolysis was conducted in two 
sequential steps to enable the separation of low- and high-temperature 
products. In the first stage, the sample was heated to 350 ◦C and held 
for 1 min, while the evolved vapors were transferred to the GC–MS for 
analysis. After the 1 min, the reaction chamber was flushed with helium 
and cooled to room temperature. The chamber was then sealed from the 
GC transfer line, leaving the partially pyrolyzed sample inside.

Following completion of the GC–MS analysis of the first stage, the 
reaction chamber was reconnected to the GC transfer line. The 
remaining sample was then heated to 450 ◦C and held for 1 min, and the 
resulting vapors were transferred to the GC–MS as a second, separate 
analysis. After the second stage, the sample tube was removed from the 
reaction chamber, which was then purged with helium, isolated, vented, 
and heated to 1000 ◦C to remove any remaining residues.

For both single-step and staged-pyrolysis analyses, blank runs were 
performed after each measurement to assess baseline stability and po
tential carryover of analytes. No significant carryover or baseline drift 
was observed.

All measurements were performed in triplicate. The resulting chro
matograms were normalized to Total Ion Count (TIC) per μg and evalu
ated individually before averaging. Compound identification was 
performed using the NIST MS Search v.2.3 database and processed with 
the open-source software OpenChrom. The influence of HBCD and PolyFR 
on EPS pyrolysis was evaluated by comparing the relative peak areas of 
the styrene monomer (C8H8), dimer (C16H16), and trimer (C24H24). The 
dimer was identified by the peak corresponding to 1,4-diphenyl-2-butene 
and the trimer by 1,3,5-triphenylcyclohexane. The product distribution of 
PolyFR was evaluated in the same manner, in addition to considering the 
relative peak areas of HBr and other brominated species.

Peak detection was performed with a minimum S/N ratio of 3. Peaks 
not automatically detected with this detection threshold were manually 
inspected and integrated, if they were clearly resolved above the base
line and consistently observed across replicate measurements.

As no external calibration was performed, the analysis is semi- 
quantitative. Peak height and relative peak area have been reported to 
provide an indication of the relative contributions of species to the 
overall product distribution [44,45]. Accordingly, conclusions 
regarding the influence of BFRs are based on changes that exceed the 
variability observed between replicate measurements.

Reproducibility was assessed using multiple metrics. First, the sim
ilarity between chromatograms was evaluated by calculating the mean 
pairwise Pearson correlation coefficient (r) of mass-normalized TIC 
profiles for all replicate pairs. The resulting r values are above 0.94, 
indicating high similarity between chromatograms. r was calculated 
using Eq. 5 and Eq. 6, where x and y represent individual runs (e.g. r12 
corresponds to runs 1 and 2), xi and yi denote the TIC intensities at each 
retention time, x and y are the corresponding mean values, and n is the 
number of data points. 

rxy =

∑n
i=1(xi − x)(yi − y)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1(xi − x)2
√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑n
i=1(yi − y)2

√ (5) 

r =
r12 + r13 + r23

3
(6) 

Second, the RSD of the integrated areas of the three dominant peaks 
(accounting for approximately 96–97% of the total integrated peak 
areas) was evaluated. A maximum RSD of 3% was observed, indicating 
high reproducibility. Third, retention time stability of the main peak was 
assessed, with a maximum standard deviation (SD) of 0.037 min. Indi
vidual chromatograms and peak area analyses are provided in the 
Supporting Material.

Fig. 3. HBr calibration points and curve.
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PolyFR was analyzed in its powder form. EPS, EPS-HBCD, and EPS- 
PolyFR samples were prepared by cutting material from the EPS 
panels using a scalpel. The spatial distribution of PolyFR within the EPS 
matrix was evaluated by Scanning Electron Microscopy with Energy- 
Dispersive X-ray Spectroscopy (SEM-EDX), with the corresponding im
ages provided in the Supporting Material. The SEM-EDX mapping of 
bromine and carbon indicates that PolyFR is distributed throughout the 
EPS matrix, rather than being present as isolated agglomerates. Together 
with the high reproducibility of the chromatograms and product dis
tributions, this supports that the investigated samples are representative 
under the applied experimental conditions.

3. Results and discussion

3.1. Pyrolysis of commercial flame-retarded and non-flame-retarded EPS

3.1.1. Decomposition behavior via TGA
The volatile formation and volatile formation rate curves obtained 

for commercial EPS, waste EPS-HBCD, and commercial EPS-PolyFR are 
shown in Fig. 4a and Fig. 4b. At 10 K•min− 1, all three samples decom
pose predominately from 350 to 450 ◦C, with a 50 wt% volatilization 
occurring at approximately 415 ◦C.

EPS exhibits an onset of decomposition, defined at 5 wt% volatili
zation, at 378 ◦C. Decomposition progresses to leave no residue at 
445 ◦C. This behavior is characteristic of styrenic polymers [21]. In 
contrast, EPS-HBCD shows an onset temperature 17 ◦C lower than that 
of EPS and leaves 1.4 wt% residue at 467 ◦C, which remains relatively 
constant beyond this temperature. This behavior has been attributed to 
the homolytic cleavage of the first C–Br bond in HBCD [7,32]. EPS- 
PolyFR also exhibits a reduced onset temperature, 21 ◦C below that of 
EPS, and leaves less than 0.5 wt% residue at 469 ◦C.

Despite the difference in chemical structure, both HBCD and PolyFR 
induce comparable reductions in the onset temperature. This behavior 
can be attributed to intrinsic properties of BFRs. One the one hand, 
C–Br bonds in BFRs have relatively low bond dissociation energies in 
comparison to C–C or C–H bonds [32,46], thus promoting bond 
cleavage and volatilization at lower temperatures. On the other hand, 
cleavage of C–Br bonds in HBCD and PolyFR promotes a catalytic effect 
through mechanisms such as autocatalytic chain scission, whereby 
radical species accelerate PS decomposition [33,47]. As a result, an 
earlier decomposition is observed for the HBCD- and PolyFR-containing 

EPS curves compared to non-flame-retarded EPS.
At 407 ◦C, the volatile formation curves of the three samples intersect 

in Fig. 4a. Above this temperature, the relative slopes of the curves 
reverse compared with lower temperatures. The EPS curve becomes 
steeper than the EPS-HBCD and EPS-PolyFR curves, indicating higher 
volatilization at equivalent temperatures. The delayed volatile forma
tion observed for EPS-HBCD and EPS-PolyFR is reflected in Fig. 4b by a 
shift of the volatile formation rate peaks to slightly higher temperatures 
and a reduction in the maximum volatilization rate. These observations 
indicate a slight stabilization effect, potentially associated with the 
formation of relatively stable intermediates that delay PS volatilization 
at elevated temperatures.

3.1.2. Product analysis via Py-GC–MS
To evaluate the effect of HBCD and PolyFR on EPS pyrolysis prod

ucts, the product spectra and distribution of the main products are 
compared. The results are shown in Fig. 5.

The product spectra in Fig. 5a show that EPS, EPS-HBCD, and EPS- 
PolyFR predominantly decompose into styrene monomer (C8H8), 
dimer (C16H16), and trimer (C24H24).

The relative product distribution shown in Fig. 5b was obtained by 
comparing the absolute peak areas of the styrene monomer, dimer, and 
trimer, normalized to 1 μg. These three products account for more than 
95% of the respective total peak area across the chromatograms of the 
three samples. As mentioned in Section 2.4, the reported peak areas 
serve only as a semi-quantitative indication of the relative contributions 
of these species to the overall product distribution [44,45]. In Fig. 5b, 
styrene monomer constitutes 75–78% of the detected peak areas, while 
the dimer and trimer contribute 7–8% and 12–13%, respectively. These 
results indicate that, under the investigated conditions and at the 
applied BFR loadings, neither HBCD nor PolyFR significantly influences 
the distribution of the dominant monomer, dimer, and trimer species.

In addition to the monomer, dimer, and trimer, EPS spectra contain 
minor peaks corresponding to toluene, α-methylstyrene, and bibenzyl, 
as well as ethylbenzene, cumene, and derivatives of the dimer and 
trimer. This is in agreement with the literature [23,27,48]. Similarly, 
EPS-HBCD produces minor peaks corresponding to toluene and 
α-methylstyrene, along with dimer and trimer derivatives. EPS-PolyFR 
shows a comparable product profile, with minor peaks attributed to 
toluene, α-methylstyrene, bibenzyl, and 1,3-diphenylpropane, as well as 
dimer and trimer derivatives. These observations further support that 

Fig. 4. (a) Volatile formation and (b) volatile formation rate curves obtained using 10 mg of EPS, EPS-HBCD, and EPS-PolyFR, measured at 10 K•min− 1.
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the presence of HBCD or PolyFR, under the investigated conditions, does 
not significantly alter the overall product distribution of EPS pyrolysis.

The analysis provides no evidence for the presence of HBr in the 
spectra of EPS-HBCD and EPS-PolyFR. Given the low bromine contents 
in both samples (0.2 and 0.3 wt%), HBr remains below detection limits 
(S/N ratio of 3), even when targeting the characteristic HBr m/z- 
quadruplet 79, 80, 81, 82 [49]. As for brominated hydrocarbons, only 
(1-bromo-1-methylethyl)benzene is identified in EPS-PolyFR spectra, 
though at very low intensities and negligible overall contribution.

Studies investigating PS with higher HBCD contents (approximately 
1.8 wt% bromine) reported a distinct HBr peak at 400 ◦C using Py- 
GC–MS [32]. HBr formation from the commercial samples examined in 
the current study therefore cannot be ruled out. Samples prepared with 
higher BFR loading are examined and discussed in Section 3.3.

Overall, the product spectra indicate that, under the investigated 
conditions and at bromine levels representative of real EPS waste, 
neither HBCD nor PolyFR leads to pronounced changes in the pyrolysis 
product distribution. The dominance of styrene-based product spectra 
and the absence of detectable brominated species suggest that pyrolysis 
of flame-retarded EPS can, in principle, yield pyrolysis oils comparable 
to those obtained from non-flame-retarded EPS. From a recycling 
perspective, these observations are encouraging, as they imply that 
product quality is not compromised for the investigated samples.

Nevertheless, it is important to consider that the absence of observ
able effects may be related to the low bromine contents, which approach 
the detection limits of GC–MS analysis. Alternatively, it may reflect 
limited interactions between the flame retardants and the PS matrix 
under the applied conditions. Distinguishing between these possibilities 
is critical for evaluating the general applicability of pyrolysis-based 
recycling and is therefore examined in the subsequent sections of this 
work, beginning with an investigation of the pyrolysis behavior of 

PolyFR in Section 3.2, followed by an evaluation of PolyFR-PS in
teractions at higher BFR loadings in Section 3.3.

3.2. Pyrolysis of PolyFR

3.2.1. Decomposition behavior via TGA and TG-FTIR
To characterize the decomposition behavior of PolyFR under pyro

lytic conditions, the volatile formation and volatile formation rate 
curves were obtained, and HBr evolution was evaluated. Both curves, in 
addition to the HBr evolution profile, are shown in Fig. 6.

Pure PolyFR decomposes in two distinct temperature ranges distin
guished by the inflection point in the volatile formation curve marked by 
the dashed line at 341 ◦C in Fig. 6. The onset of decomposition is 
observed at 253 ◦C. The first decomposition step, defined by volatili
zation below 341 ◦C, accounts for approximately 67 wt% volatilization 
in Fig. 6a and results in a narrow and sharp peak in the volatile for
mation rate curve in Fig. 6b, indicating rapid volatilization. The peak 
reaches a maximum of 38.7 wt% min− 1 at 260 ◦C. The second decom
position step contributes an additional 24.4 wt% volatilization and re
sults in 7.3 wt% residues at 526 ◦C. The residue decreases to 7 wt% at 
700 ◦C and remains stable thereafter. The corresponding peak in the 
volatile formation rate curve is broader than the first and reaches a 
maximum of 3.5 wt% min− 1 at 450 ◦C, reflecting slower volatile release 
compared to the first step. This stabilization effect is likely due to the 
formation of relatively stable tertiary radicals that delay backbone 
scission, or to double bonds that form on isolated side chains upon 
bromine elimination from 1,2-isomeric units [12].

TG-FTIR analysis shows that HBr forms in the first decomposition 
step from 235 to 334 ◦C, reaching a maximum concentration at 265 ◦C. 
FTIR bands corresponding to other volatile components appear from 
387 ◦C onward in the wavenumber range 2825–3141 cm− 1, a band 

Fig. 5. (a) EPS, EPS-PolyFR, EPS-HBCD pyrolysis chromatograms at 450 ◦C and (b) the corresponding relative peak area distribution of styrene, dimer, and trimer.
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which is characteristic of hydrocarbons [39]. This suggests that peak 
volatilization in the first and second decomposition steps proceeds 
independently.

The detected HBr accounts for 89 wt% of the total bromine content in 
PolyFR. This value is based on quadruplicate measurement with a SD of 
2.2 wt%. The method was evaluated in duplicate at a heating rate of 5 
K•min− 1. The resulting bromine recovered as HBr amounts to 90 wt% 
with a SD of 0.3 wt%. This confirms reproducibility of results and the 
suitability of the FTIR method.

While Br2 formation cannot be assessed using IR techniques, Bar
ontini et al. excluded its formation during HBCD pyrolysis by iodometric 
titration of pyrolysis gases [7]. The same conclusion was reported by 
Larsen and Ecker [34]. Given the similar bromine radical activity and 
HBr formation behavior in HBCD and PolyFR [7,12,32], Br2 formation in 
PolyFR pyrolysis is assumed to be negligible. The remaining 11 wt% of 
bromine not detected as HBr is therefore assumed to be either released in 
the volatile fraction in forms other than HBr or retained in the solid 
residue.

Residue analysis was not performed due to the limited amount of 
solid material generated. Consequently, the presence of brominated 
hydrocarbons in the solid fraction cannot be confirmed and requires 
further investigation.

As for the volatile fraction, TG-FTIR does not resolve the complete 
molecular composition of complex mixtures due to compound-specific 
absorption coefficients and detection limits, which may hinder the 
detection of low-concentration species. In addition, overlapping ab
sorption bands from organic pyrolysis products can obscure the presence 
of further brominated compounds. The analytical approach was there
fore not intended to identify all brominated species. In contrast, HBr 
exhibits distinct spectral features even in complex mixtures. Hence, TG- 
FTIR parameters were specifically optimized for its reliable detection 
and quantification.

3.2.2. Product analysis via Py-GC–MS
To complement the TG-FITR analysis, Py-GC–MS was used to char

acterize the molecular composition of volatile products formed during 
PolyFR pyrolysis, with particular focus on brominated species. The re
sults are shown in Fig. 7.

HBr is observed at the beginning of the chromatogram in Fig. 7a. The 
broad, asymmetric, tailing peak is consistent with reported HBr 
behavior [32]. This shape is typical of small, highly polar, and reactive 

gases in GC systems, arising from interactions with active sites in the 
injection system and along the GC column which retard elution [50]. 
HBr contributes approximately 16% of the total peak area, as shown in 
Fig. 7b. Minor peaks of mono-brominated C9 and C10 aromatic com
pounds such as (1-bromo-1-methylethyl)benzene, 1-bromomethyl-4-iso
propylbenzene, and 1-bromo-4-phenylbutane are identified. These 
account for less than 1% of the total detected peak area. The suggests 
that bromine is released predominantly as HBr during PolyFR pyrolysis, 
consistent with TG-FTIR observations.

PolyFR also decomposes into products characteristic of styrene 
decomposition. The styrene-dimer-trimer triplet observed in Fig. 7 stems 
from the PS blocks in the triblock structure of PolyFR. Styrene shows the 
highest peak intensity and the largest relative peak area. Toluene 
(C7H8), ethylbenzene (C8H10), and α-methylstyrene (α-C9H10) are also 
present, though exhibit higher peak intensities in PolyFR than in EPS. 
This is likely due to a mechanism similar to the so-called ‘enhanced 
decomposition’, which PolyFR induces when blended with PS. This 
mechanism refers to the homolytic cleavage of PolyFR to generate a 
radical initiator that abstracts hydrogen from the PS backbone, forming 
a PS radical that subsequently undergoes β-scission [11]. The formation 
of α-methylstyrene is favored by tertiary radicals at the α‑carbon adja
cent to the aromatic ring, which is prone to β-scission [48]. Ethyl
benzene is formed through alkyl transfer and recombination reactions, 
and its formation persists under catalytic conditions [51]. The presence 
of toluene, ethylbenzene, and α-methylstyrene suggests that, in the 
absence of an external PS matrix, PS blocks within the triblock structure 
of PolyFR act as hydrogen donors, thereby promoting radical-driven 
reactions. These interactions promote chain scission and alkyl transfer, 
leading to increased formation of low-molecular-weight aromatic com
pounds relative to EPS.

3.3. Interactions between PolyFR and PS

3.3.1. Superposition
Interactions between PolyFR and PS were evaluated by comparing 

experimental and theoretical volatile formation and volatile formation 
rate curves for mixtures containing 25, 50, and 75 wt% PolyFR. These 
elevated PolyFR contents were selected to amplify potential interactions 
between PolyFR and PS and to overcome limitations associated with low 
bromine levels at application-relevant loadings. The theoretical curves 
were obtained by superimposing the individual contributions of PS and 

Fig. 6. HBr evolution profile overlaid on the (a) volatile formation and (b) volatile formation rate curves, obtained using 5 mg PolyFR at 10 K•min− 1.
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Fig. 7. (a) PolyFR pyrolysis chromatogram at 450 ◦C, and (b) the corresponding relative peak area distribution of styrene, dimer, trimer, HBr, and brominated 
hydrocarbons (Br-HC).

Fig. 8. Experimental (exp.) and theoretical (theo.) volatile formation and volatile formation rate curves of PS, PolyFR, and their mixtures containing 25, 50, 75 wt% 
PolyFR at 10 K•min− 1. Experimental curves were obtained using 10 mg of PS25PolyFR and PS50PolyFR and 5 mg of PS75PolyFR.
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PolyFR, as described in Section 2.2. The resulting curves, together with 
those of pure PS and PolyFR, are shown in Fig. 8.

Fig. 8a and Fig. 8b present the experimental and theoretical volatile 
formation and volatile formation rate curves for the 50 wt% PolyFR 
mixture, together with the experimental curves of pure PS and PolyFR. 
The curves overlap up to approximately 372 ◦C, indicating that no 
measurable interaction between PS and PolyFR occurs within this tem
perature range. This temperature is therefore taken as the upper limit of 
the non-interacting regime. At higher temperatures, deviations between 
experimental and theoretical behavior become apparent, marking the 
onset of interaction effects. The same trend is observed for the mixtures 
containing 25 and 75 wt% PolyFR, as shown in Fig. 8c and Fig. 8d.

The lack of interaction between PS and PolyFR during the first Pol
yFR decomposition step is further supported by comparing the experi
mental and theoretical volatile yields of the investigated mixtures. 
Table 6 shows that across all mixtures, the theoretical curves predict 
volatile yields in close agreement with those obtained experimentally at 
372 ◦C.

A kinetically relevant interaction between PS and the remaining 
PolyFR chain becomes apparent beyond 372 ◦C, as the experimental and 
theoretical curves diverge. This divergence indicates that decomposition 
kinetics deviate from independent behavior, pointing to interaction 
between PS-derived radicals and PolyFR decomposition intermediates. 
The volatile formation rate peaks associated with the second decom
position step differ in both magnitude and position, as shown in Fig. 8b 
and Fig. 8d. Experimentally, increasing PolyFR loading leads to a 
decrease in the maximum volatilization rate and a shift of this maximum 
to higher temperatures. The calculated curves predict a decrease in the 
maximum volatilization rate with increasing PolyFR loading; however, 
the temperature of maximum volatilization remains constant at 412 ◦C 
across all compositions. For all mixtures, the experimental maximum 
volatilization rates are lower than those obtained from the calculated 
curves. Furthermore, both the experimental and theoretical volatile 
formation curves show increasing residual mass at 550 ◦C with higher 
flame-retardant content. The theoretical values, however, consistently 
underestimate the experimentally observed residue. These findings, as 
summarized in Table 7, indicate that the thermal decomposition of PS- 
PolyFR mixtures involves interactions that are not captured by the 
calculated superposition curves.

The delayed volatilization in the second decomposition step of the 
prepared mixtures and the corresponding shift of the volatile formation 
rate peak to higher temperature indicate a stabilization effect. This effect 
becomes more evident with increasing PolyFR loadings, as the volatile 
formation curves become less steep and the corresponding volatile for
mation rate peaks broaden and decrease in height. The reduced peak 
height further suggests slower decomposition kinetics or an increased 
activation barrier for this step.

The observed stabilization effect can be rationalized by considering 
the interaction between PS-derived radicals and PolyFR decomposition 
intermediates. During PS pyrolysis, intermolecular hydrogen transfer 
and β-scission sustain depolymerization [11,26] as unsaturated chain 
ends formed between 350 and 500 ◦C readily undergo scission to 
generate additional radicals [52]. This process depends on the avail
ability and mobility of reactive radical species.

In contrast, the first decomposition step of PolyFR involves dehy
drobromination of the 1,4-polybutadiene segment, leading to the for
mation of conjugated polyenes [12,53]. These unsaturated 
intermediates can act as radical acceptors or participate in addition 

reactions with PS-derived radicals. Such interactions reduce the avail
ability of free radicals required for chain transfer and propagation, 
thereby suppressing the depolymerization rate. Furthermore, the for
mation of conjugated intermediates promotes crosslinking reactions, as 
suggested by the exothermic DSC signal reported by Wang et al. [11]
and confirmed by our own DSC analysis (see Supporting Material). The 
resulting crosslinked structures restrict the mobility of reactive species, 
further contributing to an increased effective activation barrier.

The increased experimental residue relative to the theoretical su
perposition can likewise be attributed to interactions between reactive 
PS-derived species and PolyFR-derived polyenes, leading to the forma
tion of additional crosslinked or condensed structures.

Similar behavior has been reported for PS-PVC blends, which also 
undergo multi-step decomposition characterized by an initial dehy
drohalogenation step [38,52]. Dodson and McNeill argued that dis
rupting the intermolecular transfer reactions during PS pyrolysis is an 
effective stabilization pathway [52]. Polyenes formed from PVC were 
shown to interfere with these reactions, thereby delaying PS decompo
sition. This effect became more pronounced with increasing PVC load
ings [38,52]. This trend is consistent with the present observations, 
where increasing PolyFR loading leads to stronger stabilization effects.

In the case of HBCD, interactions with the PS matrix cannot be 
assessed experimentally at elevated HBCD loadings, due to regulatory 
restrictions and are therefore inferred from literature. At 10 wt% 
loading, HBCD-containing PS exhibits a multi-step decomposition 
behavior. HBCD decomposes between 200 and 300 ◦C and its decom
position products interact with the PS matrix to form a thermally 
resistant fraction that decomposes around 400 ◦C [54]. This behavior 
indicates that HBCD can participate in condensed-phase interactions 
that influence the thermal decomposition pathway of PS [32,54]. 
Consequently, the comparison between HBCD and PolyFR is limited to 
application-relevant loadings (see Section 3.1) and qualitative mecha
nistic considerations.

3.3.2. Effect of composition on HBr yield
The absence of apparent interactions between PolyFR and PS until 

372 ◦C, as discussed in the previous section, indicates that the first 
PolyFR decomposition step proceeds independently of mixture compo
sition. This interpretation is supported by the results in Table 8, which 
show that all mixtures display an inflection in their volatile formation 
and volatile formation rate curves at 342 ◦C. This observation suggests 
that dehydrobromination follows a similar pathway and concludes at the 
same temperature across all mixtures. The slight increase in the inflec
tion point temperature in the mixtures compared to pure PolyFR is likely 
attributable to the fact that PolyFR begins to decompose while within 
the molten PS matrix.

The results in Table 8 show that volatile yield at the inflection point 
increases with increasing PolyFR loading and correlates linearly with 
the bromine content in the mixture. This trend indicates that volatili
zation during the first PolyFR decomposition step is associated with 
bromine elimination, as higher PolyFR loadings lead to proportionally 
greater volatilization. The linear correlation further suggests that 
bromine elimination is largely independent of mixture composition. 

Table 6 
Comparison between the experimental and theoretical volatile yields at 372 ◦C.

Sample Experimental volatile yield/wt% Theoretical volatile yield/wt%

PS25PolyFR 22.8 22.0
PS50PolyFR 37.9 37.5
PS75PolyFR 53.2 52.9

Table 7 
Comparison between the experimental (exp.) and theoretical (theo.) volatile 
formation rate peaks corresponding to the second decomposition step.

Sample Maximum 
volatilization rate/% 
min− 1

Temperature of 
maximum volatilization 
rate/◦C

Residue at 
550 ◦C/wt%

PS25PolyFR exp. 17.4 428 2.8
PS25PolyFR theo. 24.7 412 1.4
PS50PolyFR exp. 11.1 435 5.8
PS50PolyFR theo. 16.8 412 4.0
PS75PolyFR exp. 7.7 438 6.0
PS75PolyFR theo. 9.5 412 5.1
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This interpretation is supported by TG-FTIR analyses, which show that 
approximately 90 wt% of the bromine initially present in the samples is 
detected as HBr across all mixtures, regardless of PolyFR loading.

To evaluate the transferability of these observations to application- 
relevant PolyFR loadings, the effect of composition on HBr evolution 
was further investigated using mixtures containing 2.5, 2.0, and 0.84 wt 
% PolyFR. The corresponding volatile formation and volatile formation 
rate curves are shown in Fig. 9 alongside the pure PS curves.

A slight shoulder is observed in the volatile formation curves be
tween 250 and 274 ◦C in Fig. 9a, accompanied by a corresponding minor 
peak in the volatile formation rate curves in Fig. 9b. The corresponding 
HBr evolution profiles presented in Fig. 10b and Fig. 10c indicate that 
HBr is released within this temperature range. At the observed S/N ratio, 
the data support a qualitative assessment of HBr release. Nevertheless, 
FTIR analysis shows that HBr is released even at low PolyFR loadings 
comparable to application-relevant concentrations.

Although the PolyFR loadings in PS020PolyFR and PS025PolyFR fall 
within application-relevant ranges, they contain more bromine than the 
commercial EPS-PolyFR and waste EPS-HBCD samples discussed in 
Section 3.1. As a result, the lower bromine contents in those flame- 
retarded EPS samples lead to the absence of a visible shoulder in the 
volatile formation curves and a corresponding minor peak in the volatile 
formation rate curves in Fig. 4. A similar behavior is observed for 
PS0084PolyFR, whose HBr evolution profile shown in Fig. 10a exhibits 
no clearly resolved HBr signal above the baseline noise. Nevertheless, 
the presence of flame retardants in both the flame-retarded EPS samples 

and the prepared PS-PolyFR mixtures induces a similar overall thermal 
behavior. In all cases, the presence of flame retardants leads to an earlier 
decomposition onset compared with non-flame-retarded EPS and PS, as 
well as a shift of the volatile formation rate peak to slightly higher 
temperatures and a reduction in the maximum volatilization rate. 
Together, these observations indicate a modest stabilization effect at 
elevated temperatures and demonstrate that PS-PolyFR mixtures con
taining application-relevant PolyFR loadings reproduce the key thermal 
features observed for flame-retarded EPS.

3.4. Effect of heating rate and temperature-staging

To investigate the effect of heating rate on the observed pyrolysis 
behavior, additional TG-FTIR experiments were performed at a heating 
rate of 100 K•min− 1. While experiments conducted at 10 K•min− 1 

provide valuable mechanistic insight and support in understanding 
bromine transfer pathways, the higher heating rate better reflects the 
rapid thermal exposure experienced by polymeric materials in technical 
pyrolysis reactors. The corresponding time-resolved results are pre
sented in Fig. 11. The transformation to temperature-resolved data is 
provided in the Supporting Material.

At 100 K•min− 1, volatile formation occurs earlier and is confined to a 
significantly narrower time interval compared to 10 K•min− 1, as re
flected by the different time scales in Fig. 11. Despite this temporal 
compression, the volatile formation curve shown in Fig. 11a follows a 
similar overall behavior to that observed at 10 K•min− 1 in Fig. 11d. The 
shorter volatilization duration leads to a higher apparent formation rate, 
which is evident when comparing the volatile formation rate curves 
obtained at 100 K•min− 1 and 10 K•min− 1 in Fig. 11b and Fig. 11e, 
respectively.

Consistent with this behavior, the HBr evolution profile appears 
earlier at the higher heating rate and exhibits a higher maximum in
tensity. At 100 K•min− 1 (Fig. 11c), HBr release occurs within approxi
mately 3 min, compared with approximately 15 min at 10 K•min− 1 

(Fig. 11f), resulting in a higher maximum concentration over the shorter 
evolution period.

Duplicate measurements at 100 K•min− 1 show that 75 wt% of the 
bromine initially present in the sample is detected as HBr, with a vari
ation of ±0.1 wt% between the two measurements, compared with 87 
± 1.2 wt% at 10 K•min− 1. As explained in Section 3.3, measurements at 

Table 8 
Summary of experimental observations associated with the first decomposition 
step of PolyFR in pure form and in mixtures.

Sample Bromine 
content/ 
wt%

Inflection 
point/◦C

Volatile 
yield at 
inflection 
point/wt%

Bromine 
detected 
as HBra/ 
wt%

SD of 
bromineb/ 
wt%

PS25PolyFR 16.0 342 19.9 92.3 2.5
PS50PolyFR 32.0 342 35.6 87.2 1.2
PS75PolyFR 48.0 342 51.9 89.9 0.9
PolyFR 64.0 341 67.2 89.0 2.2

a Quantified using TG-FTIR relative to the total bromine content in the sample 
based on composition; values represent the mean of quadruplicate measurements.

b SD of bromine detected as HBr calculated from quadruplicate measurements.

Fig. 9. (a) Volatile formation and (b) volatile formation rate curves of PS and PS-PolyFR mixtures containing 0.84, 2.0, and 2.5 wt% PolyFR, obtained using 10 mg 
samples at 10 K•min− 1.
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both heating rates were conducted with 64 scans per spectrum, corre
sponding to acquisition intervals of 13 s. At 100 K•min− 1, this results in 
a lower number of data points across the HBr evolution profile, reducing 
the resolution of the integrated signal and contributing to the lower 
apparent HBr yield.

In addition, the maximum HBr absorbance at 100 K•min− 1 margin
ally exceeds the calibrated upper limit of 0.071 (see Fig. 3). Maintaining 

absorbance values within the linear calibration range of the Beer- 
Lambert law is essential for accurate quantification. Under the applied 
conditions, particularly the high heating rate (100 K•min− 1) combined 
with a constant sample mass across experiments (5 or 10 mg), a rapid 
increase in HBr concentration occurs over a short time interval in the 
FTIR cell. As a result, a single data point at the peak of the HBr evolution 
profile slightly exceeds the calibrated range, while all other data points 

Fig. 10. HBr evolution profiles obtained using 10 mg PS-PolyFR mixtures containing (a) 0.84, (b) 2.0 and (c) 2.5 wt% PolyFR at 10 K•min− 1.

Fig. 11. Time-resolved (a) volatile formation, (b) volatile formation rate, and (c) HBr evolution profiles obtained at 100 K•min− 1 using 5 mg PS50PolyFR and the (d- 
f) corresponding profiles obtained at 10 K•min− 1 using 10 mg PS50PolyFR.
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used for integration remain within it. This increases analytical uncer
tainty and may lead to an underestimation of the HBr yield. The results 
at 100 K•min− 1 are therefore interpreted with caution. The analysis 
assumes that the volumetric contribution of pyrolysis volatiles to the 
total gas flow is negligible relative to the constant nitrogen purge, 
allowing a linear relationship between absorbance and HBr concentra
tion. At 100 K•min− 1, the volumetric contribution of HBr between 250 
and 275 ◦C remains below 0.2% of the total flow and is therefore 
considered negligible, indicating that dilution effects do not signifi
cantly influence HBr quantification. Despite these limitations, the results 
demonstrate rapid and substantial bromine release as HBr at heating 
rates relevant to technical pyrolysis.

The comparison between results obtained at 10 and 100 K•min− 1 

highlights opportunities for process design. In practice, bromine release 
as HBr can be achieved either through single-step pyrolysis at high 
heating rates or by deliberately exploiting the temperature-dependent 
separation between HBr release and PS decomposition observed at 10 
K•min− 1. The latter enables staged pyrolysis concepts, in which bromine 
release is decoupled from PS depolymerization. To demonstrate this 
principle, temperature-staged pyrolysis of PolyFR was investigated 
using the micropyrolyzer, with a first stage at 350 ◦C followed by a 
second stage at 450 ◦C, as explained in Section 3.4. The resulting 
product spectra in Fig. 12 show that HBr is detected exclusively during 
the first stage at 350 ◦C, while no HBr or other brominated species are 
identified at 450 ◦C.

As staged pyrolysis was demonstrated only for PolyFR, further 
investigation is required to validate whether a comparable separation 
can be achieved in PS-PolyFR systems. Nonetheless, this initial analysis, 
supported by TG-FTIR results for both pure PolyFR and PolyFR- 
containing PS mixtures, demonstrates the technical feasibility of selec
tively separating HBr at temperatures below those require for PS 
decomposition.

4. Conclusion

This study demonstrates that pyrolysis enables effective separation 
of bromine from flame-retarded PS while preserving the formation of 
valuable styrene-rich hydrocarbon products, supporting its potential as 
a chemical recycling route for EPS from ETICS. At application-relevant 
flame-retardant loadings, neither HBCD nor PolyFR significantly alters 
the styrene-dominated product distribution. The effect of BFRs on sty
rene was evaluated semi-quantitatively, thus conclusions are based on 
relative peak areas. Future work should include quantitative calibration 
to assess styrene yield and its dependence on BFR presence more 
precisely.

Quantitative TG-FTIR analysis shows that approximately 90 wt% of 
bromine is released as HBr during the first decomposition step 
(≤350 ◦C), independent of PS-PolyFR mixture composition, indicating 
composition-independent dehydrobromination pathways. At higher 
temperatures (>372 ◦C), deviations from superposition behavior and 
delayed volatilization indicate interactions between PolyFR decompo
sition intermediates and PS, leading to stabilization effects and 
increased residue formation. A direct comparison with HBCD at elevated 
loadings is limited by regulatory restrictions. Hence, mechanistic in
sights for HBCD-PS interactions are inferred from literature.

The temporal separation between HBr release and hydrocarbon 
formation provides key insights for process design. High heating rates 
(100 K•min− 1) show rapid bromine release under conditions relevant to 
technical pyrolysis, while lower heating rates (10 K•min− 1) highlight 
the feasibility of selectively separating HBr evolution from hydrocarbon 
formation. Together, these results indicate that both single-step and 
temperature-staged pyrolysis are viable strategies for flame-retarded 
EPS.

For practical implementation, further investigation of real ETICS 
waste streams is required, particularly regarding inorganic constituents 
such as cement and mineral fillers, which may promote bromine 
retention in the solid fraction. In addition, the potential influence of 
molecular weight and its distribution on pyrolysis behavior should be 
assessed. Integration with downstream gas treatment and oil upgrading 
will be essential to meet the purity requirements for circular PS pro
duction. The substantial separation of bromine as HBr demonstrated in 
this study is expected to significantly reduce the burden on downstream 
purification, thereby supporting the development of scalable recycling 
strategies for flame-retarded PS waste.
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