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Introduction

Brominated flame retardants (BFRs) have attracted particular 
attention in recent years both because of their widespread use in 
the fire protection in textiles, building materials and insulation, 
automotive equipment and electrical and electronic equipment 
(EEE) (Alaee, 2003; Baumgartner et al., 2013; Ling et al., 2022), 
and because of the growing concerns about their effects on 
human health and the environment (Currier et al., 2020; Klinčić 
et al., 2020). Polybrominated diphenyl ethers (PBDEs) as BFRs 
form a family of 209 theoretical congeners with different degrees 
of bromination (Pietroń and Małagocki, 2017).

These synthetic organic compounds are semi-volatile, non-
hydrolysable, resistant to acids and bases and generally poorly 
reactive. This explains their bioaccumulation in different environ-
mental compartments such as sediments and sewage sludge 
(Morris et al., 2004), air samples and water bodies (Covaci et al., 
2003; Li et  al., 2023) and in non-human organisms (Couderc 
et al., 2015; Sühring et al., 2013). As a result, these toxic mole-
cules bioaccumulate in the food chain and threaten the population 

through food consumption, ingestion of indoor dust and inhala-
tion of indoor air (He et  al., 2018). Decabromodiphenyl ether 
(DBDE) was one of the most widely used and produced BFRs in 
the past. After it was banned because of its toxicity, hexabromo
cyclododecane (HBCDD) replaced DBDE because of its effec-
tiveness in preventing the spread of fire. HBCDD was the third 
most used BFR after tetrabromobisphenol-A (TBBP-A) and 
DBDE (Panda et  al., 2020) until it was listed as a persistent 
organic pollutant (POP) by the Conference of the Parties (COPs) 
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to the Stockholm Convention (SC) on POPs in 2013 (Koch et al., 
2015). However, HBCDD can still be used until 2024 under cer-
tain circumstances. Thus, other additives have appeared on the 
market as new BFRs: decabromodiphenyl ethane (DBDPE) and 
tris(tribromophenoxy)triazine (TTBPT) (Guo et  al., 2018; Wu 
et al., 2012).

Despite restrictions on the use of DBDE, it is still present in 
large quantities in plastics found in waste EEE (WEEE) (Wäger 
et al., 2012). According to Taurino et al. (2010), WEEE contains 
between 10% and 30% of plastics. Hennebert and Filella (2018) 
estimated that all plastic fractions may contain significant concen-
trations of BFRs (>2000 mg kg−1). More recently, Hou et al. (2021) 
have shown that the new BFRs have similar bioaccumulation 
properties to PBDEs and are resistant to biotic and abiotic degrada-
tion. Waiyarat et al. (2022) reported the presence of HBCDD in 
dust from cars, homes and offices. In addition, work by Drage et al. 
(2019) has shown that HBCDD has been found in human serum. 
More recently, DBDPE and TTBPT have been detected in the 
environment, indoor air, dust, consumer products and food (Wang 
et al., 2019; Zuiderveen et al., 2020). On the other hand, the impact 
of these molecules on human health remains poorly understood. 
Wang et al. (2022) found that DBDPE causes locomotor neuro
toxicity and a potential increased risk of Alzheimer’s disease.

The recycling of plastics from WEEE cannot take place with-
out prior treatment to ensure the elimination of toxic molecules. 
Halogenated aromatic compounds in general have the ability  
to degrade into lighter molecules when exposed to UltraViolet 
(UV) –visible light (Gherdaoui et al., 2021; Touaa et al., 2020). A 
sufficient amount of absorbed electromagnetic energy triggers 
homolytic cleavage of the C-Br bond and causes structural rear-
rangements, including cleavage of the ether bond (Saeed et al., 
2020). Photolysis is an important transformation pathway for the 
fate of organobromine molecules. Much research has been done 
on PBDEs, especially DBDE, revealing its debromation pathway 
and photolytic products, especially in liquid medium (Eriksson 
et  al., 2004a; Pan et  al., 2016). The work of Eriksson and his  
collaborators (Christiansson et al., 2009; Eriksson et al., 2004b) 
has shown that PBDEs degrade in organic and aquatic media, 
forming mainly mixtures of lower brominated PBDEs, but also 
hydroxylated polybrominated dibenzofurans (PBDF-OH) and 

bromophenols. In contrast, little work has been done on the pho-
tolysis of DBDEs in solid media. Kajiwara et al. (2008, 2013) 
confirmed the photodegradation of DBDE in a high impact 
poly(styrene) (HIPS) polymer matrix under sunlight exposure for 
150 days in partial debromination to nona- and octa-BDE, but 
polybrominated diphenyl ether (PBDE) congeners such as BDE-
47, 99 and 100 were not formed. Khaled et al. (2018a, 2018b) 
reported that the presence of bromine in the polymer accelerated 
the photooxidation of the polymer under sunlight exposure, 
preventing the complete degradation of the BFR.

Several studies have investigated the photolytic degradation 
of DBDPE (Laouedj et al., 2014; Li et al., 2019a; Zhou et al., 
2020) and photocatalysis of HBCDD (Li et al., 2019b; Zhou  
et al., 2014), mainly in organic solvents. Laouedj et  al. (2014) 
have shown that DBDPE undergoes a stepwise reductive photo
lytic debromation in the solvent tetrahydrofuran (THF), which 
follows first-order kinetics. On the other hand, only a few works 
have investigated the photolysis of TTBPT. Lörchner et  al. 
(2019) reported the photodegradation of TTBPT under UV (C) 
irradiation and sunlight, and their ability to identify, for the first 
time, the photoproducts from the photoconversion process of 
TTBPT in liquid medium.

In this study, a polymer matrix widely used in flame-retardant 
electrical appliances, electronic instruments and insulation  
materials (Grause et al., 2015), and HIPS was targeted. HIPS and 
thermoplastics such as ABS, PC and PP account for the majority 
of plastics in WEEE, with HIPS alone accounting for 25% 
(Charitopoulou et al., 2021). This composite material consists of 
a polystyrene phase and a dispersed polybutadiene rubber phase. 
In order to study the photodegradation of DBDE, HBCDD and 
novel brominated flame retardants (NBFRs), the determination 
of the degradation rate, the effect on the polymer matrix and the 
identification of the volatile products were carried out. Chemical 
structures of each considered BFRs are given in Figure 1. This 
study is a continuation of previously published work on the 
photodegradation of DBDE in ABS (Aldoori et al., 2020, 2023). 
The aim was to better understand the degradation process of bro-
minated plastic waste by UV–visible irradiation and to optimise 
the experimental conditions. An alphabetical list of the abbrevia-
tions used and their meanings is given in Table 1.
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Figure 1.  Chemical structures of each considered BFRs.
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Materials and methods

Chemical products

Commercial DBDE (GC Deca 83) was purchased from Green
chemical S.p.a (Italy). Decabromodiphenyl ethane (DBDPE or 
FR-1410) and tris(tribromophenoxy)triazine (TTBPT or FR-245) 
were purchased from ICP-IP (Israel). Hexabromocyclododecane 
(HBCDD or SAYTEX BC-70HS) was purchased from Albemarle 
S.A. (Belgium), and HIPS styrolution® from INEOS Styrolution 
Group GmbH (Germany).

Sample preparation

Blends of 90 wt% HIPS/10 wt% DBDE, 90 wt% HIPS/10 wt% 
DBDPE and 90 wt% HIPS/10 wt% TTBPT were prepared by 
extrusion at CREPIM (Bruay-la-Buissière, France). The 90 wt% 
HIPS/10 wt% HBCDD blend was prepared using a twin-screw 
micro-extruder (Xplore, Hannover, Germany). Thin films of 
50 µm were produced using a Polystat 200 T moulding press 
(Servitec Maschinenservice GmbH, Wustermark, Germany) 
under appropriate conditions of pressure (10–350 bar), tempera-
ture (230°C) and time (1–4 minutes) to achieve satisfactory 
homogeneity in all samples.

Irradiation experiments

The irradiation of all the mixtures was carried out with a Xenon 
lamp LC8 (Hamamatsu Photonics France S.A.R.L, France), 
which covers a broad spectrum in the UV–visible range, similar 
to the spectrum of sunlight. This light source was equipped with 
an optical fibre with an outer beam diameter of 5 mm. The sam-
ples were fixed horizontally in a PTFE cell equipped with a 
quartz window of 1 mm thickness to allow maximum irradiance. 
The distance between the fibre and the sample was kept at 5 mm. 
The light intensity was determined to be 19 mW cm−2 at a wave-
length of 365 nm using a C6080-13 power meter (Hamamatsu 
Photonics France S.A.R.L., France).

Physicochemical analysis

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) analysis was 
performed using a Perkin Elmer Frontier spectrometer (Perkin 
Elmer, Waltham, MA, USA). The films were analyzed in the 
transmission mode with the spectral range between 600 and 
4000 cm−1. The number of cumulative scans was 16 with a spec-
tral resolution of 4 cm−1. All spectra were baseline corrected and 
normalised to a polymer-specific band. The values of the BFR 
conversion rates (in%) were calculated using the expression  
(H0–Ht)/H0*100, based on the absorbance of the band peaks at 
1354 cm−1 for DBDE and at 1245 cm−1 for HBCDD. H0 and Ht 
correspond to the pristine and irradiated films, respectively, and 
Ht is given as function of irradiation time t.

In order to follow the evolution of the C–Br band of the 
DBDE molecule, the FTIR spectra of pristine and irradiated 
90 wt% HIPS/10 wt% DBDE mixtures were obtained by using 
potassium bromide (KBr) pellets. The latter were prepared by 
grinding 3 mg of the sample and dispersing it in 97 mg of dry 
KBr powder. A pressure of 9 bar was applied during 3 minutes to 
prepare the KBr pellets.

High-resolution two-step laser mass 
spectrometry

Identification of the presence and removal of BFR from plastic 
films was achieved using a high-resolution two-step laser mass 
spectrometer (Fasmatech S&T, Athens, Greece). The experimen-
tal setup is explained in detail elsewhere (Duca et  al., 2021; 
Slavicinska et al., 2022). Briefly, the films were collected on a 
copper sample holder and introduced into the ion source of the 
mass spectrometer through a load-lock chamber. A neutral 
molecular plume was generated by laser desorption technique by 
second harmonic of Quantel Brilliant Nd:YAG laser (532 nm 
wavelength, 4 ns pulse duration, 10 Hz repetition rate). Desorbed 
neutral products were ionised by a second laser beam perpen-
dicular to the plume (4th harmonic of a Quantel Brilliant 
Nd:YAG, 266 nm wavelength, 4 ns pulse duration, 10 Hz repeti-
tion rate). The ions produced were extracted in a differentially 
pumped octupole trap to be thermalised by collisions with helium 

Table 1.  An alphabetical list of the abbreviations used and 
their meanings.

Abbreviations Explications

ABS Acrylonitrile butadiene styrene
BDE Brominated diphenyl ether
BFR Brominated flame retardant
COP Conference of parties
DBDE Decabromodiphenyl ether
DBDPE Decabromodiphenyl ethane
DSC Differential scanning calorimetry
EEE Electrical and electronic equipment
EI Electron ionisation
FR Flame retardant
FTIR Fourier transform infrared spectroscopy
HBCDD Hexabromocyclododecane
HIPS High impact polystyrene
HT High temperature
NBFRs Novel brominated flame retardants
PBDEs Polybrominated diphenyl ethers
PBDF-OH Hydroxylated polybrominated dibenzofurans
PC Polycarbonate
POP Persistent organic pollutant
PP Polypropylene
PS Polystyrene
PTFE Polytetrafluoroethylene
QCM Quadrupole Mass Spectrometer
SC Stockholm convention
TBBP-A Tetrabromobisphenol-A
TGA Thermogravimetric analysis
THF Tetrahydrofuran
TTBPT Tris (tribromophenoxy)triazine
Tg Glass transition temperature
WEEE Waste from electrical and electronic equipment
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atoms injected by a fast solenoid valve. This increased the mass 
resolution of the spectrometer to m/Δm∼1.5 × 104. The trapped 
ion packets were transported into the extraction/acceleration 
region of the orthogonal time-of-flight mass analyser. The mass 
spectra were recorded using nine mass windows to cover the 
6–1200 m/z mass range. For each mass spectrum, the signal gen-
erated by 35 cumulative laser pluses (fluence of 80–100 mJ cm−2) 
at different positions on the film was averaged.

Headspace- gas chromatography/mass 
spectrometry

The volatiles formed during irradiation were analysed by head-
space gas chromatography/mass spectrometry (GC/MS). Samples 
of each mixture were cut into 1 cm² square pieces and irradiated 
vertically through an airtight Pyrex vial. Irradiation times were 
adjusted to match the photodegradation efficiency of the cell in 
relation to the light absorption of the glass vial. The vials were 
analysed immediately after irradiation using a headspace device 
coupled to a GC/MS system (HS-20, Perkin Elmer, Waltham, 
MA, USA). The oven temperature was set at 150°C to promote 
desorption from the vial walls and to avoid condensation. Volatile 
molecules were separated in a GC system (Clarus 680, Perkin 
Elmer, Waltham, MA, USA) using a 30 m × 0.25 mm Elite-XLB 
capillary column with a 0.10-μm layer thickness and identified 
with a Quadrupole Mass Spectrometer (QMS) (Clarus 600T, 
Perkin Elmer, Waltham, MA, USA). The injector temperature was 
set at 180°C. Helium was used as the carrier gas at a constant 
pressure of 20 psi. Electron ionisation (EI) was performed at an 
energy of 70 eV, an ion source temperature of 180°C and an inter-
face temperature of 300°C, scanning the range m/z = 40–620.  
The initial programme temperature was set at 70°C for 3 minutes, 
followed by a ramp of 5°C minute−1 to 250°C. Identification  
was performed by matching the MS spectra of each molecule to 
a standard reference database from the National Institute of 
Standards and Technology (NIST), version NIST14. Experiments 
were repeated at least three times and only recurring molecules 
are listed.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed on a Pyris 1 
TGA apparatus (Perkin Elmer, Waltham, MA, USA) with a reso-
lution of 1 μg. The average sample mass was 8 mg, placed in 
Platinum-HT crucibles. Sample heating was performed from 
25°C to 800°C with a rate of 10°C minute−1 under nitrogen 
atmosphere at a flow rate of 20 mL minute−1.

Differential scanning calorimetry

The glass transition temperature of the polymers before and after 
irradiation was measured using a differential scanning calorime-
try (DSC) 8000 instrument (Perkin Elmer, Waltham, MA, USA). 
Samples were prepared by placing 6–8 mg of polymers in sealed 
aluminium capsules. Three consecutive heating and cooling 
cycles were performed under nitrogen flow at a ramp rate of 

10°C minute−1 in the temperature range from −75°C to 190°C. 
The glass transition temperatures were calculated from the calo-
rimetric data of the second heating ramp. The glass transition 
temperature was determined by the inflection point method using 
the Pyris TM Manager software (Perkin Elmer, Waltham, MA, 
USA).

Results and discussion

Determination of the degradation kinetics

The FTIR spectrum of pure DBDE is dominated by a broad, 
intense vibrational band located between 1250 and 1370 cm−1, as 
shown in Figure 2(a), which corresponds to the asymmetric 
stretching vibration of the C–O–C bridge connecting the two aro-
matic rings (Aldoori et al., 2020). Figure 2(b) presents a FTIR 
spectrum of irradiated pristine HIPS as well as spectra of non-
irradiated pristine HIPS and 90 wt% HIPS/10 wt% DBDE sam-
ples. The latter shows a maximum at 1354 cm−1 corresponding  
to the C–O–C vibration. This band largely exceeds a small 
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HIPS vibration band and has no overlapping effects with other 
HIPS bands (Al-Kadhemy et al., 2016; Liang and Krimm, 1958; 
Thanh Truc and Lee, 2017). It is important to note that the FTIR 
analysis of pristine HIPS irradiated under the same experimental 
conditions as the HIPS/BFR blend showed no spectral change 
compared to the pristine polymer.

As for HBCDD, the observation of the FTIR spectra of both 
systems: pristine HIPS and 90 wt% HIPS/10 wt% HBCDD mix-
ture revealed the appearance of a new band located at 1245 cm−1 
for the latter, as shown in Figure 3. In fact, this band corresponds 
to the alicyclic C–C bond of the HBCDD molecule, which can be 
used as a signature (Zhang et al., 2014). The intensity of the two 
bands, C–O–C and alicyclic C–C, increase linearly with the con-
centration of BFR in the polymer matrix, thus allowing to follow 
the decrease of the concentration of brominated molecules after 
exposure to UV–visible radiation. The spectral evolution of the 
90 wt% HIPS/10 wt% DBDE and 90 wt% HIPS/10 wt% HBCDD 
blends as a function of irradiation time are shown in Figure 4(a) 
and (b), respectively. A relatively strong reduction of the two 
bands corresponding to the ether bond and the alicyclic bond of 
DBDE and HBCDD molecules, respectively, was observed after 
a few seconds of exposure to UV–visible radiation. This is an 
indication of the degradation of the BFRs, resulting either in the 
cleavage of the C–Br bond, as suggested by its rather low disso-
ciation energy, or in the cleavage of the C–O–C and C–C bonds, 
or both.

The two mixtures 90 wt% HIPS/10 wt% DBDE and 90 wt% 
HIPS/10 wt% HBCDD, as well as pristine HIPS, showed rather 
similar FTIR spectra, except for the presence of the two charac-
teristic bands C–O–C and acyclic C–C. These bands are specific 
for the brominated molecules DBDE and HBCDD and are 
located at 1354 and 1254 cm−1, respectively. As a result, the C–Br 
vibrations of DBDE (960, 761 and 615 cm−1) and HBCDD (500–
700 cm−1) were difficult to detect. In fact, they represent weak 
signals and overlap with the intense bands of the polymer. 
However, in the case of the 90 wt% HIPS/10 wt% DBDE blend, a 
shoulder at 615 cm−1 was observed within a broad peak ranging 
from 605 to 640 cm−1 (Figure 5). The intensity of this shoulder is 
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too low to reliably monitor the presence of bromine in the poly-
mer matrix. However, a decrease in the shoulder as a function of 
exposure time was observed, consistent with the decrease in the 
main C–O–C band of DBDE.

The effect of UV–vis irradiation was compared for the two 
systems 90 wt% HIPS/10 wt% BFR and pristine HIPS, according 
to the decrease of the absorption band at 1354 cm−1 for DBDE 
and at 1245 cm−1 for HBCDD. The results obtained after calculat-
ing the BFR conversions using the above formula are shown in 
Figure 6(a) and (b). It should be noted that this approach provides 
only a rough estimate of the BFR conversion, as the absorption 
band considered here could be subject to overlapping effects with 
other bands, especially as the photolysis progresses. The photo-
degradation of DBDE and HBCDD followed pseudo-first-order 
kinetics with a rate constant of 0.14 and 0.019 s−1, respectively, 

with a degradation rate of more than 50%. The degradation rate 
varies considerably depending on the characteristics of the solids 
and different irradiation conditions (Pan et  al., 2016). HIPS is 
sensitive to UV–visible radiation in the presence of bromine radi-
cals and in the presence of atmospheric oxygen (David et  al., 
1977). The latter authors reported that the polymer underwent 
embrittlement, reflected by yellowing of the film surface, which 
slowed the degradation of the BFRs by hindering radiation pen-
etration. As a result, films of the 90 wt% HIPS/10 wt% HBCDD 
blend were photo-oxidised before reaching a plateau, thus pre-
venting photodegradation tracking at longer exposure times.

Efficiency of the debromination process

Two-step laser mass spectrometry mass spectra were recorded in 
negative ion mode to illustrate the bromine removal obtained 
after UV–vis irradiation of films composed of 90 wt% HIPS and 
10 wt% BFRs. The mass spectra of these blends before and after 
irradiation were compared with the spectra of pure pristine 
HIPS. Figure 7(a) and (b) shows the results obtained for 90 wt% 
HIPS/10 wt% DBDE and 90 wt% HIPS/10 wt% HBCDD, 
respectively. The peaks observed at 79 and 81 m/z in both HIPS/
BFR mixtures, which are not seen in pristine HIPS, correspond 
well to the fragmented bromide. The additional high intensity 
peaks detected in all spectra at 60, 72, 84 and 96 m/z were attrib-
uted to enriched carbon clusters C5, C6, C7 and C8, respec-
tively, and associated with pristine HIPS. In both HIPS/BFR 
systems, the intensity of the bromide peaks decreased by one 
order of magnitude after 90 s (HIPS/DBDE) and 100 s (HIPS/
HBCDD) UV–vis irradiation, confirming the efficiency of the 
debromination process.

Identification of volatile products

Detection and identification of volatile by-products were per-
formed using a headspace instrument coupled to GC/MS analy-
sis, which revealed the presence of several brominated as well 
as non-brominated molecules listed in Table 2, for the mixtures 
90 wt% HIPS/10 wt% DBDE, 90 wt% HIPS/10 wt% DBDPE 
and 90 wt% HIPS/10 wt% TTBPT. The corresponding GC chro-
matograms are shown in Figure 8(a)–(c), respectively.

Khaled et al. (2018b) reported the presence of several photo-
products in the gas phase, that are commonly detected during 
the oxidation of PS. These were carboxylic acids such as formic 
acid, malonic acid and benzoic acid. These products were  
not detected for the 90 wt% HIPS/10 wt% DBDE and 90 wt% 
HIPS/10 wt% DBDPE blends. However, only benzoic acid was 
identified for the 90 wt% HIPS/10 wt% TTBPT mixture. On the 
other hand, several photoproducts in the form of aromatic com-
pounds could be detected upon irradiation of HIPS/BFR. These 
brominated molecules should originate from the combination of 
released brominated radicals with volatile monomers and small 
polymer fragments. This confirms that bromine radicals released 
during irradiation do attack polymer chains to form volatile 
brominated molecules that could accelerate plastic degradation. 
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Figure 6.  Photodegradation kinetics in ambient air of 
the mixtures (a) 90 wt% HIPS/10 wt% DBDE, (b) 90 wt% 
HIPS/10 wt% HBCDD, based on the absorbance of the band 
peaks at 1354 cm−1 for DBDE and at 1245 cm−1 for HBCDD.
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In fact, no volatile by-products were detected during irradiation 
of the virgin polymer.

Styrene monomers were identified in the three mixtures 
90 wt% HIPS/10 wt% DBDE, 90 wt% HIPS/10 wt% DBDPE 
and 90 wt% HIPS/10 wt% TTBPT because bromine radicals 
from the phototransformation of BFRs react with HIPS in the 
presence of atmospheric oxygen. The low molecular weight spe-
cies of DBDE and DBDPE could then combine with these mon-
omers to form brominated species such as (1,2-dibromoethyl)
benzene, (1-bromoethyl)benzene, dibromoethylbenzene and 
bromoethylbenzene. These species could also be formed from 
the fragments produced by cleavage of the ether bond in the  
case of DBDE or the ethane bridge in the case of DBDPE.  
Bromononane could also be formed from butadiene dimers or 
from cleavage of the polymer chain.

In the case of TTBPT, the main by-products were bromophe-
nols, which were most likely formed from the flame retardant 
itself by cleavage of an ether bond, independent of interaction 
with the polymer matrix. These small molecules contained less 
bromine than the original molecule.

For comparison, Koch et al. (2016, 2019) studied the photo-
degradation of a new BFR called polymer FR, a block copolymer 
of polystyrene and brominated polybutadiene. The latter was 
immersed in water to trap the degradation by-products. Indeed, 
they found a certain solubility of these products in water and 
several brominated molecules were detected. Their chemical 
structures were similar to those of the by-products identified 
above, but with a higher bromine density.

Evaluation of thermal properties

In amorphous polymeric materials, the glass transition tempera-
ture is specifically related to the mobility of the polymer chains 
and determines the transition between the glassy and rubbery 
polymer states (Vilaplana et al., 2007). The results of the DSC 
analysis of the 90 wt% HIPS/10 wt% DBDE blend, shown in 
Figure 9, showed no increase in the glass transition temperature 
(Tg) of pristine HIPS after irradiation. Neither endo- nor exother-
mic phenomena other than those related to Tg were observed in 
the temperature range studied (−75°C to 190°C). Prior to irradia-
tion treatment, the Tg of the 90 wt% HIPS/10 wt% DBDE mix-
ture was determined to be about 93.3°C. The decrease from the 
corresponding value of pristine HIPS (96.4°C) was attributed to 
the impurity effect caused by the addition of DBDE, which 
increased the mobility of the polymer chains. For the polybuta
diene portion in HIPS, the corresponding glass transition was 
expected to occur at low temperatures around −90°C (He et al., 
1986), which was not detected in this report.

On the other hand, in the case of irradiated 90 wt% HIPS/ 
10 wt% DBDE, the Tg increased and reached the value of 101°C. 
This increase may be related to the presence of a certain amount 
of cross-linked species. Another explanation is a decrease in 
molecular mobility due to the modification of the sample surface 
by an oxidation phenomenon that modifies the free volume. 
However, this increase in Tg remained moderate.

Thermograms and their derivatives obtained by TGA of pris-
tine HIPS and the 90 wt% HIPS/10 wt% BFR blend are shown in 
Figure 10. HIPS showed complete degradation in a single step. 
Mass loss started at about 200°C, and the entire polymer was 
degraded at 450°C. The 90 wt% HIPS/10 wt% DBDE, 90 wt% 
HIPS/10 wt% DBDPE and 90 wt% HIPS/10 wt% TTBPT blends 
degraded in two steps: The thermograms (Figure 10(a) and (b)) 
show a major mass loss of 96% between about 250°C and 445°C, 
corresponding to both the polymer and the added BFRs. This 
mass loss was followed by another step up to 520°C, related to 
partial crosslinking of the polymer, as shown by the derivatives 
shown in Figure 10(c) and (d).

For the 90 wt% HIPS/10 wt% HBCDD blends, three degrada-
tion steps were observed. The HBCDD degraded first between 

Figure 7.  (a) Comparison of the HR-L2MS spectra of pristine 
HIPS (black colour), non-irradiated (blue colour) and an 
irradiated (90 s) mixture of 90 wt% HIPS/10 wt% DBDE (purple 
colour). (b) Comparison of HR-L2MS spectra of pristine HIPS 
(black colour), non-irradiated (blue colour) and an irradiated 
(100 s) mixture of 90 wt% HIPS/10 wt% HBCDD (purple colour).
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Table 2.  Representation of the identified molecules in the gas phase for the mixtures (a) 90 wt% HIPS/10 wt% DBDE, (b) 90 wt% 
HIPS/10 wt% DBDPE and (c) 90 wt% HIPS/10 wt% TTBPT after the end of the irradiation process.

No. Molecules identified by MS CAS number Chemical structure HIPS/DBDE HIPS/DBDPE HIPS/TTBPT

1 Styrene 9003-53-6 X X X

2 2-Phenylpropenal 495-10-3
O

X X X

3 Benzoic acid 65-85-0
O

HO X

4 2-Bromovinylbenzene 588-72-7 Br X  

5 Bromoethylbenzene 103-63-9 Br X X

6 (1-Bromoethyl) benzene 585-71-7
Br

X  

7 (1-Bromoethenyl) benzene 98-81-7
Br

X  

8 Bromophenol 591-20-8 OH

Br

X X

9 2-Propenylbenzene 300-57-2 X  

10 Dibromophenol 626-41-5 OH

Br

Br X

11 Phthalic anhydride 85-44-9
O

O

O

X

12 2-Bromo-1-phenylethanol 2425-28-7
OH

Br X  

13 2-Phenyl-2-propanol 617-94-7
OH

X X  

14 Bromophenylethenone 2142-63-4
O

Br
X X X

15 Diphenyl ether 101-84-8 O X  

16 Tribromobenzene 626-39-1 Br

Br

Br X

17 1,(2,2-Dibromoethyl) benzene 30812-87-4
Br

Br X  

18 1,(1,2-Dibromoethyl) benzene 93-52-7
Br

Br X  

19 Bromononane 693-58-3 Br X  

20 3-Bromo-1-phenyl-1-propene 4392-24-9 Br X  

21 1,3-Diphenylpropane 1081-75-0 X X X

22 2,4,6-Tribromophenol 118-79-6 OH

BrBr

Br

X
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200°C and 300°C (Barontini et  al., 2001) with a mass loss of 
9.3%, followed by a second mass loss of 86.7% corresponding to 
the degradation of the polymer backbone. The thermal degrada-
tion products of HBCDD reacted with the polymer during heat-
ing to form a thermally resistant fraction (Figure 10(b)). However, 
the latter was completely degraded between 430°C and 520°C 
(Figure 10(d)).

The thermal behaviour of all 90 wt% HIPS/10 wt% BFR 
blends was also investigated after irradiation. A slight increase in 
the onset temperature of degradation was observed for the three 
irradiated 90 wt% HIPS/10 wt% DBDE, 90 wt% HIPS/10 wt% 
TTBPT and 90 wt% HIPS/10 wt% HBCDD blends (Figure 10(a) 
and (b)). This could be an indication of thermal degradation of 
the BFRs. The increase was more interesting in the case of the 
90 wt% HIPS/10 wt% HBCDD mixture because it occurred in the 
temperature range of HBCDD degradation, recording a mass loss 
of 6.6%. The derivative of the 90 wt% HIPS/10 wt% DBDPE 
blend (Figure 10(d)) showed a slight shift to lower temperatures 
with respect to the polymer.

Finally, a small increase in the heat resistant fraction was also 
observed for the mixtures 90 wt% HIPS/10 wt% DBDE and 
90 wt% HIPS/10 wt% TTBPT. This could be due to photoprod-
ucts resulting from irradiation. However, the degradation profiles 
were globally quite similar for all samples, and no formation of 
carbonaceous residues was observed.

Conclusions

In this report, the photodegradation of dispersions of DBDE, 
HBCDD and the NBFRs DBDPE and TTBPT in HIPS was 
investigated by FTIR and L2MS. HIPS was chosen as the poly-
mer matrix because it contributes to the main plastic fractions  
of WEEE. The photodegradation of DBDE and HBCDD was 
found to follow pseudo-first-order kinetics with a rate constant of 
0.14 and 0.019 s−1, respectively. The overall decontamination of 
both brominated systems, DBDE/HIPS and HBCDD/HIPS, was 
significant (>50%).

Identification of volatile by-products released during  
irradiation of DBDE, DBDPE and TTBPT containing HIPS 
showed that brominated aromatic compounds were present in 
all irradiated samples, among which bromophenols were the 
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Figure 8.  GC chromatograms of mixtures (a) 90 wt% 
HIPS/10 wt% DBDE, (b) 90 wt% HIPS/10 wt% DBDPE and (c) 
90 wt% HIPS/10 wt% TTBPT, after irradiation. Peak labels 
refer to the list in Table 2 for each blend.
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most abundant species in the case of TTBPT molecule. The 
results obtained showed a degradation of the exposed sample 
surface during the photolytic process, related to cross-linking 
effects due to the presence of bromine radicals. However,  
the thermal properties of HIPS were globally preserved. UV–
visible irradiation was shown to be an effective and simple 
method to destroy BFRs dispersed in HIPS, thus allowing the 
reuse of the decontaminated HIPS for further processing. 
Further research will be conducted to evaluate the toxicity of 
the volatile by-products generated during photolysis.
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