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ABSTRACT

Polybrominated diphenyl ethers (PBDES) and “novel” brominated flame retardants (NBFRs)
are industrial chemicals widely used in consumer products to enhance their ignition resistance.
The toxicity of some BFRs has led to concern about human exposure. Ingestion of indoor
settled dust appears to represent a major pathway of exposure to BFRs. The purpose of this
study is to investigate the most important factors influencing human exposure assessments
via dust ingestion. A new clean-up method was optimised to determine PBDEs (BDE-28,
BDE-47, BDE-99, BDE-100, BDE-153, BDE-154, BDE-183 and BDE-209) and NBFRs
(PBEB, EH-TBB, BEH-TEBP, BTBPE and DBDPE) in a single sample extract via GC/ECNI-
MS and GC/EI-MS. Substantial within-room and within-home spatial variability in BFR
concentrations was apparent between two floor areas and between elevated surface and floor
dust, due to the varying distances of sampled surfaces from potential BFR sources. With
exception of DBDPE, BFR concentrations in UK elevated surface dust exceeded significantly
(p < 0.05) those in floor dust from the same rooms. Considerable within-room and within-
home temporal variability in BFR concentrations was apparent over a nine month sampling
period, that is likely attributable to changes in room contents. The relative standard deviation
of BFR concentrations observed in such temporal variation sample series ranged between 4%
and 159%, thereby exceeding those obtained from replicate analysis of SRM2585. In view of
the observed spatial and temporal variability, exposure estimates based on analysis of a dust
sample taken from one specific floor area at one specific point in time may not be entirely
representative of human exposure in that room. Noticeable seasonal variability in BFR
concentrations was also observed between colder and warmer seasons. In 13 out of 17 floor
areas, concentrations of Xstri-deca-BDEs were higher in colder seasons, while those of
>sNBFRs were higher in warmer seasons. While concentrations of BDE-209, BTBPE, EH-
TBB, and DBDPE did not differ significantly between different dust particle size fractions,
those of lower brominated compounds (tri-hepta-BDES) and BEH-TEBP were significantly
higher in the finest particle size, underlining the importance of selecting the most appropriate
dust particle size for the purpose of exposure assessment. BFR concentrations in researcher-
collected dust (RCD) were higher than those in household vacuum dust (HHVD), and
significantly higher for BDE-99, BDE-153, Xstri-hexa-BDEs and — to some extent - BEH-
TEBP. BFR exposure assessments using HHVD appear underestimated for lower brominated



compounds and BEH-TEBP. However, HHVD could be a viable alternative to RCD for
higher brominated BFRs such as BDE-209. Significant negative correlation was observed in
three rooms between concentrations of BDE-99, Xetri-hepta-BDEs and BEH-TEBP and dust
loading (g/m?), suggesting “dilution” occurs at higher dust loadings, and that the source of
these compounds and indoor dust are independent. Average concentrations of Xstri-hexa-
BDEs (42.7 and 26.9 ng/g), BDE-209 (1160 and 762 ng/g), BEH-TEBP (125 and 99.5 ng/g)
and DPDPE (173 and 129 ng/g) in elevated surface and floor dust collected from 18 homes
in Basrah, Iraq are at the lower end of those reported elsewhere. Our estimates of exposure to
these contaminants via dust ingestion for the Iraqgi population fall below the relevant health-

based limit values.
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CHAPTER 1
INTRODUCTION

1.1 Background

Fire is one of the most serious challenges threatening human life, regardless of whether it was
caused naturally or accidentally. Annually, because of fire, there are thousands of deaths and
billions of dollars lost through damage to property. Nowadays, fire accidents are less common
than 28 years ago. For example, in the United States, fire accidents declined by about 39 %
between 1977 and 2014 (NFPA, 2015). This fact may be at least partly attributable to
increased use of chemicals known as flame retardants (FRs). Flame retardants, which are
applied in various materials, such as plastics, woods, paper, and textiles (Birnbaum and
Staskal, 2004), “decrease the ignitability of materials and inhibit the combustion process,
limiting the amount of heat released” (USEPA, 2014). The earliest flame retardant was used
by the Egyptians (450 BC) and the Romans (200 BC) to reduce the flammability of wood.
Over the past 60 years, advances in petroleum-based polymer science have led to production
of a huge number of polymers with different properties and applications, which have
enhanced demand for FRs. Today, more than 175 flame retardants exist, classified into five
main families which are: (1) Inorganic flame retardants such as aluminium trioxide,
magnesium hydroxide, (2) Polyphosphate, and red phosphorus, which represents about 50 %
of total market volume, (3) Brominated flame retardants, (4) Chlorinated flame retardants and
(5) Nitrogen-based organic flame retardants (Danish EPA, 2013). In general, FRs should
contain one or more of the following elements: chlorine, bromine, aluminium, boron,
nitrogen, phosphorus, or silicon in their structures, in addition to any synergist materials that
are also effective (USEPA, 2014).

According to a 2012 market study, the worldwide consumption of flame retardants amounts
to around 2 million tons a year, use with textiles and rubber products account for about 15 %,
with the remaining 85% being used in plastics (PINFA, 2013). It was forecast that the global
flame retardant market would grow at about 3.4% a year on a volume basis during the period
2013-2018. In 2013, 27% of the global FR market share was in China, followed by North
America (22%) and Western Europe (22%) (IHS, 2014). Figure 1.1 shows the global
consumption of flame retardants in plastics by type in 2011,



Figure 1.1: Global consumption of flame retardants in plastics by type, in
2011 (Danish EPA, 2013)
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1.2 Brominated flame retardants

Brominated flame retardants (BFRs) are a group of synthetic chemicals added to a wide range
of polymers, plastics, foams and textiles in furnishing, electronics and building materials to
meet flame retardancy standards set by various jurisdictions worldwide, containing 50-85%
bromine by weight (Danish EPA, 2016). According to the molecular structure categories,
BFRs are classified into aromatic, cycloaliphatic and aliphatic compounds, implying a wide
range of physicochemical properties of BFRs to match the properties of the material to be
flame-retarded (DNV, 2010). Depending on their mode of incorporation into the polymers to
which they are added, they are referred to as either reactive or additive BFRs. Reactive flame
retardants, such as tetrabromobisphenol-A (TBBPA), are chemically bonded to the polymer.
Conversely, additive BFRs, such as polybrominated diphenyl ethers (PBDEs) and
hexabromocylododecane (HBCDD) are simply blended with the polymers and do not become
a part of the base polymer. Additive BFRs are the most common because their application in
consumer goods is less complicated than for reactive BFRs (Alaee et al., 2003). Historically,

the three aforementioned BFRs are the most important types along with the polybrominated
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biphenyls (PBBs). When BFRs are used additively, they are more likely to leach out of the
products into the environment. An extensive body of research has reported the presence of
BFRs in air, dust, soil, sediment and biota samples. Evidence of their persistence and capacity
for bioaccumulation, coupled with concerns about their adverse health effects has led to
widespread bans and restrictions on the manufacture and use (UNEP, 2008; 2013a; 2013b).
Such bans and restrictions on the use of BFRs without relaxation of flammability standards,
has likely resulted in increased production and use of alternatives referred to collectively as
“novel” brominated flame retardants (NBFRs) (Covaci et al., 2011), According to the
empirical data, studies suggest that some NBFRs have the same hazard profiles as “legacy”
BFRs (USEPA, 2014). Global production of BFRs was estimated to be 575,000 tonne/year in
2007 and 595,000 tonne/year in 2015 (Danish EPA, 2016). As shown in Figure 1.1,
brominated flame retardants are the second largest market group because of their low cost and
high-performance efficiency (Birnbaum and Staskal 2004).

1.2.1 Mechanism of action of brominated flame retardants

Fire is a complex chemical reaction between a fuel and oxygen, involving a number of
interrelated and interdependent stages. By interfering with one or more of these stages, it is
possible that flame retardants will decrease the rate of material consumption. In the case of
BFRs, highly reactive Br- free radicals as the material are decomposed in the fire. (USEPA,
2014). The following steps describe the action of bromine as the most effective chemical to
prevent fire from developing (FIRESEAT, 2010).

For ignition to occur, number of radicals must release (reactions 1 and 2).
.H-+02>0H-+0- (1)

‘0-+H2>OH- +H- (2)

The effectiveness of brominated flame retardants (R-Br) is to release free radical bromine
R-Br > R- + Br- (3)

HBr evolved from the decomposition of brominated flame retardants will interfere with the
gas phase combustion process of the hydrocarbon material.

Br- + RH 2> R- + HBr (4)

The removal of OH- and H- radicals is key to the elimination of the main chain branching
step and blocking the main heat release step of hydrocarbon combustion

HBr + H- = Hz + Br- (5)



HBr + OH- = H,0 + Br- (6)
The high-energy OH- and H- radicals formed from reactions 1 and 2 are removed by the
bromine-containing flame retardant (reactions 5 and 6). Figure 1.2 presents simply the action

of brominated flame retardants in the fire process.

Figure 1.2: Brominated flame retardants action to prevent fire development
(EBFRIP, 2015)
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1.3 Polybrominated diphenyl ethers (PBDES)

PBDEs are a family of chemicals with a common structure of a brominated diphenyl ether
and have the chemical formula Ci2H(0-9)Bru-100. Any of the ten hydrogen atoms of the
diphenyl ether moiety can be exchanged with bromine, resulting in 209 possible congeners.
Each individual PBDE is distinguished from others by both the number of bromine atoms and
the placement of those atoms (Figure 1.3). These congeners are numbered using the
International Union of Pure and Applied Chemistry (IUPAC) system. (Birnbaum and Staskal
2004; Guerra et al., 2011).



Figure 1.3: General structure of PBDEs (n+ m =1 - 10) (USEPA, 2010)

Since the 1970s, PBDESs have maintained an extensive presence in consumer products, such
as plastics, textiles, building material, foamed furniture and electronics (WHO 1997).
Commercial products of PBDEs have been marketed in three main formulations, namely:
Pentabromodiphenyl ether (Penta-BDE), Octabromodiphenyl ether (Octa-BDE) and
Decabromodiphenyl ether (Deca-BDE), with the trade names of DE71, DE79 and Fr-300BB
for Penta-, Octa-, and Deca-BDE respectively (WHO, 1997). The commercial formulations
are manufactured through the chemical reaction of bromine with diphenyl ether in the
presence of an inorganic catalyst such as AICl; (ATSDR, 2004; USEPA, 2010). The reaction
conditions for PBDEs in the commercial products are not disclosed by the manufacturers, and
all of the three commercial mixtures consist of mixtures of congeners with different degrees
of bromination (NICNAS, 2007). However, the leading commercial Penta-BDE mixture is
primarily comprised of tetra-BDEs (particularly BDE-47) and penta-BDEs (particularly
BDE-99 and BDE-100), and the commercial Octa-BDE mixture comprised of hepta-BDEs
and octa-BDEs. Table 1.1 lists IUPAC number and bromine substitution pattern of some
selected BDEs involved in this study, along with Table 1.2 which lists the relative proportions
by weight of various PBDE congeners in the commercial products.



Table 1.1: IUPAC number and bromine substitution pattern of some BDE congeners
involved in this study

Congener Nur_nber of Chemical name
bromine atoms

BDE-28 3 2,4,4’-tribromodiphenyl ether

BDE-47 4 2,2’,4,4’-tetrabromodipheny| ether

BDE-99 5 2,2’,4,4’ 5-pentabromodiphenyl ether

BDE-100 5 2,2’,4,4° 6-pentabromodiphenyl ether

BDE-153 6 2,2’,4,4’ 5,5 -hexabromodiphenyl ether
BDE-154 6 2,2’,4,4’ 5,6’-hexabromodiphenyl ether
BDE-183 7 2,2°,3,4,4’ 5’ 6-heptabromodiphenyl ether
BDE-209 10 2,2°,3,3’,4,4’ 5,5’,6,6’-decabromodiphenyl ether

Table 1.2: Composition of commercial polybrominated diphenyl ethers (USEPA,
2008a; 2008b; 2010; La Guardia et al., 2006)

Congener | Penta-BDE | Octa-BDE | Deca-BDE

BDE-28/33 1% - -
BDE-47 28% - -

BDE-49/66 1% - -
BDE-99 43% - -
BDE-100 8% - -
BDE-153 6% 0.15-8.7% -
BDE-154 4% 0.04-1.1% -
BDE-183 - 13-42% -
BDE-196 - 3.1-10.5% -
BDE-197 - 11-22% -
BDE-203 - 4.4-8.1% -
BDE-206 - 14-7.7% 2.2%
BDE-207 - 11-12% 0.24%
BDE-209 - 1.3-50% 97%




1.3.1 Global production of PBDEs

According to the global market demand in 2001, approximately 95%, 40% and 44% of Penta-
, Octa-, and Deca-BDE global production respectively was consumed in the Americas. The
next highest consumption of PBDEs was reported in Asia where 2.0%, 40% and 41% of global
production of Penta-, Octa-, and Deca-BDE was consumed; followed by Europe, which
consumed 2.0%, 16% and 14% of global Penta-, Octa- and Deca-BDE production
respectively. The rest of the world consumed 1.3%, 4.7% and 1.9 % respectively of global
Penta-, Octa- and Deca-BDE production. In the Middle East, Israel and Jordan are the main
producers of bromine in the world, however, no data are available for PBDEs (Guerra et al.,
2011). Overall, Deca-BDE global production accounted for 83% of total PBDEs, followed by
Penta-BDE (11%), and Octa-BDE (6%) (Danish EPA, 2016). While figures are not available
for Penta- and Octa-BDE production in 2003, global production of Deca-BDE was 56,418
tons (Danish EPA, 2013). Table 1.3 lists total global demand for PBDE commercial products
in 1994, 1999, 2001 and 2011 (Guerra et al., 2011; Danish EPA, 2013).

Table 1.3: Total global market demand (metric tonnes) for PBDE commercial
mixture of PBDEs flame retardants (Guerra et al., 2011, Danish EPA, 2013)

Global Market Demand (metric tonnes) in...
PBDE Formulation | 1994 1999 2001 2011
Penta-BDE 4,500 | 8,500 | 7,500 negligible
Octa-BDE 6,000 | 3,825 | 3,790 100-1000
Deca-BDE 30,000 | 54,800 | 56,150 5,000-50,000
Total 40,500 | 67,125 | 67,440 5,100-51,000

Following the phase-out of and restrictions on the production and use of PBDEs, commercial
Penta-BDE has not been manufactured in Europe, Canada, Australia, the U.S.A and Japan
since 2007, while there is no information on the status of its production in China. For Octa-
BDE, the POP Review Committee indicates that this product was no longer produced in the
EU, USA, Japan and China after 2004. However, Octa-BDE was still imported to Denmark
until 2013 with polycarbonate raw materials, demonstrating that at least one country has
produced this substance post-2004 (Danish EPA, 2013). Domestic production of commercial

Deca-BDE in China increased from 10,000 to about 30,000 tons between 2000 and 2005 due
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to the rapid growth of manufacturing activities, e.g., electronic products and automobiles
(Chen et al., 2007). In the EU, Deca-BDE has been banned in electronic and electric
applications since the middle of 2008 (European Court of Justice, 2008). Thus, manufacture
and use of Deca-BDE has been progressively restricted and it is currently under consideration
for listing under the Stockholm Convention (UNEP, 2013b). Moreover, BSEF (Bromine
Science and Environmental Forum) member companies have decided to voluntarily phase out
production of the Deca-BDE formulation by the end of 2013 (Hess, 2009 cited in Guerra et
al., 2011). It is however, expected that PBDE formulations may maintain a — albeit reduced -
presence in new electronics due to the use of recycled plastics (USEPA, 2010). Table 1.4
illustrates the market demand for PBDEs by region (Americas, Europe, Asia and the rest of
the world in 2001 (Danish EPA, 2016).

Table 1.4: Use by Region of Penta-, Octa- and Deca-BDEs (metric tonnes) in 2001
(Danish EPA, 2016)

PBDE Formulation | Americas | Europe | Asia | Rest of the world
Penta-BDE 7,100 150 150 100
Octa-BDE 1,500 610 1,500 180
Deca-BDE 24,500 7,600 | 23,000 1,050

Total 33,100 8,360 | 24,650 1,330

1.3.2 Applications and usages of PBDEs

Prior to the end of production in 2004, Penta-BDE was used almost entirely in flexible
polyurethane foam materials, such as furniture foams, mattresses, carpet padding, and car
seats. Such applications constitute up to 30% of polyurethane foams. In addition, commercial
Penta-BDE was used in phenolic resins, polyesters, and epoxy resins (Alaee et al., 2003).

The major uses of Octa-BDE were in acrylonitrile-butadiene-styrene (ABS) polymers at 12-
18 % weight loadings in the final product. Approximately 95 % of the total Octa-BDE
supplied in Europe was used in ABS. Minor uses of Octa-BDE include: polybutylene
terephthalate (PBT), high impact polystyrene (HIPS), and polyamide polymers, with loadings
of 12-15 % weight in the final product. (NICNAS, 2007; Danish EPA, 2013). In addition,



other reported uses of Octa-BDE include: nylon and low-density polyethylene, polycarbonate,
phenol-formaldehyde resins and unsaturated polyesters and in adhesives and coatings. ABS
containing Octa-BDE has been used for enclosures and structural parts of electrical and
electronic equipment and may be present in recycled plastics and electronic waste (La Guardia
et al., 2006; USEPA, 2007).

According to the USEPA (2014), Deca-BDE is used in a wide range of polymers and plastics
included polyolefins, styrenics (vinyl benzene), engineering thermoplastics, thermosets,
elastomers, waterborne emulsions, and coatings, which are used in diverse sectors. In the
USA, the proportion of Deca-BDE use by weight is suggested to be: 26% for textiles, 26%
for vehicles/transportation, 26% for building and construction materials, 13% for electrical
and electronic equipment and 9% for other uses (Levchik, 2010 cited in USEPA 2014). In
Europe, before the restriction in electronic applications (European Union, 2011), it was
estimated that 80 % of Deca-BDE was used in television enclosures, central processing unit
housing and wire and cable and 10-20 % in textiles. In addition, office equipment such as
copiers, printers and fax machines, are now made using plastics that do not contain Deca-
BDE (USEPA, 2014). In electrical and electronic equipment, Deca-BDE is and has been used
in housings and internal components of TVs, mobile phones and fax machines,
communication cables, audio and video equipment, remote controls, capacitor films, building
cables, wire and cable, connectors in electrical and electronic equipment, circuit breakers,
scanner components, transformer coils, as well as printing and photocopy machine
components. In the textiles sector, Deca-BDE has applied to the backs of fabrics used in
transportation (buses, trains, airplanes, and ships), and public spaces (theatres, hotels,
conference rooms, student dormitories). In the building and construction sector, Deca-BDE
has been used in film for use under the roof and to protect building areas, lamp holders,
stadium seats, switches and connectors, electrical ducts and fittings, pillars for telephone and
communication cables, components in analytical equipment in industrial applications, air
ducts for ventilation systems and facing laminates for insulation panels (USEPA, 2014). In
the transportation sector, in addition to its use in fabrics, Deca-BDE has been used in electrical

and electronic equipment, reinforced plastics, as well as under hood and internal parts.



1.4 Novel brominated flame retardants (NBFRS)

Growing evidence suggests that PBDEs are persistent and bioaccumulative toxicants, which
affect negatively the nervous system, as well as fertility, the liver and the thyroid (WHO,
2003; USEPA, 2006; 2008a; 2008b; 2008c; Noyes et al., 2010; EFSA 20012). As mentioned
in section 1.2, both the Penta- and Octa-BDE commercial mixtures were banned or phased
out in 2004 in the EU, the USA and many parts of the world, and are now listed under the
Stockholm Convention on Persistent Organic Pollutants (POPs) (UNEP, 2008). In addition,
Deca-BDE has been proposed for listing under the Stockholm Convention on (POPs) (UNEP,
2013b). Bans and restriction on the use of established BFRs have resulted in the production
of alternatives such as Novel Brominated Flame Retardants (NBFRs) to comply with
flammability standards. The term NBFRs refers to brominated flame retardants which “are
new to the market or recently observed in the environment due to the restrictions and bans on
the use of some “legacy” BFRs” (Covaci et al., 2011). Other terms, such as "alternate”,
“emerging", or "non-PBDES" have also been used to refer to these BFRs (Covaci et al., 2011,
Brown et al., 2014). It has been indicated that the NBFRs are urgently required because any
non-halogenated substituting chemicals can involve significant costs, as industries must adapt
their products for all required performances and product standards. For example, for electrical
and electronic equipment (EEE), the materials with non-brominated FRs are 10-30% more
expensive than materials with brominated flame retardants (Danish EPA, 2016). The most
common NBFRs replacing PBDEs are: a mixture of 2-ethylhexyl-2,3,4,5-tetrabromobenzoate
(EH-TBB) and bis (2-ethylhexyl)3,4,5,6-tetrabromophthalate (BEH-TEBP) under the trade
name Firemaster 550 as replacement for Penta-BDEs; 1,2-Bis(2,4,6-tribromophenoxy)ethane
(BTBPE) as a replacement for Octa-BDE, and Decabromodiphenylethane (DBDPE) as a
replacement for Deca-BDE (de Wit et al., 2011). Figure 1.4 illustrates the chemical structure
of selected NBFRs included in this study.
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Figure 1.4: Chemical structure of selected NBFRs included in this study, PBEB
(Pentabromoethylbenzene), EH-TBB (2-ethylhexyl-2,3,4,5-
tetrabromobenzoate), BEH-TEBP (bis (2-ethylhexyl) 3,4,5,6-
tetrabromophthalate), BTBPE (1,2-Bis(2,4,6-tribromophenoxy)ethane
tribromophenoxy) ethane) and DBDPE (Decabromodiphenylethane)
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1.4.1 Global production of Novel brominated flame retardants (NBFRS)

The exact global production volume of NBFRs is unclear, however, it was estimated to be
180,000 tonne/year in the mid-2000s, and growing by around 5% per year (Harju et al., 2009;
Covaci et al., 2011). BTBPE was marketed under the trade name FF 680 and was first

produced in the mid-1970s by Great Lakes Chemical Corporation, Arkansas, USA, now a part
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of Chemtura (de Wit et al., 2011; EFSA, 2012). In the US, 4,500-22,500 metric tons a year
was produced between 1986 and 1994. After 1998, BTBPE production declined to between
450 and 4,500 ton/year, (Hoh et al., 2005; de Wit et al., 2011). Global consumption of BTBPE
was an estimated 16,710 tons in 2001 (Verreault et al., 2007, cited in de Wit et al., 2011). No
information about the production volume of BTBPE in China is available, while it was listed
as low production volume (LPV) in the European Union (Harju et al., 2009; EFSA, 2012).

In the mid-1980s, DBDPE was available under different trade names such as Saytex 8010 and
Firemaster 2100 (USEPA, 2014). DBDPE is considered as a low production volume in
Europe, produced by Albemarle (Harju et al., 2009). European production was an estimated
few thousand metric tons, mainly in Germany in 2001. However, in China, DBDPE was
reported as the second most heavily produced BFR after BDE-209. Chinese production was
an estimated 12,000 metric tons in 2007 (Shi et al., 2009), increasing 80% annually. (Zhang
et al., 2009).

Annual production of BEH-TEBP (trade name DP 45) was estimated to be 450-4,500 tons
between 1990 and 2006 (USEPA, 2010; de Wit et al., 2011). The main producer in Europe is
Chemtura. BEH-TEBP together with EH-TBB are the major compounds in Firemaster 550
(EH-TBB/BEH-TEBP ratio 4:1) used as a replacement for Penta-BDE (Stapleton et al., 2008;
EHHI, 2013). EH-TBB was first produced by Great Lakes Chemicals more than 35 years ago.
No information is available about EH-TBB production, although it is known to have been
produced in the USA (Hoh et al., 2005; de Wit et al., 2011). Finally, PBEB was produced by
Dead Sea Bromine Group Ltd in the 1970s and 1980s. In 2002, PBEB production was an
estimated 10-1000 tons and thus classified as a LPV product (Harju et al., 2009).
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1.4.2 Applications and usages of NBFRs
As replacements for PBDEs, NBFRs are being used in materials, polymers and resins that
were treated previously with restricted BFRs. Table 1.5 summarises the range of materials

treated with different NBFRs.

Table 1.5: NBFR-treated materials (Harju et al., 2009, Covaci et al., 2011; EFSA, 2012)

NBFR CAS No Materials/polymers/resins
Thermoplastics
BTBPE 37853-59-1 | Acrylonitrile butadiene styrene terpolymer (ABS)
High impact polystyrene (HIPS)
Styrenics
DBDPE 84852-53-9 Polyester and vinyl ester resins
Textiles
Polyurethane (PUR) foam
EH-TBB 183658-27-7 _ _
Polyvinyl Chloride (PVC)
Polychloroprene (Neoprene)
BEH-TEBP 26040-51-7 _ _
Polyvinyl Chloride (PVC)
Unsaturated polyesters, styrene
PBEB 85-22-3 Butadiene copolymers

Textiles

Depending on requirements, NBFR treated materials are applied in various consumer
products. ABS, HIPS, PUR, PVC, and textiles are used worldwide in a wide range of products.
ABS is normally used in housings, machines, toys, dashboards, equipment for refrigerators,
telephones and other consumer electronics; HIPS is used in housings of electronic products
and wiring parts; PUR is used in furniture, sound insulation, padding panels, packaging,
imitation wood and transportation; PVC is used in, cables, wires, floor mats, and industrial
sheets, while finally, textiles are used in back coatings of and to impregnate carpets, vehicle
seating, and furniture in homes, offices and public buildings and transportation (Harju et al.,
2009).
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1.5 Physicochemical properties of PBDEs and NBFRs

PBDE commercial products are solids at room temperature, not flammable and do not present
a physico-chemical hazard (USEPA, 2010). They are hydrophobic contaminants (highly
water insoluble) and typically have high log octanol-water partition coefficients (Kow).Table

1.6 illustrates physicochemical properties of PBDEs involved in this study.

Table 1.6: Physicochemical properties of selected BDEs involved in this study (Harner
and Shoeib 2002; Tittlemier et al. 2002; ATSDR, 2004; USEPA, 2010)

Water
o Log Koa Vapour
Molecular | solubility Log Log
BDE ) (@ pressure (Pa)
weight mg/L (@ Kow Koc
25°C) (@ 25°C)
25°C)
BDE-28 407.1 0.07 5.94 9.5 3.91 6.51x10*
BDE-47 485.82 0.001-0.002 6.81 10.53 4.12 5.52x10°
BDE-99 564.75 0.009 7.32 11.31 4.34 7.94x10°
BDE-100 564.75 0.04 7.24 11.13 n.a 7.07x10°
BDE-153 | 643.62 0.001 7.9 11.82 n.a 5.80x10°
BDE-154 643.62 0.001 7.82 11.92 n.a 2.64x107
BDE-183 722.4 0.002 8.27 11.96 n.a n.a
BDE-209 959.17 <0.001 6.3-12.6 | 13.21 6.30 9.28x10°

Similar to PBDEs, NBFRs are highly hydrophobic compounds, displaying low volatility and
high Kow. However, differences in molecular structure between PBDEs and their NBFR
replacements results in differences in physicochemical properties. For example, the ethane
bridge between the aromatic rings in the DBDPE molecule makes it more flexible and
hydrophobic than BDE-209, with consequences for its environmental fate and behaviour
(Covaci et al., 2011). In general, BTBPE, BEH-TEBP and DBDPE possess lower vapour
pressures and higher log Koa compared with Octa, Penta- and Deca-BDE, respectively. Table

1.7 lists the physicochemical properties of selected NBFRs.
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Table 1.7: Physicochemical properties of selected NBFRs involved in this study
(Covaci et al., 2011; de Wit, 2011; FESA, 2012; de Jourdan 2012)

Water . Vapour
0
Molecular | solubility : Log pressure
NBFR _ Log Kow | Koa (@
weight | (mg/L @ Koc (Pa) (@
25°C)

25° C) 25°C)

PBEB 500.65 3.50x10* 6.76 na 5.04 3.20x10*

EH-TBB 549.92 1.10x10° 7.73 12.34 5.59 4.57x10°
BTBPE 687.64 1.90x10° 8.31 15.67 5.89 3.88x107%0
BEH-TEBP 706.14 1.60x10° 9.34 16.86 6.45 1.55x10*!
DBDPE 971.22 2.10x107 111 19.22 7.00 6.00x10*°

1.5.1 Impact of physicochemical properties on the environmental behaviour of BFRs
Knowledge of the physicochemical properties of substances provides information about their
potential environmental fate and behaviour. The most important of these physicochemical
properties are molecular weight (MW), vapour pressure (Vp), octanol/air partitioning
coefficient (Koa), octanol/water partition coefficient (Kow), water solubility and organic
carbon/water partitioning coefficient) (Koc) (USEPA; 2010; USEPA 2014).

1.5.1.1 Molecular weight

Depending on their molecular weight, chemicals show diverse behaviour in environmental
and biological systems. With specific regard to PBDEs, variations in the degree of
bromination, drive variations in physicochemical properties such as vapour pressure,
hydrophobicity and lipophilicity, which in turn lead to congener-specific variations in
environmental fate and behaviour. For example, while those less brominated congeners
prevalent in the commercial Penta- and Octa-BDE formulations are more bioaccumulative in
aquatic biota; higher brominated congeners, such as BDE-209 predominated in sediments.
However, potential degradation of higher brominated compounds could yield lower
brominated PBDEs that display stronger bioaccumulation characteristics than BDE-209 itself
(Dominguez et al., 2011).
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1.5.1.2 Vapour pressure (Vp)

Vapour pressure is a useful indicator to determine the potential of chemicals to volatilise from
surfaces to the atmosphere. Inhalation is less likely to be a substantial pathway of exposure to
chemicals with a vapour pressure < 10 mm Hg (10 Pa). Conversely, inhalation is likely
significant for chemicals with a vapour pressure > 1x 10* mm Hg (107 Pa) (USEPA, 2014).
Chemicals including many BFRs that possess a vapour pressure between 1 x 108 and 1 x 10°
* mm Hg partition between the gas and particulate phases and are thereby considered semi-
volatile. (USEPA; 2010; USEPA 2014; USEPA 2015). The equilibrium between the two
phases is controlled by the vapour pressure, the surrounding air temperature, and the
concentration and chemical composition of airborne particulate matter. VVp, of PBDES decrease
with increasing molecular weight and degree of bromination (USEPA 2010).

1.5.1.3 Octanol-air partition coefficient (Koa)

Octanol-air partition coefficient (Koa) is a parameter that describes the partition of SVOCs
between the gas phase and organic matter such as that found in airborne particles. Commonly
expressed as log Koa, it is the ratio between the concentration of the chemical in air and its
concentration in octanol at the equilibrium state (Harner and Shoeib, 2002). As with V,, log
Koa depends on the temperature. Higher log Koa values implies stronger binding to the
organic content of particles (Wania et al., 2002; Li et al., 2006; Weschler and Nazaroff, 2010).
As shown in tables 1.6 and 1.7, log Koa values fall between 9.5 and 13.2 for PBDESs and
between 12.3 and 19.2 for our target NBFRs. This indicates that BFRs will deposit readily
from the gas phase into indoor dust, soil and vegetative biomass. In addition, the wide range
of log Koa values implies varying abundance of these pollutants in particulate phases (Su et
al., 2007; USEPA 2010).

1.5.1.4 Water solubility and octanol/water partition coefficient (Kow)

As shown in Tables 1.6 and 1.7, in general, PBDE water solubility values (1 x 1023- 4 x 10
mg/L) are higher than those of NBFRs (2.1x 107- 3.5x 10*). Water solubility is strongly
inversely related to the octanol/water partition coefficient (Kow). Commonly expressed as log
Kow, this is an important property for assessing the environmental fate and behaviour of
chemicals. As can be seen from the Tables 1.6 and 1.7 lower brominated FRs have lower log
Kow values. Generally, organic chemicals with a log Kow value > 5.0, are very hydrophobic
(USEPA 2010), thereby displaying a high tendency to sorb to organic carbon in sediments,
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soils, and indoor dust and — when combined with a resistance to metabolism - possess a

marked capacity for bioaccumulation.

1.5.1.5 Organic carbon water partitioning coefficient (Koc)

Another important physiochemical property is the organic carbon: water partitioning
coefficient (Koc), which provides an indication of a chemical to leach from soil to
groundwater, and to partition from the aqueous phase of water bodies to suspended solids and
sediment. Chemicals with high Koc values are strongly sorbed to soil (USEPA 2010; USEPA
2014). In general, as shown in tables 1.6 and 1.7, log Koc values for PBDEs (3.9- 6.3) are
slightly lower than by those of their replacements (log Koc of NBFRs 5.8-7).

1.6 Environmental levels of PBDEs and NBFRs

The environmental transport of POPs has been described elsewhere as "the potential
movement of a chemical after it is released to the environment, within and between each of
the environmental compartments, air, water, soil, and sediment” (USEPA, 2015). PBDEs and
NBFRs as both semi-volatile organic compounds (SVOCs) and additive flame retardants, can
be released from treated products and enter the environment via several ways. These include:
volatilisation and leaching from treated products, partitioning to indoor dust, leaching from
landfills and recycling of waste products (Segev et al. 2009). As a consequence of their
persistence and potential for long-range atmospheric transport, PBDEs (particularly BDE-
209) and NBFRs have been detected in Arctic media, transported on airborne particulates
rather than the gas phase (Law and Herzke, 2011). The first detection of PBDES was in 1979
in soil and slug samples from the USA, with the first detection in vertebrates (fish and marine
mammals collected from the Baltic Sea) was in the 1980s (Andersson and Blomkvist, 1981
cited in Law and Herzke, 2011). Since the 1980s, in addition to indoor environments, BFRs
have been detected in outdoor air (Newton et al., 2015) soils (Drage et al., 2016), lakes (Venier
et al., 2014), sediments (Gevao et al., 2014) and the marine environment (Webster et al.,
2008). By comparison with legacy BFRs, the occurrence of NBFRs in the environment is at
lower levels, however, the last few years has seen a rise in contamination with NBFRs (Law
and Herzke, 2011). Today, evidence is emerging that suggests levels of PBDEs and HBCDD
in the environment are decreasing in response to restrictions on their use. In a comprehensive
study, Harrad (2015) collated and reviewed critically UK data on environmental levels of
POP-BFRs published between 1999 and March 2015. This study revealed that, despite a lack
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of evidence that UK human body burdens of Penta-BDE congeners have responded to the
restrictions introduced in the mid-2000s, environmental concentrations of PentaBDE
congeners such as BDE-47 and BDE-99 have declined. Evidence for temporal trends
regarding HBCDD, Octa-BDE and Deca-BDE is less clear cut. Interestingly, despite the high
UK levels of BDE-209 in abiotic matrices such as indoor dust, the concentrations of this
congener in UK human milk are amongst the lowest reported to date, suggesting that BDE-
209 bioavailability from indoor dust is likely very low (Harrad, 2015). Further afield, in
China, Yu et al., (2016) reviewed the available literature on BFR (PBDEs, HBCDDs, TBBP-
A and NBFRs) contamination of abiotic and biotic matrices in China. The study concluded
that high concentrations of PBDEs in the environment were associated with e-waste disposal
processing, but presented no evidence of this for other BFRs. No clear evidence of a
decreasing trend for PBDEs in China was found (Yu et al., 2016).

1.6.1 Levels of PBDEs and NBFRs in indoor and outdoor air

Depending on their vapour pressure and Koa, as SVOCs BFRs can volatilise from treated
products and be abundant in both gaseous and particulate phases. The partitioning between
the two phases is mainly driven by atmospheric temperature. It is expected that at a given
temperature, lower brominated compounds are more abundant in the gas phase, while higher
brominated congeners are more prevalent in the particle phase (Weschler and Nazaroff, 2010,
Harner and Shoeib, 2002). At a given room temperature, around 96-98% of BDE-28 was
predicted to be in the gas phase, while 20% of BDE-47, 60-90% of penta-hepta-BDEs and
almost 100% of BDE-209 were predicted to be in the particle phase (Chen et al. 2006, cited
in Besis and Samara, 2012).

A review by Besis and Samara (2012) summarised the situation regarding PBDEs in indoor
and outdoor air from different countries around the world. It is difficult to compare PBDEs
levels in air samples between countries, due to the different number of individual congeners,
sampling method (passive or active) and the atmospheric phase sampled (vapour, particle or
both). PBDESs were detected in indoor air samples fromthe UK (Harrad et al., 2004), Germany
(Fromme et al., 2009) Denmark (Vorkamp et al., 2011), Sweden (Thuresson et al., 2012),
USA (Johnson-Restrepo and Kannan, 2009), Canada (Wilford et al., 2005), China (Chen et
al., 2008), Japan (Takigami et al., 2009) and Australia (Toms et al., 2009b). Concentrations

were variable between countries. For the above-mentioned countries, PBDE concentrations
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were between 17-55 pg/m?® in Japan and 210-3980 pg/m? in the USA. In Norway, Cequier et
al., (2014) reported that the maximum concentration of BDE-209 in indoor air samples was
4150 pg/m?® with median concentrations of 3.8 pg/m3 (n =47).

In outdoor air samples, BFRs were detected at low levels compared with those in indoors. In
the UK, Harrad et al., (2004) reported that for each of BDE-47, BDE-99 and BDE-100
concentrations in indoor air were 100 times higher that outdoor. In the USA, Hoh et al., (2005)
found that YPBDE concentrations ranged between 10 and 85 pg/m°, with BDE-47
predominant. In China, Chen et al. (2006) found concentrations of Xtri-hepta-PBDES ranged
between 87.6 and 1941 pg/m?® with BDE-47 and BDE-99 were predominant.

Recently, in addition toPBDEs, more attention has been paid to NBFRs. Low concentrations
of NBFRs were detected in air samples. In Sweden, Newton et al., (2015) reported that BEH-
TEBP and DBDPE in indoor air ranged < 35- 150 pg/m? and < 90- 250 pg/m? with detection
frequencies of 15% and 8% for BEH-TEBP and DBDPE respectively. In China, in office air
samples, Newton et al., (2016) found BDE-209 was predominant with an average
concentration of 2700 pg/m?, while both Penta- and Octa- were present only at very low
concentrations. For NBFRs, the study reported that only EH-TBB and DBDPE were detected,
and only at very low concentrations. In the UK, Drage et al., (2016) investigated PBDEs in
outdoor air samples from 8 sites, reporting that the average concentrations of BDE-209, Xtri-
hepta-BDEs, and XPBDEs were 150, 49, and 180 pg/m? respectively. The study revealed a
negative correlation between PBDE concentrations and the distance from the city centre. For
NBFRs, BEH-TEBP and DBDPE were identified in the air samples.

1.6.2 Levels of PBDEs and NBFRs in surface water

PBDEs and NBFRs are hydrophobic contaminants with log Kow values > 5.0, thus compared
with sediments and soil sample, monitoring BFRs in water samples is less attractive due to
the very low concentrations. (USEPA, 2010).

As a source of fresh water, lakes are important. Yang et al., (2014a) determined tri-to-hexa-
BDEs concentrations in 9 English lakes between 2008 and 2012. The concentrations of Xtri-
hexa-BDEs ranged from 9.2 to 171.5 pg/L with an average of 61.9 pg/ L. Spatial variation
was found between lakes, however no correlation was detected between PBDE concentrations

and population density. In addition, no evidence a decline in concentrations during the
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sampling period (Yang et al., 2014a). Another study in the USA, from 18 stations on the five
Great Lakes’ water, Venier et al. (2014) reported that the average concentrations of Ztri-deca-
BDEs (112 pg/L) was dominated by BDE-47 and BDE-99 with average concentrations of
26.8 and 26.4 pg/L respectively followed by BDE-209 (9.5 pg/L). Average concentrations of
BEH-TEBP, EH-TBB and other NBFRs were 10.4, 5.6 and < 1.1 pg/L respectively (Venier
et al., 2014).

In sea water from the European Arctic, Moller et al., (2011) reported that the concentration of
>10PBDEs (tri-deca) in dissolved water and suspended phases of seawater ranged from 0.03-
0.64 pg/L, with BDE-47 and BDE-99 predominant. In the marine environment of Hong Kong,
PBDE concentrations ranged between 11-62 pg/L in the dissolved phase, and between 26 to
33 pg/L in the suspended phase (Wurl et al. (2006).

1.6.3 Levels of PBDEs and NBFRs in sediment and soil

Sorption of chemicals to soil or sediment can be predicted by Koc values. Chemicals with
high Koc value tend to sorb to soil. PBDE congener profiles in sediments are dominated by
higher brominated congeners such as BDE-209. This is different from profiles in biota
samples, which are dominated by lower brominated congeners, such as BDE-47 and BDE-99
(Lee and Kim 2015). Available data on the occurrence and trends of PBDES in marine
environments have been recently reviewed. In marine sediments, BFRs were detected in
Canada (Grant et al., 2011), San Francisco Bay, USA (Klosterhaus et al., 2012), Gulf of Lion,
France (Salvado et al., 2012), Northern Arabian Gulf (Gevao et al., 2014), East Java Province,
Indonesia (llyas et al., 2011), Goseong Bay, Korea (Lee et al., 2014), South China (Zhang et
al., 2009) and the Scheldt estuary, the Netherlands (Verslycke et al., 2005). With the exception
of the Scheldt estuary, the Netherlands (where sediment concentrations ranged 14-22 ng/g
dw for tri-hepta and 240-1650 ng/g dw for BDE-209) and south China (for which sediment
concentrations fell between 30-5700 ng/g dw for BDE-209); concentrations of PBDEs in
other countries were very low (Lee and Kim 2015). In surficial sediments sampled along
cruise transects from the Bering Sea to the central Arctic Ocean, Ma et al., (2015a) reported
that X24PBDEs (without BDE-209) in the marine sediments ranged from < MDL to 67.8 pg/g
dw, with an average concentration of 9.8 = 11.9 pg/g dw. The study pointed that the >4PBDE
concentrations show a reduction from 2008 to 2012. In another study, the same authors (Ma

et al., 2015b) reported that the average concentrations of BDE-209 in surficial fjord sediments
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collected down the length of Kongsfjorden, Svalbard in the Norwegian high Arctic was
79.7 £ 53.2 pg/g dw. The two Ma et al., mentioned studies reported that PBDEs did not reveal
any clear spatial trend in sediment samples. Jin et al. (2008) analysed PBDEs in river sediment
cores from China, finding that PBDE concentrations ranged between 1.3 - 1,800 ng/g dwt
with the highest levels found at 4- 6 cm depth.

Soil represents a major sink for many organic pollutants. In Birmingham, UK, Drage et al.,
(2016), reported that average concentrations of BDE-209 and Xtri-hepta-BDESs in soil samples
were 11 and 3.6 ng/g respectively. BFR concentrations were higher in sites closest to
Birmingham city centre. In an e-waste recycling area in South China, PBDEs and NBFRs
concentrations in rhizosphere soils and non-rhizosphere soils 13.9 — 351 ng/g for PBDEs and
11.6 - 70.8 ng/g for NBFRs (Wang et al., 2016) — i.e. more enriched in rhizosphere than non-
rhizosphere soils. BDE-209 and DBDPE were predominant. Total organic carbon was a more
pivotal controlling factor for PBDEs than for NBFRs (Wang et al., 2016). Another study
(Zheng et al., 2015b) emphasised that DBDPE and BDE-209 were the predominant
compounds in forest soil samples in China. Concentrations of DBDPE ranged between 25 and
18,000 pg/g, with those of BDE-209 ranging between < dl and 5,900 pg/g. In the same study,
the distribution of BEH-TEBP and most PBDEs were significantly correlated with population
density. In addition, the correlation between PBDEs and their replacement products indicates
similar environmental behaviour (Zheng et al., 2015b). Possible debromination of BDE-209
to lower brominated congeners in soils and sediments is a major of concern (Law et al., 2014).

1.6.4 Levels of PBDEs and NBFRs in sewage sludge

Wastewater treatment plants may not be effective in removing PBDEs. In Hong Kong, Deng
et al., (2015) reported that 52-80% and 21-45% of PBDESs remained in effluent and dewatered
sludge respectively, post-sewage treatment. On the other hand, Stiborova et al., (2015) found
that both lower brominated PBDEs and BDE-209 could be successfully removed from
contaminated sludge under aerobic conditions. In Korea, Lee et al., (2014), studied PBDEs
and NBFRs (DBDPE and BTBPE) in sludge collected from wastewater treatment plants. The
study reported that concentrations of ZPBDE in sludge ranged from 298 to 48,000 ng/g dry
weight, and among 10 NBFRs, DBDPE and BTBPE were only detected in sludge samples.
DBDPE and BTBPE concentrations ranged from < dl - 3100 and < dI-21.0, with average
concentrations of 237 and 1.57 ng/g dwt for DBDPE and BTBPE respectively. The highest

concentrations of BTBPE and DBDPE have been detected in sludge samples originated from
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the industrially active areas (Lee et al., (2014). In Spain, Cristale and Lacorte (2015)
evaluated the occurrence of eight PBDESs and eight NBFRs (PBEB, EH-TBB, BTBPE, BEH-
TEBP and DBDPE) in wastewater from wastewater treatment plants. With the exception of
BEH-TEBP, the study reported that no PBDEs or NBFRs were detected in unfiltered influent
samples. However, 279 to 2299 ng/g dwt of FRs were detected in primary sludge. NBFRs
represented 63-97% of the total load and BDE-209 was the most PBDE ubiquitous congener
(Cristale and Lacorte 2015).

From 12 countries around the world (including the UK, Germany, USA, China and Canada)
BDE-209 and DBDPE were analysed in slug samples from wastewater treatment plants
(Ricklund et al. 2008). The study found that the highest levels of DBDPE were found in
Germany (216 ng/g dwt) compared with Europe (81 ng/g dwt) and North America (31 ng/g
dwt). The highest concentrations of Deca-BDE were found in the UK and the USA with values
of 12 000 ng/g dwt and 19 000 ng/g dwt, respectively. In one of both the largest manufacturing
areas for electronic products and largest dumping sites of e-wastes in China (Pearl River
Delta), Peng et al., (2009) reported that PBDE concentrations in the raw wastewater ranged
from 13.3 to 2496.4 ng/ L, and in sludge between 8.5- 96.2 ng/g for tri-hepta BDESs, while
those of Deca-BDE in raw wastewater were between 150- 22,894 ng/ L. Kim et al. (2013),
analysed PBDEs in waste biological sludge and treated biosolids from wastewater treatment
plants in Canada. The study found BDE-209, BDE-99 and BDE-47 to be the predominant
compounds with concentrations of 230-82,000 ng/g, 530-8800 ng/g and 420-6000 ng/g, for
BDE-209, -99, and -47 respectively.

1.6.5 Levels of PBDEs and NBFRs in biota and food

Bioaccumulation has been defined as “the process in which a chemical substance is absorbed
in an organism by all routes of exposure as occurs in the natural environment (e.g., dietary
and ambient environment sources” (USEPA, 2015). Several studies have investigated PBDES
and NBFRs in various animal species and foods. Sagerup et al., (2010) investigated NBFRs
levels in seven animal species from the Arctic; specifically one fish species, three seabirds,
and three mammalian species. BTBPE and DBDPE were not detected in any of these species,
while EH-TBB was found in all species and BEH-TEBP in only five. Concentrations of EH-
TBB ranged between 378- 3460 pg/g wet wt, while those of BEH-TEBP ranged from 573-

1799. Another study (Eulaers et al., (2014a) investigated muscle, liver, adipose, preen gland
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and feathers in Barn Owls, and found that PBDE concentrations in tissues (7.46-903 ng/ g lw)
in 2008- 2009 were lower than in those collected in 2003- 2004 (46-11,000 ng/ g Iw). The
authors tentatively ascribed the decline to the 2004 European ban of Penta- and Octa-BDE
mixtures. By comparison (Eulaers et al, 2014a) found NBFRs to be poorly bioaccumulated
(2.3%). Another study by Eulaers et al., (2014b), investigated PBDE and non-PBDE
concentrations in White-tailed Eagle feathers and plasma. Concentrations were 0.03- 2.3 ng/g
for PBDEs and 0.03- 1.5 ng/g for non-PBDE BFRs. The study revealed no significant

correlation between the concentrations in feathers and plasma (Eulaers et al., 2014b).

PBDEs and NBFRs have been detected in human food, animal feed and baby food. In the
UK, Fernandes et al., (2016) measured PBDEs in a survey of the most commonly consumed
human foodstuffs and animal feed samples, Concentrations of X£17PBDES in food samples
ranged between 0.02 ng/g and 8.91 ng/g whole weight, and in animal feed samples ranged
between 0.11 ng/g and 9.63 ng/g whole weight. The highest PBDE concentrations were
detected in fish, processed foods and fish feeds. In home produced eggs from e-waste sites in
China, PBDEs and NBFRs were detected by Zheng et al., (2016). EH-TBB and BEH-TEBP
were found in low concentrations in 50% of chicken egg samples, ranged between < dI-1.82
ng/g and 1.17-2.6 ng/g for EH-TBB and BEH-TEBP respectively. In the three categories of
baby food (formula, cereal, and puree) from USA and Chinese stores, Liu et al., (2014) found
median concentrations of XPBDEs (sum of BDE-17, -28, -47, -49, -99, -100, -153, -183, and
-209) were 21 and 36 pg/g for American and Chinese baby foods, respectively.

1.6.6 Levels of PBDE and NBFR in human tissues

PBDEs and NBFRs have been found in human milk, serum, hair and nail samples. Zhou et
al., (2014), studied EH-TBB, BEH-TEBP, BTBPE, DBDPE, BDE-209 and BDE-153 in
paired human serum (n=102) and breast milk (n=105) samples from Canada. Only EH-TBB
and BDE-153 had detection frequencies higher than 55% in both serum and human milk
samples, while detection frequencies for other BFRs were 16.7% and 32.4% for BEH-TEBP,
3.9% and 0.0% for BTBPE, 2.0% and 0.0% for BDE-209, and 5.9% and 8.6% for DBDPE in
serum and milk samples respectively. Concentrations in serum and human milk were 1.6 and
0.41 ng/g Iw for EH-TBB, and 1.5 and 4.4 ng/g Iw a for BDE-153 respectively (Zhou et al.,
2014). Abdallah and Harrad (2014) investigated PBDESs in 35 human milk samples, finding
none of the hepta—nona BDEs was above the limit of quantification. The average
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concentrations of Xtri-hexa-BDE and BDE-209 were 5.95 and 0.31 ng/g Iw respectively. The
study found that the concentration of BDE congeners were BDE-47 > BDE-153 > BDE-99.
Kang et al., (2011) detected BDE-47, -99, -100, and -183 in most human hair samples from
Hong Kong. BDE-47 predominated ranging between 0.86-5.24 ng/g. Another study (Tang et
al., 2013) found concentrations of PBDESs in human hair samples ranged between 4.04 and 99
ng/g, with higher concentrations in females than males. In a recent study, Liu et al. (2015)
investigated PBDEs and NBFRs in human hair and nails. They found that BDE-47 and BDE-
99 predominated in both hair and nail samples with concentrations ranged from 11-650 ng/g
and 4.6-780 ng/g in hair samples and 7.3-43 ng/g and 2.1-11 ng/g in nail samples for BDE-
47 and BDE-99 respectively. For NBFRs, EH-TBB and BEH-TEBP were detected in all hair
and nail samples at concentrations between 20- 240 and 11- 350 ng/g in hair samples and <
17-80 ng/g and < 9-71 ng/g in nail samples for EH-TBB and BEH-TEBP respectively (Liu et
al., 2015).

1.6.7 Levels of PBDE and NBFR in indoor dust

A large number of investigations around the world have reported high concentrations of BFRs
in indoor dust. In a comprehensive review, Besis and Samara (2012) summarised PBDE
concentrations in house dust from around the world. The highest levels were reported in US
dust samples with median concentrations of XPBDEs ranging between 1,910 and 21,000 ng/g
(Johnson-Restrepo and Kannan, 2009; Batterman et al., 2009). The UK displayed the second
highest PBDEs indoor levels with concentrations ranging between 2,900 and 10,000 ng/g
(Harrad et al., 2008a; Sjodin et al., 2008a). For other parts of the world, around the same date,
>PBDE median concentrations were: 950 ng/g in Canada (Harrad et al., 2009), 386 ng/g in
Germany (Fromme et al., 2009), 310 ng/g in Portugal (Cunha et al., 2010), 510 ng/g in Sweden
(Thuresson et al., 2012), 1941 ng/g in China (Kang et al., 2011), 700 ng/g in Japan (Suzuki et
al., 2006) and 1200 ng/g in Australia (Sjodin et al., 2008a).

In the Middle East, very few studies have investigated PBDESs in indoor dust. The first study
in Kuwait in 2006 reported a median concentration of ZPBDEs of 90.6 ng/g (Gevao et al.,
2006). These levels increased in 2011 to a median concentration of 356 ng/g (Ali et al., 2013).
In Egypt, Hassan and Shoeib, 2015 reported that concentrations of ZPBDEs (median = 46
ng/g) were lower than those reported in Kuwait. In Turkey, the concentrations of X14PBDES

ranged between 29 ng/g and 4790, with a median concentration of 316 ng/g (Civan et al.,
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2016). In general, concentrations of PBDEs in North America, UK and China are orders of
magnitude higher than those in the Middle East. Similar to the distribution of PBDE congeners
in indoor dust from the UK and China, BDE-209 was the major BFR detected in indoor dust
from the Middle East.

The PBDE congener distribution pattern varied between different countries. In the USA,
BDE-47, BDE-99 and BDE-209 accounted for 17%, 29% and 33% of XPBDEs respectively,
implying that Penta-BDE was a major contributor. A similar distribution pattern was found
in Canada, with ratios of 21%, 36%, and 48% for Penta-, Octa-, and Deca-BDE of XPBDEs
respectively (Harrad et al., 2008b). In Europe, Asia, and Australia, BDE-209 made the
greatest contribution to XPBDEs. BDE-209 accounted for between 61% in Australia (Sjodin
et al., 2008a) and around 100% in the UK (Harrad et al., 2008a) of XPBDEs. Since the
introduction of restrictions on PBDEs, their congener profile has altered. Stapleton et al.,
(2012), found BDE-209, BDE-99 and BDE-47 were the largest contributors to XPBDEs, with
average contribution ratios of 48%, 19% and 18% for BDE-209, BDE-99 and BDE-47
respectively. Dodson et al., (2012) compared concentrations of BFRs (including PBDEs and
NBFRs) in house dust from California USA collected in 2006 and 2011. The study found that
EH-TBB, BEH-TEBP concentrations in 2011 were about twice those detected in 2006
samples and that DBDPE concentrations were 3 times higher than 2006. In contrast,
concentrations of BDE-47 and BDE-99 in 2006 were twice those in 2011, with DBE-209
concentrations 20 % higher in 2006 than 2011 (Dodson et al., 2012).

Recently, in addition to PBDEs, studies have increasingly measured NBFRs, particularly EH-
TBB, BEH-TEBP, BTBPE and DBDPE as PBDE replacements. In the USA (Washington
state), Schreder and La Guardia, (2014) found ZPBDEs concentrations in house dust ranged
between 311 and 19,700 ng/g, which implies a significant decline in PBDE levels compared
with previous studies such as those mentioned above. In addition, the PBDE congener profiles
have changed, with the relative abundance of BDE-209 increasing relative to that of Penta-
BDE congeners in more recent samples. Specifically, Penta-BDE levels were about one-third
those measured in previous studies in 2006 (Schreder and La Guardia, 2014). Such changes
in PBDE profiles in the USA was emphasised by Stapleton et al. (2014), who found that
among the eight major PBDEs (BDE-28, BDE-47, BDE-99, BDE-100, BDE-153, BDE-183
and BDE-209), BDE-209 predominated with a geometric mean level of 1720 ng/g. Geometric
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mean concentrations of EH-TBB and BEH-TEBP were 97.0 and 604 ng/g, respectively
(Stapleton et al., 2014). Of the 11 NBFRs studied, in dust samples from USA homes, EH-
TBB, BEH-TEBP, BTBPE and DBDPE represented the highest concentrations in house dust.
The median concentrations were 337, 186, 22.3 and 82.8 for EH-TBB, BEH-TEBP, BTBPE
and DBDPE respectively (Brown et al., 2014). Another study (La Guardia and Hale 2015)
reported a similar NBFR distribution profile (i.e. EH-TBB > BEH-TEBP > DBDPE >
BTBPE) in indoor dust from the USA, with average concentrations of 2580, 1850, 1230 and
140 ng/g for EH-TBB, BEH-TEBP, DBDPE and BTBPE respectively.

In Europe, NBFR concentrations and profiles differ from those in the USA. In general, the
major compounds in European indoor dust are DBDPE and BEH-TEBP, with EH-TBB and
BTBPE present at lower levels. In the UK (classroom dust), median concentrations were 25,
96, 9 and 98 for EH-TBB, BEH-TEBP, BTBPE and DBDPE respectively (Ali et al., 2011a).
Meanwhile, in Sweden, median concentrations of Penta-BDEs (sum of BDE-28, -47, -99, -
100 and -153), Octa-BDEs (sum of BDE-153, -196, -197, -203, -206, -207 and -208), BDE-
209, EH-TBB, BEH-TEBP, BTBPE and DBDPE were 51, 47, 320, 2.6, 61, 6.3, and 150 ng/g
respectively (Sahlstrom et al, 2015).

In China, in addition to the elevated concentrations of PBDES, high concentrations of NBFRs
were detected in house dust as well. Zheng et al., (2015a) reported that XPBDEs ranged
between 685 and 67,500 ng/g and XNBFRs ranged between 1460 and 50,010 ng/g in indoor
dust from e-waste sites, with BDE-209 and DBDPE the major BFRs. Qi et al., (2014)
investigated NBFR (EH-TBB, BEH-TEBP, BTBPE and DBDPE) concentrations in
many provinces across China. XNBFR concentrations ranged between 6.3-20,000 ng/g with
a median concentration of 720 ng/g. DBDPE was predominant (nd- 16,000 ng/g) followed
by BEH-TEBP (nd- 1,600), BTBPE (0.2- 220 ng/g) and EH-TBB (nd — 6,300 ng/g). Tables
1.8,1.9,1.10, 1.11 and 1.12 list concentrations (average, median, and range) of PBDEs, EH-
TBB, BEH-TEBP, BTBPE and DBDPE in house dust samples from around the world, along
with the sampling method, and particle size analysed. In the Middle East, median
concentrations of NBFRs (EH-TBB, BEH-TEBP, BTBPE and DBDPE) were < 6.8 ng/g in
Kuwait (Ali et al., 2013) and < 0.8 ng/g in Egypt (Hassan and Shoeib, 2015).
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Table 1.8: Summary of concentrations (ng/g) of PBDEs in house dust, sampling method (Researcher-collected (RC) or household

vacuum (HHV)) and dust particle size analysed

City, Country/ Sampling N BDE Average Median Range Sampling Par_tlcl Reference
Year method e size
Toronto, Canada/ 2006 | 10 | \ideca 1,400 950 | 750-3,500 RC <500\ yarrad et al,, 20080
BDEs um
Vancouver, Canada/ 2007- |, | Ztri-deca- 5,000 2200 | 10-61,000 | HHV | 20 | shoeib et al.,2012
2008 BDEs um
Amarillo and Austin, USA/ |, | Ztri-deca- 4,800 3500 | 920-17,000 | RC <500\ yarrad et al,, 20080
2006 BDEs um
Atlanta, USA/ n.a 10 | Ttetra-deca- n.a 4200 | 52020000 | HHV | <290 | sisdinetal, 2008
BDEs um
North Carolina, USA/ 2009- SPenta-BDE | 2,153 (GM) | na | 152-74,560 <500
’ R | 1., 2012
2010 " " BDE200 | 2574(GM)| na | 441-76,130 ¢ um | Swpletonetal, 20
Washington, USA/ 2011- Ytri-deca- Schreder and La
1 20 BoEs 5000 3860 |311-19,700 | RC n.a Guardin. 2014
BDE-47 | 374(GM) | na | 28.4-21,800 o
North Carolina, USA/ n.a 49 BDE-99 510 (GM) n.a 29.8-17,280 RC m Hoffman et al., 2015
BDE-209 | 1280 (GM) | na | 103-44,900 "
Bloomington, USA/ 2013 | 20 Ztg'[‘)jéga' 4,000 3,650 | 122-9,730 RC <5?n0 M| Venier et al., 2016
Toronto, Canada/ 2013 | 23 Ztg'[‘)jéga' 2,550 1,770 | 284-9,610 RC <5?n0 M1 Venier etal., 2016
- tri-deca- 360- <500
Birmingham, UK/ 2006 28 BDEs 45,000 2,900 520,000 RC um Harrad et al., 2008b
Newcastle “E‘;” Tyne, UK} 4 Zteggggca' n.a 10,000 | 950-54,000 | HHV | <2mm | Sjodin et al., 2008
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Table 1.8: (continued)

City, Country/ Sampling N BDE Average | Median Range Sampling Part'de Reference
Year method size
6 Different cities , Germany/ 10 Ytetra-deca- na 74 17-550 HHY <2mm | Sjodin et al., 2008
n.a BDEs
Stockholm, Sweden/2006 | 10 | TR | g 330 | 721,400 | RC na |deWitetal, 2012
>tri-deca- Thuresson et al.,
Stockholm, Sweden/ 2006 10 BDEs n.a 510 53-4,000 RC n.a 2012
Gdansk, Gdynia, Sopot, Ytri-deca- .
Northern Poland/ 2012 12 BDEs 264 232 < LD-701) HHV n.a Kroél et al., 2014
Ytri-deca- Cequier et al.,
Oslo, Norway/ 2012 48 BDEs 512 147 n.a- 4,460 RC 1-3 mm 2014
Ytetra-hepta-
132 42 -1.54 _
Munich, Germany/ n.a 20 BDEs 3 61546 1 v | <63 um Fromzrgijt al,
BDE-209 1,233 950 10-3,748
Stockholm, Sweden/ 2009- >tri-deca- 774 184- Sahlstrom et al.,
2010 27 BDEs (GM) 48 1 310,000 RC na 2015
. >tri-deca- Venier et al.,
Brno, Czech Republic/ 2013 20 BDEs 241 163 18-797 RC <500 pm 2016
BDE-47 13 8 2.2-50
.. BDE-99 31 14 1.5-170 Harrad et al.,
Lagos, Nigeria/ 2014 12 BDE-183 26 18 59-90 RC <500 um 2016
BDE-209 420 390 77- 940
. ] >tri-deca- .
Kuwait city, Kuwait /2011 15 BDEs 1,750 360 90-19,200 RC <250 pm Alietal., 2013
. >tri-deca- Hassan and
Cairo, Egypt/ 2013 17 BDEs 248 57.1 5.04-1,918 HHV 250 pm Shoeib, 2015
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Table 1.8: (continued)

City, Country/ Sampling

Sampling

Particle

Year N BDE Average | Median Range method size Reference
Shenzhen and Guangzhou, | 55 | Xtrideca- | 503 | 1041 | 68518385 | HHV | 90 | kangetal, 2011
Hong Kong/ n.a BDEs pum
. . Ytri-deca- .
Faisalabad, Pakistan/ 2011 15 BDEs 365 145 30-2,150 RC <500 pm Alietal., 2013
Trang Minh,Vietnam/ Ytri-deca-
2008 10 BDEs n.a 450 140-1,900 RC n.a Tue et al., 2013
. . : Ytri-deca-
Heilongjiang, China/ 2010 14 BDEs 2,520 1,700 240- 9,270 n.a n.a Zhu et al., 2013
Guangzhou, South China/ | | Ztrideca- | 5 5 | 5690 | 564-9,650 RC <149 | Chenetal, 2011
2008 BDEs
.. . Ytri-deca-
Nanjing, China/ 2011 216 BDEs 311 109 0.3-9,574 RC <150 um | Wang et al., 2015
23 provinces across Ytri-deca- RC (brush
China/ 2010 78 BDEs 3,520 1,110 8.92-37,500 sampling) n.a Zhu et al., 2015
Brisbane, Queensland xtetra-
e ’ 10 deca- n.a 1,200 500-13,000 HHV <2mm | Sjodin et al., 2008
Australia/ n.a
BDEs
BDE-47 91 56
Brisbane, Australia/ 2007- BDE-99 184 87
2008 10 BDE-183 102 58 n.a RC <2mm | Toms et al., 2009b
BDE-209 377 291
BDE-47 30.2 24.2 0.3-98.0
Wellington, Christchurch BDE-99 51.8 31.5 3.3- 219
New Zealand/ n.a % | "BDE-183 | 128 27 | 03 2384 RC | <500 um | Coakleyetal, 2013
BDE-209 2,505 598 28.8- 27,394

GM = geometric mean, n.a = not available
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Table 1.9: Summary of concentrations (ng/g) of EH-TBB in house dust, sampling method (Researcher-collected (RC) or household

vacuum (HHV)) and dust particle size analysed

City, Country/ Samplingyear | N | Average | Median Range S;r;pr)llcl)r(;g Particle size Reference
Boston, US/ 2006 19 | 322 (GM) 133 <6.6- 15,030 RC <500 um Stapleton et al., 2008
Vancouver, Canada/ 2007-2008 | 116 510 120 ;(3) 380 HHV <150 um Shoeib et al.,2012
N 1400 <0.64 -
California, US/ 2010-2011 27 (GM) 2,687 29,007 HHV <150 um Brown et al., 2014
Toronto, Canada/ 2013 23 2,410 966 121-15,300 RC <500 pum Venier et al., 2016
Bloomington, USA/ 2013 20 918 240 <dlI- 15,400 RC <500 pum Venier et al., 2016
Oslo, Norway/ 2012 48 16.1 2.54 n.a- 245 RC 1-3 mm Cequier et al., 2014
Munich, Germany/ n.a 20 4.2 <3.0 <3.0-13.6 HHV <63 um Fromme et al., 2014
Antwerp, Belgium/ 2008 39 20 1 <2-436 RC <500 um Aliet al., 2011a
Stockholm, Sweden/ 2012 27 | 11 (GM) 9.1 <2.5-65 RC n.a. Newton et al., 2015
Stockholm, Sweden/ 2009-2010 | 27 | 6.9 (GM) 2.6 <0.29-280 RC n.a. Sahlstrom et al., 2015
Brno, Czech Republic/ 2013 20 17 7.8 <dI- 150 RC <500 pum Venier et al., 2016
Cairo, Egypt/ 2013 17 28.9 0.81 0.11-369 HHV 250 um Hassan and Shoeib, 2015
Kuwait city, Kuwait/ 2011 15 58 6.6 0.6 — 550 RC <250 pm Alietal., 2013
Faisalabad, Pakistan/ 2011 15 0.9 0.4 <0.2-438 RC <500 um Aliet al., 2013
23 provinces across China/2010 | 81 | 130 | 0.83 | <dl-6300 | <o (rsh n.a Qietal., 2014
sampling)

GM = geometric mean, n.a = not available
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Table 1.10: Summary of concentrations (ng/g) of BEH-TEBP in house dust, sampling method (Researcher-collected (RC) or household
vacuum (HHV)) and dust particle size analysed

City, Country/Sampling year N Average Median Range S:]r:t?]lcl)gg Particle size Reference
Boston, US/ 2006 19 234 (GM) 142 3.0-10,630 RC <500 um Stapleton et al., 2008
Vancouver’zgggada/ 20071 196 330 99 10-6,400 | HHV <150um | Shoeib et al.2012
N <0.64-
California, US/ 2010-2011 27 1,096 (GM) 2,076 11.422 HHV <150 um Brown et al., 2014
Toronto, Canada/ 2013 23 2,650 431 69-34,500 RC <500 pm Venier et al., 2016
Bloomington, USA/ 2013 20 2,540 624 112- 22,800 RC <500 pm Venier et al., 2016
Oslo, Norway/ 2012 48 132 78.5 n.a- 809 RC 1-3 mm Cequier et al., 2014
Antwerp, Belgian/ 2008 39 212 13 <2-6,175 RC <500 pm Aliet al., 2011a
Munich, Germany/ n.a 20 436 343 25-2,274 HHV <63 um Fromme et al., 2014
Stockholm, Sweden/ 2012 27 160 (GM) 140 <33-1,500 RC n.a. Newton et al., 2015
Stockholm, Sweden/ 2009- Sahlstrom et al.,
2010 27 62 (GM) 61 <10-340 RC n.a. 2015
Brno, Czech Republic/ 2013 20 60 42 <dl -373 RC <500 pum Venier et al., 2016
Cairo, Egypt/ 2013 17 0.19 0.12 <dI-1.77 HHV <250 um | assan ;gf;hoe'b’
Kuwait city, Kuwait/ 2011 15 190 54 7.2-1,835 RC <250 um Aliet al., 2013
Faisalabad, Pakistan/ 2011 15 21 5.8 1.6 -167 RC <500 um Alietal., 2013
23 provinces across China/ 81 120 29 <dl- 1,600 | RC (brush na Qiet al., 2014
2010 sampling)

GM = geometric mean, n.a = not available
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Table 1.11: Summary of concentrations of BTBPE (ng/g) in house dust, sampling method (Researcher-collected (RC) or household
vacuum (HHV)) and dust particle size analysed

. . . Samplin Particle
City, Country/Sampling year N Average | Median Range metFr)\o dg size Reference
Boston, US/2006 19 48.1 (GM) 30 4.7-654 RC <500 um Stapleton et al., 2008
Vancouver’zgggada/ 2007 | 196 65 30 1.8- 610 HHV | <150 um Shoeib et al., 2012
California, US/ 2010-2011 27 31.3 (GM) 28.4 <0.64 -626 HHV <150 um Brown et al., 2014
Toronto, Canada, 2013 23 27 12 <dl -157 RC <500 pum Venier et al., 2016
Bloomington, USA/ 2013 20 22 8.5 <dl -204 RC <500 pum Venier et al., 2016
Oslo, Norway/ 2012 48 8.73 3.76 n.a-41.9 RC 1-3 mm Cequier et al., 2014
Antwerp, Belgian, 2008 39 33 2 <0.5-1740 RC <500 um Alietal., 2011a
Stockholm, Sweden/ 2012 27 13 (GM) 17 <0.76- 150 RC n.a. Newton et al., 2015
Stockholm, Sweden/2009-2010 | 27 4.8 (GM) 6.3 1.1-36 RC n.a. Sahlstrom et al., 2015
Munich, Germany/ n.a 20 10 <10 <10-34 HHV <63 um Fromme et al., 2014
Brno, Czech Republic/ 2013 20 5.8 3.9 <dl-29 RC <500 pum Venier et al., 2016
Cairo, Egypt/ 2013 17 0.51 0.24 <dl-2.63 HHV <250 um | Hassan and Shoeib, 2015
Kuwait city, Kuwait / 2011 15 53 6.8 0.9-535 RC <250 pm Alietal.,, 2013
Faisalabad, Pakistan/ 2011 15 32 15 1-192 RC <500 um Aliet al., 2013
Urban Guangzhou, China/ 27 19 6.47 <dl-211 HHV <500 pm Wang et al., 2010
e'WaSte'%’;g/g;O%og“’ China/ | 49 84.9 20 nd-998 HHV | <500 um Wang et al., 2010
23 provinces across China/ 81 11 95 0.21- 220 RC (br_ush na Qietal, 2014
2010 sampling
Trang Minh,Vietnam/ 2008 10 n.a 17 5.2-97 RC n.a Tue et al,, 2013

GM = geometric mean, n.a = not available
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Table 1.12: Summary of concentrations (ng/g) of DBDPE in house dust, sampling method (Researcher-collected (RC) or household
vacuum (HHV)) and dust particle size analysed

City, Country/Sampling year N A\Q/]eera Mendla Range Sampling method Pz:tzfle Reference
Boston, US/ 2006 19 138 201 <10.0- RC <500 um | Stapleton et al., 2008
! (GM) 11,070 W P g
California, US/ 2010-2011 27 (3565) 161 <2.60-1,650 HHV <150 pm Brown et al., 2014
Toronto, Canada/ 2013 23 95 15 <dI-2,060 RC <500 um Venier et al., 2016
Bloomington, United States/ 2013 20 367 148 <dI-3140 RC <500 um Venier et al., 2016
Birmingham, UK/ 2006-2007 30 270 24 <dI-3400 RC <500 um Harrad et al.,2008a
Antwerp, Belgian, 2008 39 303 153 <20-2,470 RC <500 pm Alietal, 2011a
Munich, Germany/ n.a 20 323 146 47-1,570 HHV <63 um Fromme et al., 2014
Stockholm, Sweden/ 2012 27 ( Cfl%/l) 12 <0.4 -2,200 RC n.a. Newton et al., 2015
145 Sahlstrom et al.,
Stockholm, Sweden/ 2009-2010 27 (GM) 150 43-1,500 RC n.a. 2015
Brno, Czech Republic/ 2013 20 20 4.7 <dl-114 RC <500 pm Venier et al., 2016
Kuwait city, Kuwait/ 2011 15 510 220 40 -2,175 RC <250 pm Ali et al., 2013
Faisalabad, Pakistan/ 2011 15 130 90 2.5 - 465 RC <500 um Alietal., 2013
Urban Guangzhou, China/ 2008-2009 | 27 5194 2733 100-47,000 HHV <500 um Wang et al., 2010
e'WaSte'G“a”g;ggg’ China/ 2008- | a5 | 471 | 631 | 13.5-1,144 HHV <500 um | Wang et al., 2010
Trang Minh,Vietnam/ 2008 10 n.a 220 31-1,600 RC n.a Tue et al,, 2013
23 provinces across China/ 2010 81 | 1100 | 280 | <dI-16,000 SRaCmE)t::E;;' n.a Qi et al., 2014

GM = geometric mean, n.a = not available
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1.7 Pathways of BFR migration into indoor dust

It has been hypothesised that BFRs migrate from products into indoor dust via three
mechanisms which are: (1) BFR sorption to dust particles after volatilisation from treated
products, (2) physical transfer via abrasion from products in the form of particles or/and fibres,
and (3) direct contact between dust and the surface of products (Rauert et al., 2014a).

Vapour pressure (Vp) and the octanol air partitioning coefficient (Koa) are important factors
influencing BFR fate and behaviour in indoor microenvironments. As mentioned in section
1.5.1.2, brominated flame retardants that have higher vapour pressure are expected to migrate
to the environment via evaporation. By using emission test chambers, Kemmlein et al., 2003
determined the emissions of selected organic pollutants (including BFRs) from selected
consumer products under constant environmental conditions. The study concluded that Penta-
BDEs volatilisation occurred from both foam and electronics, with emission strength
increased at higher temperatures. Partitioning between the gas phase and particulate phase is
an important influence on the relative importance of different human exposure routes to BFRSs.
Such partitioning is controlled by the octanol-air partition coefficient (Koa) (Weschler and
Nazaroff, 2010). Due to their small surface area to mass ratio, particles and airborne aerosols
act as sinks for organic species in the indoor environment (Morawska and Salthammer 2003).
The deposition of SVOCs like BFRs to settled dust is thus to be expected (Fromme, 2012).
However, this explanation is an inadequate explanation for the highly elevated concentrations
in some dust samples of lower vapour pressure compounds like BDE-209 (See chapter 5,
section 5.3.3). Webster et al., (2009) used scanning electron microscopy to investigate PBDESs
in dust suggesting “that the BDE-209 was transferred to dust via physical processes such as
abrasion or weathering”. By using an in-house test chamber with forensic microscopy
techniques, Rauert et al.,, (2014b) identified in dust, some fibres containing high
concentrations of HBCDDs that arose as a result of abrasion of a treated curtain. This study
suggested that “the abrasion migration pathway is a likely source of the elevated
concentrations of BFRs” in some dust samples (Rauert et al., 2014b). Direct contact between
dust and the surface of treated products is likely to be driven by a combination of dust
properties, physicochemical properties of the BFR and the contact time between the dust and
the treated products (Rauert et al., 20144a). Figure 1.5 illustrates the three hypothesised routes
of BFR migration from the treated product to indoor dust.
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Figure 1.5: Mechanisms of BFR migration from treated product to indoor dust
(modified from Rauert et al., 2014a)
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1. 8 Method of analysis for PBDEs and NBFRs in dust samples

In order to determine a very low concentrations of chemicals, it is essential to reduce matrix
complexity and employ an appropriate analytical method such as GC-MS or LC-MS. In
general, techniques for the determination of BFRs in environmental samples adhere to the
following series of operations: (1) extraction of the target compounds from the sample matrix,
(2) isolation of the BFRs from co-extracted chemicals, (3) concentration of the sample, and
(4) measurement using appropriate instrumental methods (Covaci et al., 2003; Guerra et al.,
2011; lonas and Covaci 2013)

1. 8.1 Extraction

The extraction procedure isolates the contaminants from the matrix and transfers them to an
organic solvent. The extraction process is based on organic solvent extraction methods. These
methods are determined by the solubility of the target compound in the extraction mixture,
the accessibility of the extraction solvent and the time required for the extraction procedure.
For BFR extraction from a solid material, solvents such as hexane, toluene, and
dichloromethane are commonly used. Due to the wide range of BFR polarity, the best
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extraction recoveries were found when a polar and non-polar solvent mixture was used
(Covaci et al., 2003, lonas and Covaci 2013).

The most common extraction techniques for analysing BFRs in dust samples are Soxhlet
extraction, accelerated solvent extraction (ASE), microwave-assisted extraction (MAE), and
ultrasonic extraction (Covaci et al., 2003). Soxhlet extraction is one of the oldest methods of
solid sample pre-treatment. The main principle of this method depends on the extraction of
organic components in the solid sample by repeated extraction using a volatile organic
solvent, by refluxing in special glassware that allows the extraction process to be repeated
many times. Despite many advantages of this method, the main disadvantages are the long
extraction times required (typically 4-24 h) and high solvent volumes required (Jensen, 2007).
However, soxhlet has been used in a large number of laboratories to extract PBDEs and
NBFRs from indoor dust (Gevao et al., 2006; Takigami et al. 2009; Wang et al., 2010; Zheng
et al., 2011; Stapleton et al., 2014; Kefeni et al., 2014).

Ultrasonic extraction extracts chemicals from solid matrices by mixing with an organic
solvent and subjecting the matrix: solvent mix to ultrasonic vibration. Energy is introduced
into the sample by means of an ultrasonic bath into which the sample plus solvent is immersed
(Webster, 2006). Recently an ultrasonic extraction method has been widely used to extract
BFRs and NBFRs from dust samples due to the small volumes of solvents and short
processing time required (Ali et al., 2011a; 2011b; Van den Eede et al., 2012; Shoeib et al.,
2012; Dodson et al., 2012; Sahlstrom et al., 2012; Zhu et al., 2013; lonas and Covaci, 2013;
Cao et al., 2015; Kuang et al., 2016).

ASE extraction is a new technique introduced in 1995 by Dionex Corporation. It is fully
automated technique that combines elevated temperatures and pressures with liquid solvents.
The temperature in this technique is normally above the boiling point of the extraction
solvent(s), which requires high pressure to keep the solvent in the liquid state during the
extraction process. The processing time in ASE is between 15 and 25 min with consuming
only 15-50 mL of solvent for each sample (Peterson et al., 2007). This method has been
widely used to extract PBDEs and NBFRs from solid matrices such as indoor dust (Stapleton
et al., 2005; 2008; Harrad et al., 2008a; 2008b; Abdallah et al.2008; Allen et al., 2008;
Muenhor and Harrad, 2012; Stapleton et al., 2012; Harrad et al., 2016)
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1.8.2 Clean-up and fractionation

Complex solvent extracts of samples require further purification before they can be subjected
to chromatographic analysis. In order to reduce the sample complexity and obtain sufficiently
clean extract of BFRs for chromatographic-mass spectrometric analysis, a combination of
non-destructive and destructive clean-up methods are applied. This requires dividing the
extract into more than one fraction depending on the polarity of the target compounds, which
can be achieved by eluting BFRs from an SPE cartridge (a variety of different sorbent
materials are used) with different solvents of increasing polarity (lonas and Covaci, 2013).
Silica gel, alumina, and Florisil are the most common sorbent materials, while a mix of non-
polar solvents such as n-hexane and polar solvents such as acetone, ethyl acetate,
dichloromethane, methanol, n-butyl chloride and diethyl ether as dipole solvents are most
commonly used. Since PBDEs are resistant to strong acids, lipid removal is often effected by
elution through sulfuric acid-impregnated silica gel (Guerra et al., 2011). Recently, clean-up
methods used for determination of BFRs in indoor dust have been optimised using the
principles above. PBDEs and DBDPE are eluted with n-hexane, with EH-TBB, BEH-TEBP
and BTBPE eluted with polar solvents using activated silica (Ali et al., 2011b), deactivated
silica (Sahlstromet al., 2012) or Florisil (Van den Eede et al., 2012). In subsequent steps, acid
treatment of the non-polar solvent fraction is achieved either via elution through acidified
silica (Ali et al., 2011b; Van den Eede et al., 2012) or via liquid:liquid partitioning against
concentrated sulfuric acid (Sahlstrom et al., 2012). To ensure that acid-labile BFRs are not
degraded via these latter steps, EH-TBB, BEH-TEBP and BTBPE should not be subjected to
acid treatment (Sahlstrom et al., 2012; lonas and Covaci, 2013).

1.8.3 Instrumental analysis

BFRs are analysed by GC-MS and or LC-MS (gas or liquid chromatography coupled to mass
spectrometry) depending on the polarity of the target analytes (Abdallah, 2014). Both GC-EI-
MS and GC-ECNI-MS (electron ionis