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Abstract Plastics from cathode ray tube (CRT) casings were
sampled in Nigeria and analysed for their polybrominated
dibenzo-p-dioxin and dibenzofuran (PBDD/F) content.
PBDD/Fs, consisting mainly of PBDFs, were detected in
BFR containing plastic with a median (mean) concentration
of 18,000 ng/g (41,000 ng/g). The PBDD/Fs levels were
highest in samples containing PBDEs, but the levels of
PBDFs were two orders of magnitude higher than the levels
reported in the technical PBDE mixtures and where frequently
exceeding 1000 pg/g of PBDE content. These higher levels
are likely to arise from additional transformation of PBDEs
during production, use, recycling, or storage, but the processes
responsible were not identified in this study. PBDD/Fs in CRT
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casings containingl,2-bistribromophenoxyethane (TBPE)
were dominated by tetrabrominated dibenzo-p-dioxin
(TBDDs) with concentrations around 10 pg/g of the TBPE
content. The PBDD/Fs in CRT casings containing
tetrabromobisphenol A (TBBPA) were found at concentra-
tions around 0.1 png/g of TBBPA levels. Casings treated with
TBPE or TBBPA often contained PBDEs (and PBDF) as im-
purities—probably originating from recycled e-waste plastics.
It was estimated that the 237,000 t of CRT casings stockpiled
in Nigeria contain between 2 and 8 t of PBDD/Fs. The total
PBDD/F contamination in polymers arising from total historic
PBDE production/use is estimated in the order of 1000 t. TEQ
values of CRT samples frequently exceeded the Basel Con-
vention’s provisional low POPs content of 15 ng TEQ/g. Due
to the significant risks to health associated with PBDD/Fs,
more detailed studies on the exposure routes from PBDD/Fs
in stockpiles are needed.

Keywords PBDD - PBDF - Brominated flame retardants -
WEEE - PBDEs - Stockholm convention - Basel convention -
BFR

Introduction

Brominated flame retardants (BFRs) including polybrominated
diphenyl ethers (PBDESs), tetrabromobisphenol A (TBBPA), 1,
2-bistribromophenoxyethane (TBPE) and
hexabromocyclododecane (HBCD), and others (Arcadis and
EBRC 2011) are added to synthetic materials such as plastic
or foams to reduce their flammability (Shaw et al. 2010). Major
application of BFRs include plastic casings of electronics, cables
and circuit boards, polyurethane foams in upholstery in transport
and furniture, and insulation foam in construction (Simonsen
et al. 2000; BSEF 2000). Releases of BFRs from products and
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during production and end-of-life treatment and disposal have
resulted in widespread environmental and human contamination
(Labunska et al. 2014; Ma et al. 2009; Shaw et al. 2010;
Takigami et al. 2008: Watanabe and Sakai 2003; Weber et al.
2011; Wong et al. 2007). Several BFRs including certain
PBDEs, hexabromobiphenyl (HBB) and HBCD have already
been listed as persistent organic pollutants in the Stockholm
Convention (POP-BFRs) (Secretariat of the Stockholm Conven-
tion 2012a, b; Secretariat of the Basel Convention 2014).

It has been demonstrated that products and materials con-
taining BFRs often also contain polybrominated dibenzo-p-
dioxins and dibenzofurans (PBDD/Fs) (WHO 1998; Ebert
and Bahadir 2003; Hale et al. 2002; Hagberg et al. 2006). This
is a result of their unintentional formation and release through-
out the life cycle of BFRs (Shaw et al. 2010). PBDD/Fs can be
formed or released during the production of BFRs (WHO
1998; Hanari et al. 2006; Ren et al. 2011), during the manu-
facture of BFR containing products (Luijk et al. 1992; Ota
etal. 2009; Ren et al. 2008), and in the recycling and disposal
of BFR-containing polymers (Ebert and Bahadir 2003;
Zennegg et al. 2014). For some flame retardants (notably
PBDEs), the levels of PBDD/F contamination can increase
during the use phase of the product by, for example, exposure
to sunlight as has been observed in plastic matrices (Kajiwara
et al. 2008) and in textiles (Kajiwara and Takigami 2010;
Kajiwara et al. 2013). DecaBDE even formed PBDF when a
spiked fish sample was heated to 200 °C (Vetter et al. 2014).

PBDD/Fs have physicochemical properties and toxicities
similar to those of the highly toxic polychlorinated dibenzo-p-
dioxin and dibenzofurans (PCDD/F) and are therefore of con-
cern (Behnisch et al. 2003; Birnbaum et al. 2003; van den Berg
et al. 2013). PBDD/Fs have been detected in various environ-
mental and biological matrices (Litten et al. 2003; Terauchi et al.
2009; Jogsten et al. 2010; Sepulveda et al. 2010; Hayakawa
et al. 2004) and food sources such as shellfish and fish
(Fernandes et al. 2008; Ashizuka et al. 2008). The UK food
authority has recently presented a comprehensive survey on
PCDD/Fs, PBDD/Fs and PXDD/Fs in British food and
highlighted that up to 30 % of TEQ could stem from PBDD/Fs,
and additional 20-50 % could come from PXDD/Fs (Mortimer
et al. 2013). PBDFs are also important contributors to dioxin-
like exposure from house dust in Japan and the USA (Suzuki
et al. 2007, 2010; Tue et al. 2013). In Sweden, the PBDD/F-
TEQ contribution in human background contamination reached
up to 15 % of TEQ (Ericson Jogsten et al. 2010), and fire fighters
in the USA had 20 times higher TEQ levels from PBDD/Fs
compared to PCDD/F in their blood (Shaw et al. 2013).

The largest amount of PBDD/Fs and their mixed
brominated-chlorinated analogues (PXDD/Fs) are probably
formed and released in the end-of-life stage of BFR containing
plastics. In particular, the PBDD/F and PXDD/F contamina-
tion of sites where e-waste have been treated and burned in the
open are described in a range of studies (Chi et al. 2011; Li
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etal. 2007; Ma et al. 2009; Shaw et al. 2010; Yu et al. 2008) or
from related metal industries (Wang et al. 2010). Initial studies
on PCDD/F and PBDD/F levels in humans at e-waste
recycling sites were assessed in Vietnam and were higher
compared to background sites (Tue et al. 2014).

Recently, the WHO toxic equivalency factor (TEF) expert
panel concluded that PBDD, PBDF and some dioxin-like bi-
phenyls (dI-PBBs) may contribute significantly to the daily
human background exposure to total dioxin toxic equivalents
(TEQs) (van den Berg et al. 2013).

These recent findings demonstrate that PBDD/Fs (and
PXDD/Fs) seem relevant contaminants that humans are ex-
posed to and highlight the need to assess and control their
sources. A mini-review on management of PBDE-treated
plastic has been published for China (Deng et al. 2014).

The knowledge on the total amount of PBDD/F present in
material flows is important to understand and control the
sources of PBDD/Fs and the related risk for human exposure.
While for PCDD/Fs, the Stockholm Convention has devel-
oped a methodology to develop inventories in the frame of
the Stockholm Convention (UNEP 2013), inventories of
PBDD/Fs and a methodology to estimate the total amount of
e.g. PBDD/Fs in material flows of BFR containing materials
are missing. Since the largest share of BFRs is present in
plastic from electronics, the assessment of these material and
the related recycling streams seems of key importance, in par-
ticular, considering that plastic from e-waste is partly recycled
into sensitive applications such as children toys, household
goods or food container materials (Chen et al. 2009, 2010;
Samsonek and Puype 2013; Diamond 2014).

The objective of this study was to investigate the presence
and levels of PBDD/Fs in plastics from waste electrical and
electronic equipment (WEEE), including cathode ray tube
(CRT) casings of computer and televisions (TV), collected from
various e-waste sites in Nigeria. The plastics investigated have
been screened for the presence and levels of brominated flame
retardants, including PBDEs during a previous study (Sindiku
et al. 2014), and preliminary results were presented at confer-
ences (Sindiku et al. 2013). One aim was also to derive for key
brominated flame retardants and the related PBDD/F levels in
e-waste plastic initial contamination factors which might allow
a rough estimate of PBDD/F volume for key BFRs.

Material and methods
Sampling and selection of samples

A total of 382 plastic samples from 158 TV CRT casings and
224 computer CRT casings imported from different regions
were collected from eight locations in Ogun State and Lagos
State in southwest Nigeria. Sampling was carried out between
January and March 2011 for the analysis of brominated flame
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retardants (Sindiku et al. 2014). The samples were specifically
selected from waste storage sites, electronic workshops, road-
sides, dumpsites and dismantling sites, thus covering the loca-
tions where a large portion of e-waste in Nigeria is stored or
dumped (Sindiku et al. 2014). The labels on the TV and com-
puter monitor casings were examined for information on the
manufacturer, brand, model, serial number, year (1983-2006)
and the country/region of production (for details, see Sindiku
et al. 2014). From these set of 382 TV and computer CRT
casings, 52 plastic samples were selected for the analysis of
PBDD/Fs based on the following:

1. Four BFRs previously analysed by gas chromatography
electron capture detector (GC-ECD) (commercial
OctaBDE, commercial DecaBDE, TBBPA and TBPE)

2. Bromine content screened by using X-ray fluorescence
(XRF) analysis (<5 -106,400 pug/g) (Sindiku et al. 2014)

Chemicals

All solvents used were of analytical grade quality. Toluene, n-
hexane, dichloromethane and acetone were purchased from
Merck (Darmstadt, Germany), tetrahydrofuran from VWR In-
ternational (Fontenay-sous-Bois, France) and tetradecane
from Fluka (Steinheim, Germany).

Silica gel 60 (0.063—0.200 mm; Merck, Darmstadt, Germa-
ny) of chromatography grade was used. It was washed with
methanol and dichloromethane and activated and stored at
120 °C prior to use. Anhydrous sodium sulphate, sulphuric
acid and potassium hydroxide were of pro analysis grade from
Merck (Darmstadt, Germany). Similarly, sodium sulphate was
dried at 550 °C for 48 h.

Sand, Fontainebleau (VWR International, Prolabo) used
for accelerated solvent extraction (ASE), was kept in the oven
for 24 h at 550 °C. Glass microfiber filters were from
Whatman International Ltd. (Maidstone, England). The
Florisil (0.150-0.250 mm), supplied by Merck (Darmstadt,
Germany) was kept in the oven for 24 h at 550 °C.

The *C-labelled PBDD/Fs and PCDD/Fs internal standard
solution used for quantification originated from Wellington Lab-
oratories (Guelph, Canada), while the native standard was from
Cambridge Isotope Laboratories (Massachusetts, United States).
The PBDD/F and PCDD/F homologues include the total of 2,3,
7,8-substituted and the non-2,3,7,8-substituted congeners.

Sample extraction and analysis

Samples were extracted by dissolution and precipitation meth-
od using two subsequent solvents, tetrahydrofuran and n-hex-
ane, to efficiently recover all target compounds. About 0.5 g
of plastic samples of TV and computer were dissolved in 5 mL
of tetrahydrofuran and vortexed for 20 min until the plastic

fully dissolved. About 2 mL of'the dissolved polymer solution
was spiked with '*C-labeled Tetra-Octa PBDD/Fs and PCDD/
Fs standard solutions. Then, by the stepwise addition of about
6-8 mL n-hexane, the entire polymer was precipitated. The
supernatant was separated from the precipitated polymer, and
the extract was concentrated and exchanged to hexane using a
rotary evaporator.

The extracts were purified and fractionated on two different
open chromatographic columns. First, a multilayered silica gel
column consists of (from top to bottom) 1 g anhydrous sodium
sulphate, 4 g H,SO-impregnated silica gel (40 %), 1.4 g neutral
silica gel, and 3 g KOH-impregnated silica gel and finally a plug
of glass wool (everything pack in 16 mm i.d. glass column) to
remove fats or any polar interfering substances, followed by a
column (same type as above) consisting of 5 g Florisil
(deactivated with 1 % water) mainly to separate the dioxins (both
PCDD/Fs and PBDD/Fs) from the PBDEs (Li et al. 2007). Both
columns were rinsed with two bed volumes of n-hexane before
use. After sample application, the first column was eluted with
140 mL of n-hexane to recover the target contaminants, while the
second column was eluted with 90 mL of n-hexane to recover the
PBDEs followed by 150 mL of n-hexane/dichloromethane
(40:60, v/v) to recover the dioxins. After each column, the col-
lected eluates were evaporated to 1 mL using a rotary evaporator.
Recovery standards (RS) consisting of '*C-labelled 1,2,3,4,6,8.9-
HpCDF for the dioxins and "*C-labelled NonaCB (PCB#208)
for the PBDEs were added to the final evaporated samples, after
which they were further evaporated and the solvents were ex-
changed to tetradecane 100 pL for the PBDE fraction and 40 pul
for the dioxin fraction. The samples were transferred to 2-mL GC
vials with 150-puL inserts and subjected to GC/HRMS analysis.

Instrumental analysis

All targeted compounds (PBDD/Fs and PCDD/F) were
analysed by gas chromatography high-resolution mass spec-
troscopy (GC-HRMS) using a Hewlett-Packard 6890N GC
(Agilent Technologies, Palo Alto, CA) connected to a Waters
Autospec Ultima MS (Waters Corp., Milford, MA, USA) op-
erated in electron impact (EI) mode (34 eV) at resolution of
x10,000. The analyses were performed by using isotope-
dilution technique according to SS-EN 1948-3. The two most
intense ions of each molecular ion isotope distribution cluster
were monitored, and the selected ion recording (SIR) descrip-
tor was divided in time segments, during which only one
homologue group was monitored, to enhance the sensitivity.

For PBDD/Fs, a 15 mx0.25 mmx0.25 um J&W Scientific
DB-5MS column (Agilent, Palo Alto, CA, USA) was used for
the GC separation. Each analysis was initiated by injecting a
2-uL aliquot of the sample at an injector temperature of
280 °C, a constant flow of helium carrier at 1.0 mL/min, and
a slightly different GC oven temperature program: 190 °C for
2 min, raise at 3 °C/min to 280 °C and hold for 10 min.
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A 60 mx0.25 mmx0.25 um J&W Scientific DB SMS fused
silica column (Agilent, Palo Alto, CA, USA) was used for the
GC separation of PCDD/Fs. Each analysis was initiated by
injecting a 2-pL aliquot of the sample in split-less mode at an
injector temperature of 280 °C. The GC oven was temperature
programmed as follows: 200 °C for 2 min, raised at 3 °C/min to
300 °C and held for 3 min. The helium gas was set to a constant
flow of 1.2 mL/min using the electronic pressure control. The
performance of the analyses fulfilled the requirements laid down
in the European commission directive 2002/69/EC.

All compounds were quantified by comparing ratios of na-
tive compounds and added '*C-labeled isotopes of the same
compounds in the samples and known reference standards,
using the isotope dilution method. Eleven congeners of
PBDD/Fs (2,3,7,8-TBDF, 2,3,7,8-TBDD, 1,2,3,7,8,-PeBDF,
2,3,4,7,8-PeBDF, 1,2,3,7,8-PeBDD, 1,2,3,4,7,8-HxBDF, 1,2,
3,7,8,9-HxBDD, 1,2,3,4,6,7,8-HpBDF, 1,2,3,4,6,7,8-HpBDD,
OBDF and OBDD) were quantified based on the response
factors obtained from the corresponding standards. All 17 2,3,
7,8-PCDD/Fs were quantified. For TEQ calculation', the TEF
factors according to WHO (2005) were used (van den Berg
etal. 2006). For PBDD/Fs, the TEFs of the similarly substituted
PCDD/Fs were used following the recent recommendation of
the WHO group (van den Berg et al. 2013). Only values higher
than the limits of detection (LOD) for the respective com-
pounds were included in the calculations.

Quality assurance/quality control

A procedural blank, a spiked blank consisting of all chemicals
and a duplicated sample were run with each batch of 10 sam-
ples to assess potential sample contamination and the repeat-
ability of analysis. Results showed that no target compounds
were detected in the blanks. The limits of detection (LOD)
were estimated as three times the noise level.

For TEQ calculations, values below the LOD were set to
zero. The recovery of the individual PBDD/Fs congeners
ranged from 52 to 143 %. The recovery of the 17 individual
PCDD/Fs compounds ranged from 43 to 116 %. All data were
expressed on a dry-weight basis (nanograms per gram dry wt).

Results and discussion

Concentrations of PBDD/Fs in plastics of TV
and computer casings

PBDD/Fs were detected in all 52 analysed television and com-
puter CRT casings, with concentrations ranging from 21 to
350,000 ng/g and a mean (median) concentration of 41,

! The TEQ for a sample is the sum of the products of the concentrations of
the individual PCDD/F and the respective TEF (Van den Berg et al. 1998)
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000 ng/g (18,000 ng/g), which are in the parts per minute
range for the average plastics investigated. Overall, there
was no significant difference between the CRT casings pro-
duced in the different regions (Table 1), but computer casings
from Europe had in average lower levels compared to all the
other casings, including TV casings from Europe. The reason
is the relatively low overall usage of PBDEs in these CRT
casings (see supporting information of Sindiku et al. 2014).
The highest PBDD/F levels (see Figs. 1 and 2) were found in
the plastics containing high PBDE levels. However, plastics
that contained TBPE as the main BFR had PBDD/F levels in
the low parts per minute range only (Fig. 3). Overall, the
congener pattern for PBDD/Fs in the TVs was dominated by
highly brominated PBDFs, and PBDDs were most often only
minor components (see Figs. 1 and 2 below).

The presence of PBDD/Fs in plastics has been reported pre-
viously, both for e-waste and other recycled materials (Ebert and
Bahadir 2003; Luijk et al. 1992; Schlummer et al. 2007;
Donnelly et al. 1989; Sakai et al. 2001a, b). Similarly high
PBDD/F levels were found in waste television casings in Japan
from the 1990s and in some cases even higher levels in printed
circuit boards (Sakai et al. 2001a, b; Sakai 2000). Seven Japa-
nese TV casings manufactured in early 1990s (1990~1994) were
thus found to contain PBDD/Fs between 21,000 and 200,
000 ng/g, while four casings from TVs manufactured in the late
1990s contained levels between 2000 and 14,000 ng/g Sakai
et al. (2001a). They concluded that for Japan, the PBDE used
in the late 1990s might have contained less PBDD/Fs compared
to the PBDEs used in the early 1990s. We investigated if we
could see a similar relationship between the years of manufac-
ture and the levels of PBDD/Fs in the present study. The CRT
casings of the seven televisions and one computer manufactured
in the 1980s contained 970-126,000 ng/g of PBDD/Fs with a
mean concentration of 45,000 ng/g, while the 10 television and
19 computer CRT casings manufactured in the 1990s contained
14-98,000 ng/g of PBDD/Fs with a mean concentration of 13,
000 ng/g. Finally, the 3 TV and 11 computer CRT casings
manufactured between 2000 and 2003 contained 270-127,
000 ng/g, with a mean concentration of 49,000 ng/g. As seen,
no obvious correlation with the year of manufacture can be
discerned from this data, and it would also be difficult to draw
any conclusions about the PBDD/F content in the original BFR
mixtures used (as in the Japanese study). More recently, Ortuilo
et al. (2015) reported lower levels of PBDD/DFs in TV casings
with average 2,3,7,8-substituted PBDD/F levels of 5450 ng/g.

Homologue profiles of PBDD/Fs in plastics of CRT casings
containing PBDEs

The PBDD/Fs congener patterns in the TV and computer CRT
casings are largely dependant on the flame retardant used.
PBDEs are excellent PBDF precursors since they only need
an elimination step to form the PBDF (Watanabe and
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Table 1 Mean and (median)

concentrations of PBDD/Fs and Sample Number of samples % PBDD/Fs (ng/g) % PCDD/Fs (ng/g)

PCDD/Fs in the TV and computer

casings investigated. All Computer/America 14 24,000 (5000) 7(1)

concentrations are based on dry Computer/Asia 9 36,000 (2700) 15 (19)

weight (d.w.) Computer/Europe 2,800 (103) 1(1)
Television/Asia 60,000 (59,000) 10 3)
Television/Europe 11 80,000 (44,000) 2(1)

Tatsukawa 1987; Weber and Kuch 2003). The plastics con-
taining the high levels of PBDD/Fs contained also high levels
of PBDE dominated by highly brominated PBDFs, such as
octa-, hepta- and hexa-congeners (Figs. 1 and 2). Lower bro-
minated PBDFs (tetra- and penta-congeners) accounted for
less than 3 % of the total PBDFs in these samples, and PBDDs
were more or less absent (Figs. | and 2).

For DecaBDE-treated samples, the PBDD/F homologue
pattern was clearly dominated by OctaBDF and other highly
brominated PBDF (Fig. 1). For some samples, OctaBDF con-
stituted more than 90 % of total PBDFs which is similar to the
PBDF homologue pattern of technical mixtures of DecaBDE
(Hanari et al. 2006). In two commercial DecaBDE lots, they
detected mainly OctaBDF (96 and 97 % of PBDF) with small
quantities of HeptaBDF (3 to 4 %), while all lower brominated
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PBDF homologues were below the detection limit (Hanari
et al. 2006). However, in the present study, most CRT casings
with commercial DecaBDE contained more than 10 % of
HeptaBDE and also contained HxBDFs to TeBDFs (see
Fig. 1). This is most likely the result of secondary formation
via debromination of formed OBDF and/or via ring closure of
lower brominated PBDEs which have been formed via
debromination of DecaBDE. The PBDE homologue pattern
in apparent DecaBDE-treated CRT casings showed consider-
able contribution of NonaBDE and OctaBDE as well, and in
some DecaBDE-treated CRTs, the contribution of HeptaBDE
and HexaBDE listed as POPs in the Stockholm Convention
was also significant (Supporting information Fig. S1; Sindiku
et al. 2014). This also demonstrates that DecaBDE in e-waste
plastics can be debrominated to POP-PBDEs listed under the
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Fig. 1 PBDD/F homologue patterns and concentrations (ng/g plastic) in CRT casings containing c-DecaBDE (1.2, 0.17, 4.3 and 18.3 %, respectively)
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<« Fig. 2 PBDD/F homologue pattern and concentration in CRT casings of

computer (CP) and TV CRT casings treated with c-OctaBDE and related
PBDE concentrations” and patterns

Stockholm Convention, and the present study shows that these
can also be further transformed into toxic PBDFs.

Such debromination of DecaBDE to lower brominated
PBDE has been observed before under various conditions
(UNEP 2010; Watanabe and Tatsukawa 1987) including plas-
tic (Kajiwara et al. 2008, 2013; Sindiku et al. 2014). However,
it is still unknown if the debromination and transformation
mainly occurs here during production (extrusion), use,
recycling of the plastics or exposure of the casings under sun-
light. All these options are possible (Ebert and Bahadir 2003),
and one study on the formation of PBDF from DecaBDE
containing plastic from sunlight has been published (Kajiwara
et al. 2008).

The CRTs that, according to their PBDE profile, had
been treated with commercial OctaBDE (c-OctaBDE)
had a PBDD/F homologue pattern with less brominated
congeners (Fig. 2), compared to the c-DecaBDE-treated
plastics (Fig. 1). Most of these profiles were dominated
by HxBDFs and were comparable to the homologue
profile Hanari et al. (2006) reported for the PBDFs in
two c-OctaBDE formulations. However, some of these
c-OctaBDE-treated casings had still PBDD/F profiles
that were dominated by OctaBDF, e.g. CP/AM/341
(Fig. 2). One explanation to this can be that c-
OctaBDE contains some DecaBDE (see Fig. 2), which
more readily transforms into OBDF than the lower bro-
minated PBDE transforms into PBDFs. That the higher
brominated PBDEs form easier PBDFs compared to
lower brominated PBDEs can also be seen from the
relatively low levels of PBDF in commercial penta-
BDE formulation (0.28 pg/g) compared to commercial
DecaBDE containing approx 50 times more PBDF
(Hanari et al. 2006) (see below). Another explanation
is that in the reactors where c-OctaBDE was produced,
also c-DecaBDE might have been produced and the re-
actors might have been contaminated with OBDF con-
taminating the following c-OctaBDE batch. Something
similar is observed for chlorinated pesticides where
e.g. 2,4,5-T/2,4-D mixture also contained relative high
levels of OCDD (see supporting information of Holt
et al. 2010) which cannot be explained from the struc-
ture of the dichlorinated and trichlorinated phenol-
precursors in 2,4,5-T/2,4-D.

2 The GC/MS calculation for TV/EU/292 resulted in an overestimation of
the actual c-OctaBDE concentration by a factor of 2 compared to XRF
and EDC assessment of 30 % BFR (see supporting information of
Sindiku et al. 2014.

Homologue profiles of PBDD/Fs in plastics of CRT casings
containing other BFRs or mixtures

A range of plastic samples contained a mixture of flame retar-
dants indicating that they have been produced from recycled
WEEE polymers. This includes samples with BFR concentra-
tion below 1 % which were obviously produced from e-waste
plastic and depending on the region of production accounted to
5 to0 20 % of the assessed 382 samples (see Sindiku et al. 2014).
But, also some samples contained relatively high levels of BFRs
(above 3 %) and contained BFR mixtures and were obviously
produced on purpose from BFR containing e-waste plastic.’ For
example, a computer CRT casing from North America
contained 3.6 % TBPE, 1.3 % TBBPA, 0.95 % OctaBDE and
0.5 % DecaBDE (Fig. 3). This gave rise to a PBDF pattern that
was likely a mixture of those found in commercial OctaBDE
and DecaBDE formulations, with a predominance of OBDF
and HxBDF with lower concentration of HpBDF (and
PeBDFs). Additionally, it also contained significant amounts
of TBDD:s (84.6 % of PBDD/F) (Fig. 3) most likely originating
from TBPE and to a minor part also from TBBPA (see below).
TBPE contains two tribromophenol moieties which can func-
tion as precursor for brominated PBDD in particular TBDD.

Another example of a CRT casing from a European TV
containing residues of different BFRs is shown in Fig. 3.
The PBDD/F profile of this casing was dominated by TBDD,
which again indicates influence of the TBPE (present at
17.5 %), but contained also minor amounts of Hexa- and
Hepta-BDFs. The latter stemming from the commercial
OctaBDE which was present at 0.66 %.

These examples demonstrate that the fingerprint of PBDD/
Fs can indicate the BFR used, and vice versa, the detected
BFR gives an indication on the likely presence of PBDD/F
(see below). More research is need for further insight of such
correlations by assigning single PBDD/F congeners (includ-
ing non-2,3,7,8-PBDD/F) which have not been elaborated as
for the PCDD/F.

From the 52 investigate CRT casings, 12 samples (23 %)
had higher PBDDs levels compared to PBDFs. These were
mainly CRT casings flame retarded with TBPE and TBBPA
and a few where the BFR could not be identified (see also
Sindiku et al. 2014). PBDDF profiles of such samples, i.e.
with TBPE or TBBPA as major flame retardants, are shown
in Figs. 3 and 4 having TBDD as a major contaminant.

For the TBPE samples, the TBDD levels were around 1 g/
g in the plastic (Fig. 3) and approximately 5 to 10 pg/g in
relation to the TBPE levels. For the TBBPA containing plas-
tics, the TBDD levels were lower, i.e. around 0.01 pg/g or

* In the recycling of e-waste plastic it was observed that in a developing
country in Asia BFR containing plastic was partly separated from other
plastic by simple sink/float technology due to the request of customers for
flame retarded plastic for recycling (Schluep 2014).
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Fig.3 PBDD/F homologue pattern of a CRT casings from a computer (CP) containing 3.6 % TBPE, 1.3 % TBBPA, 0.95 % c-OctaBDE and a TV 0.5 %
DecaBDE (/eff). PBDD/F pattern in a CRT containing 17.5 % TBPE and 0.66 % c-OctaBDE (right)

approx 0.1 pg/g relative to the TBBPA levels (Fig. 4). TBBPA
does not contain a PBDD/F precursor moiety and therefore
does not have a PBDD/F formation potential at temperatures/
circumstances where chemical bonds are not degraded. How-
ever, when TBBA is thermally degraded, PBDD/Fs can be
formed (Ortuiio et al. 2011).

In all these samples, also PBDFs were detected at low levels
(Fig. 4). According to the GC-ECD measurements* performed
PBDE were not detected in these samples (see supporting
information of Sindiku et al. 2014). However, after re-running
these samples with GC-MS, PBDEs were detected at parts per
minute levels. This could explain the presence of highly bromi-
nated PBDFs (in the low and sub-ppm range) and the unusual
PBDD homologue pattern with relevant TBDD (14 ng/g) and
measurable OBDD (2 ng/g) and HpBDD (0.3 ng/g) but virtually
no PeBDD and HxBDD (below 0.1 ng/g) (Fig. 3). Also, in a
recent BFR screening study in plastic from electronics in Austra-
lia, PBDE was detected at parts per minute levels in many of the
investigated polymers when using GC-MS (Gallen et al. 2014).
The same was found in a preliminary study of the Mongolian
Academy of Science, in which 16 of 17 investigated TBBPA-
treated plastic samples from CRT casings were found to contain
PBDE:s at parts per minute levels (Bayarmaa et al. 2014). The
most abundant PBDEs in the Mongolian study were BDE-183
and BDE-197, measured at around 100 pg/g. This highlights the
importance of also determining traces of PBDE (and possibly
other BFRs) when analysing PBDD/Fs in BFR-treated plastics
with the aim of assigning the origin of the PBDD/Fs. If only the
major flame retardant in a product or recycled product would be
measured, then the PBDD/F contamination might be assigned to
the wrong flame retardant; if not, PBDEs are quantified at low
levels. The recycling of e-waste plastic can be expected to

* For the study PBDE/BFR in e-waste plastic GC-ECD was preferably
used (Sindiku et al. 2014) since the system can be heated to temperature
above 300 °C to clean the system and for minimising BFR contamination/
blanks in the equipment since the BFR levels vary by 5 orders of magni-
tude resulting in sometimes high BFR loads in the injection.

@ Springer

increase considering efforts of the plastic industry to increase
recycling quota and considering the aim of society to move to
more circular economies. For WEEE plastic recycling, PBDD/Fs
need to be considered as a pollutant of concern.

Comparison of PBDD/F levels in Nigerian plastic samples
and commercial PBDE formulations

While the total PBDD/F content in the plastics is relevant for
the calculation of total PBDD/F amounts in certain plastic
volumes, or for exposure assessment of PBDD/F, the relative
PBDD/F content in relation to the flame retardant content is
interesting to understand possible additional formation over
the lifetime or recycling of the plastic.

Levels of PBDD/Fs have been reported in commercial mix-
tures of PBDEs (Hanari et al. 2006; Ren et al. 2011). Hanari
et al. (2006) reported between 30 and 50 pg/g PBDD/Fs in
commercial DecaBDE, with between 10 and 19 ug/g in com-
mercial OctaBDE. These levels are somewhat higher than the
later results from Ren et al. (2011) where PBDD/F levels in
commercial DecaBDE ranged between 3.4 and 13.6 pg/g with
a mean concentration of 7.8 pg/g. The lowest PBDD/F levels
were detected in the commercial penta-BDE at 0.26 pg/g (Ren
et al. 2011). The differences may reflect improvements in
production processes between the two studies.

The levels of PBDD/Fs in the CRT casings treated with
PBDE:s frequently exceeded 1000 pg/g and were in some
cases close to 2 % (mainly PBDF). This means that the
PBDD/F levels in these polymers were considerably higher
than would be expected from the levels reported in technical
PBDE mixtures. In some cases, however, the PBDD/F levels
were found at levels similar to those which would be expected
from contamination in the technical mixtures. This was true
even in some cases where the cases included recycled WEEE
plastic (see e.g. Fig. 3 TV/EU/31 with 0.66 % c-OctaBDE).

The higher PBDD/F levels can be explained either by the
use of PBDE mixtures which originally contained
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Fig. 4 PBDD/F levels and homologues in a TBBPA flame-retarded plastic (7.7 and 8.5 %) with 0.25 and 5 ng/g PBDE, respectively

considerably higher levels of PBDD/Fs or by post-formation
of PBDD/Fs (in particular PBDFs) during the production, use
and storage of the plastics. There was no evidence of a signif-
icant difference in levels of the CRT casings from the 1980s
and early 2000 (see above) which indicates that the elevated
PBDF levels were mainly due to formation during the life-cycle
of the plastics. The formation of PBDF from PBDE might have
occurred here during processing of the plastics into CRTs (Ebert
and Bahadir 2003; Weber and Kuch 2003) or in the recycling
and remoulding of the polymers (Ebert and Bahadir 2003;
Zennegg et al. 2014). It is also possible that PBDFs could have
been formed during the normal usage of the TV/computer CRTs
and afterwards during stockpiling the casings in particular by
sunlight exposure. If this was a significant mechanism, then
PBDD/F levels might increase further over time in e-waste plas-
tic stockpiles kept in the open. Debromination from exposure to
sunlight (Watanabe and Tatsukawa 1987) could also increase the
toxicity of the mixtures. On the other hand, the PBDD/F can also
be degraded over time by sunlight (Watanabe and Tatsukawa
1987; Kajiwara et al. 2008) and might reach an equilibrium.
Further studies are needed to establish the significance of this
mechanism and to model the long-term fate.

Polychlorinated dibenzo-p-dioxins and dibenzofurans
(PCDD/Fs)

Also, PCDD/Fs were measured in the CRT casings and were
detected at low nanograms per gram concentrations, which is
about four to six orders of magnitude lower compared to the
PBDDV/F levels (Table 1). PCDDs and PCDFs were present in
similar proportions but with a slight predominance of PCDDs.

The origin of the PCDD/Fs present could not be deter-
mined. They could either come from the manufacturing pro-
cesses or be a result of secondary contamination e.g. by ad-
sorption of PCDD/Fs from open burning at sampling sites and
related adsorption. Anyhow, these low PCDD/F levels are not
relevant for exposure or management consideration.

TEQ considerations and limitations

Also, the 2,3,7,8-substituted PBDD and PBDF were determined
in the CRT casings. TEQ concentrations for PBDD/Fs were
estimated using WHO (1998) TEF factors for PCDD/F's as rec-
ommended by the WHO TEF group (van den Berg et al. 2013).
The mean (range) concentrations of 2,3,7,8-substituted PBDD/
Fs detected in the TV and computer samples from the three
regions (Asia, Europe and USA) are shown in Table 2.

When using the WHO TEFs as suggested by the WHO TEF
expert panel, then a considerable share of the CRT casings
(>20 %) could and possibly also the average mixed CRT casing
waste could have TEQs above the provisional Basel Conven-
tion low POPs limit of 15 ng TEQ/g developed for PCDD/Fs
containing wastes and defining a waste as POPs waste. The
highest levels were from casings with PBDEs with frequent
levels of several 100-ng TEQ/g polymer (Fig. 5). Therefore,
these CRT casings could be considered POPs waste also from
the perspective of dioxin-like TEQ content. Also, some of the
CRT casings flame retarded with TBPE contained 2,3,7,8
substituted PBDDs with TEQs above the high provisional Ba-
sel low POPs limit for PCDD/F. The main TEQ contribution
came here from 2,3,7,8-TBDD, although this congener only
accounts for 1 % or less of the total TBDDs in these samples.

The samples were also orders of magnitude above the Ger-
man regulation for hazardous chemicals in mixtures and products
regulating also level of PBDD/Fs (German Government 2003).

There are however some uncertainties in TEQ calculation
that needs to be stressed. While all 2,3,7,8-substituted conge-
ners are available as standards for assignment of respective
congener peaks in the GC analysis, it is currently not de-
scribed to which extent non-2,3,7.8-substituted congeners
overlap with these peaks. Considering the few separated peaks
in the PBDD/F analysis with short GC columns usually used
for PBDE and PBDD/F analysis (see supporting information
Fig. S2), it is most likely that several of non-2,3,7,8-substitut-
ed PBDD/F congeners overlap with the 2,3,7,8-PBDD/Fs
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Table 2 Mean (range) concentrations of PBDD/Fs congeners in computer and television plastic casings in nanograms per gram

PBBD/Fs congener

CP/AM
n=14

CP/AS
n=9

CP/EU
n=9

TV/AS
n=9

TV/EU
n=12

2378-TBDF
12378-PeBDF
23478-PeBDF
123478-HxBDF
1234678-HpBDF
OctaBDF
2378-TBDD
12378-PeBDD

123478+123678-HxBDD

123789-HxBDD
1234678-HpBDD
OctaBDD

20.3 (0.008-265)
150 (0.988-1400)
24.7 (0.057-250)
83.3 (0.256-500)
1900 (1.27-9290)

18400 (6.02-77000)

1.36 (0.006-16.3)
2.01 (0.019-21.7)
3.86 (0.024-35.4)
3.13 (0.020-29.3)
5.53 (0.063-50.3)
55.4(0.270-343)

21.7 (0.292-82.9)
15.0 (0.308-33.9)
58.9 (0.552-213)
308 (3.50-988)

6070 (15.0-16500)
15800 (41.6-48800)

6.58 (0.037-29.1)
336 (0.012-9.45)
5.99 (0.015-17.8)
7.78 (0.025-23.5)
10.4 (0.075-29.9)
66.3 (0.249-245)

0.387 (0.026-1.43)
1.21 (0.043-7.05)
1.248 (0.031-6.87)
9.84 (0.206-51.5)
217 (1.10-1670)
1430 (5.02-11600)
1.19 (0.004-6.05)
0.106 (0.010-0.542)
0.145 (0.010-0.39)
0.158 (0.010-0.757)
0.577 (0.037-4.41)
15.1(0.059-127)

11.1 (0.342-30.3)
111 (0.212-479)
28.6(0.152-81.4)
179 (1.59-347)
5850 (22.4-15000)

36900 (53.7-101000)

0.49 (0.012-2.01)
1.14 (0.021-6.09)
1.26 (0.036-6.31)
4.95 (0.024 -19.8)
2.56 (0.130-5.44)
7300 (1.8-41100)

23.8 (0.045-86.8)
60.8 (0.687-215)
71.9 (0.169-219)
608 (1.68-2180)

10400 (15.3-32100)
52700 (7.67-287000)

2.79 (0.045-24.3)
2.20 (0.018-5.70)
4.47 (0.058-15.0)
8.38 (0.040-32.9)
8.52 (0.062-33.3)
67.2 (0.115-173)

with the consequence that the calculated TEQ might be
overestimated.

On the other hand, it should be mentioned that also non-2,
3,7,8-substituted PBDD/Fs can have dioxin-like toxicity (e.g.
even the 2,3,7-TriBDD has a aryl hydrocarbon receptor-
mediated potency) (Behnisch et al. 2003), while the persis-
tence of the non-2,3,7,8-congeners regarding metabolism
might be lower.

Due to the possible human exposure risk of PBDD/Fs in e-
waste plastic and recycled products from e-waste plastic, a
more refined congener-specific analysis would be important
for an appropriate risk assessment. The same is true for the
assessment of PBDD/Fs in food (Mortimer et al. 2013) and in
house dust (Suzuki et al. 2010; Tue et al. 2013)

Total PBDD/F amount in e-waste plastic in Nigeria
and in stockpiles from historic PBDE production

From the measured median (mean) PBDD/F concentration
of the 52 samples analysed (18,000 ng/g (41,000 ng/g)), and
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Fig.5 PBDD/F TEQ levels in computer CRT casings sampled in Nigeria
imported from Asia
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considering that these samples had higher BFR concentra-
tion than the average randomly collected 382 CRT casing
samples (Sindiku et al. 2014) from which they were select-
ed, it is estimated that the stockpiled 237,000 t of CRT
casings in Nigeria contain approx. 2 to 8 t of PBDD/Fs.
The total amount of plastics in EEE and e-waste imported
to Nigeria between 2000 and 2010 has been estimated to 2.4
million tonnes (Ogungbuyi et al. 2012; Babayemi et al.
2014a, b). However, since the CRT casings contain in aver-
age higher levels of PBDEs compared to plastic from other
e-waste (Waeger et al. 2010), the PBDD/Fs amount estimat-
ed here cannot be extrapolated to the total amount of e-
waste plastic in Nigeria. For a total PBDD/F estimate, addi-
tional measurements of other (W)EEE-plastics fractions are
therefore needed.

Ren et al. (2011) calculated on the basis of the global
demand for commercial DecaBDE in 2001 and their mea-
sured concentration in technical PBDE the annual potential
emissions of PBDD/Fs to approximately 0.43 t (range
0.21-0.78 t) for that year. Considering that the PBDD/F
levels in used plastic might be rather in the order of
1000 pg/g relative to PBDEs, the total amount of PBDD/
Fs from the historically produced approx. 1.25 million
tonne DecaBDE and 100,000 tonnes of c-OctaBDEand
100,000 t of c-OctaBDE (Secretariat of the Stockholm
Convention 2012a, b) could have generated PBDD/Fs in
the order of 1000 t. However, also for a robust estimate,
more research is needed in this respect since DecaBDE has
been and is also applied in other uses than EEE plastic.
However, also an increase of PBDD/Fs has been detected
in deca-BDE-treated textiles (Kajiwara et al. 2013).

In any case, this large PBDD/F and PBDE stockpile
require further assessments of exposure and health risk
in particular considering the end-of-life treatment and
recycling.



Environ Sci Pollut Res (2015) 22:14515-14529

14525

Considerations in respect to end-of-life treatment
of e-waste plastic

The most relevant releases of contaminants (e.g. heavy metals,
PBDD/F, PXDD/F, PBDEs) from EEE plastics are probably
taking place during the end-of-life stage and in particular dur-
ing the rudimental recycling activities occurring in developing
and transition countries. These include, for example, manual
disassembly of e-waste on the ground, open burning for re-
covery of metals, landfill fires, acid extraction of metals in
open containers, shredding, melting and extrusion of plastics
and dumping of residual materials (Li et al. 2007; Swedish
EPA 2011; Wong et al. 2007; Yu et al. 2008; Zennegg et al.
2009). This practice has resulted in large contaminated sites in
Asia over the last 2 decades (Labunska et al. 2014; Ma et al.
2009; Weber et al. 2008; Wong et al. 2007). A recent assess-
ment of such a site showed, for highly exposed children, the
exceedance of the US Environmental Protection Agency ref-
erence doses for major the PBDE congeners (BDE-47 and
BDE-99) by factors of approx. 2.5 and 1.5, respectively
(Labunska et al. 2014), but have not been assessed for dioxins.

For Nigeria, it has been estimated, by material and substance
flow analysis, that 140 t of POP-PBDEs have already been sub-
jected to open burning and that 640 t of POP-PBDE have ended
up in dumpsites (Babayemi et al. 2014a; Supporting information
Fig. S3). The total amount of DecaBDE in these open burning
and dumpsites is approximately an order of magnitude higher
compare to the POP-PBDE content. These largely unmanaged
dumpsites frequently catch fire and are often continuously
smouldering. Studies in the USA have shown that landfill fires
release brominated and chlorinated dioxins at similar levels
(Gullett et al. 2010) revealing that PBDE/BFR containing mate-
rials are an important dioxin sources during landfills/dump fires.
In areas with long-term e-waste recycling utilising open burning,
the dioxin contamination in soil far exceeded international dioxin
limit values for soils (Yu et al. 2008) and can therefore be
categorised as dioxin/POP-contaminated sites (Weber et al.
2008). Also in Nigeria, the practice of open burning of e-waste
has been used for more than a decade with severe contamination
as a consequence. The PBDD/F content of e-waste plastic and
associated release additional formation in the end-of-life phase
might result in such contamination in Nigeria (Babayemi et al.
2014b). The associated areas therefore need urgent assessment of
contamination levels and human exposure to the wide range of
pollutants present in e-waste (Sepulveda et al. 2010; Swedish
EPA 2011) also considering dioxins.

The Stockholm Convention recommendations in respect to
POP-PBDE risk reduction highlight that in particular, the indus-
trial countries should take the lead in this work since they have
the technologies and capacities to manage these material flows
(Stockholm Convention 2011). In particular, the e-waste export
and the export of e-waste plastic to developing countries need to
be better controlled. Considering that the recycling flows of e-

waste plastic are largely uncontrolled, the contaminants may end-
up even in toys (Chen et al. 2010), household utensils (Chen et al.
2010) or food contact materials such as thermo-cup lids
(Samsonek and Puype 2013) or salad servers (Diamond 2014).
The documentation of the current study on high levels of PBDD/
F in e-waste plastic fractions gives one more reason to urgently
improve the waste management practice and better control the
recycling flows. This is in particular also true for Nigeria consid-
ering their plan to establish approx. 20 recycling facilities for
used plastics. A first assessment of recycling options of flame
retarded plastic in Nigeria has been performed (Nnorom and
Osibanjo 2008).

Conclusion

Plastics from CRT casings in Nigerian e-waste contain in av-
erage high concentrations of PBDD/Fs. It is estimated that the
237,000 t of CRT casings in Nigeria contain between 2 and 8 t
of PBDD/DFs. Further, PBDD/F measurements are needed to
estimate the total PBDD/F content in the 2.4 million tonnes of
e-waste plastic in Nigeria from all EEE.

PBDE-treated plastic contained ca 1000 ppm of PBDD/F
when related to the PBDE content. Taking into account the
total global production of DecaBDE (ca 1.25 million tonnes)
and c-OctaBDE (ca 110,000 t), it is possible that the total
quantity of PBDD/Fs in these products might be around
1000 t. Further research in other PBDE-treated material flows
is needed to refine this estimate.

The high levels of PBDD/Fs in e-waste plastics highlight the
pollution potential from stockpiled PBDE/BFR-treated polymers
in Nigeria and elsewhere. This clearly has to be taken into ac-
count in the management of these stockpiles. An urgent assess-
ment of exposure risk and environmental pathways should there-
fore be undertaken—including an assessment of recycling and
end-of-life treatment of these materials. The formation of more
PBDF during storage and treatment along with the impact of
debromination over time (thus forming lower brominated PBDF
and POP-PBDEs with higher toxicity) increases exposure risk
and must also be addressed.

Deca-BDE is still being produced but is currently being
assessed for listing as a POP by the Stockholm Convention’s
POPs Review Committee (UNEP 2013, 2014). The difficult
challenges of safely handling and disposing of deca-BDE-
treated polymers highlight the pressing need for a global phase
out to avoid adding to the existing burden of PBDFs.

There is increasing evidence about the relevance of PBDD/
Fs for human exposure (van den Berg et al. 2013), and further
studies on the possible pathways to humans from these large
PBDD/F stockpiles are needed. At the same time, the PBDD/F
formation potential and their relevance to all BFRs should be
critically reviewed.
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The current process of developing inventories of POP-
PBDE, HBB and HBCD containing materials as required by
the Stockholm Convention will help to show the volumes of
polymers treated with these POPs. This could be a good
starting point for developing overall policies to manage
(POP)-BFR containing polymers including e-waste plastic.
The implementation of the Stockholm and Basel Conventions
and the recently established Stockholm and Basel Convention
guidance and guidelines on recycling and disposal of POP-
BFR containing materials and articles (Stockholm Convention
2012a, b; Basel Convention 2014) could result in a better
control of these material flows.

Considering the need for, and policy measures to move to-
wards, a circular economy (European Commission 2015) ma-
terial flows need to be diverted from landfilling to recycling
where possible (and recovery only when recycling is not the
environmentally preferable option). These stockpiles of POPs
and their associated PBDD/Fs (together with the hundreds of
other persistent toxic substances in use (Scheringer et al. 2012))
must be better controlled and, where possible, phased-out in
order to enable safe recycling without exposure of hazardous
chemicals to humans. The BAT/BEP guidance for managing
PBDE containing materials (Stockholm Convention 2012a, b),
the related Basel Convention guidelines (Secretariat of the
Basel Convention 2014) and the compilation of information
on POPs phase-out opportunities and alternatives as part of
the implementation of the Stockholm Convention (Stockholm
Convention Regional Center for Asia and the Pacific 2015)
might help to achieve this.

The management of these POPs stockpiles and other halo-
genated chemicals is, however, a real challenge for all devel-
oping countries as most have little or no suitable destruction
capacity for these compounds. Most also lack an appropriate
waste management framework and related regulatory re-
sources (Weber et al. 2013). Strategies should therefore be
developed for developing countries to ensure that (former)
producers and importers of articles containing PBDEs and
other POPs can take responsibility for the management of
the wastes according to the principle of extended producer
responsibility (OECD 2001).
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