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Råd till nyfött barn angående i vilken  
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anarkist, marxist, fascist, 
terrorist, imperialist, 
socialist, syndikalist, 

eller rentav folkpartist 
måste lilla du förstå 

att så snart som du kan gå 
bör du stultande gå med 
i det världsparti för fred 

som går före allting annat. 
Alla -ismer där vi stannat 
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Abstract 

Adding chemicals to materials to decrease flammability can be dated back to as early as 450 
BC when the Egyptians used alum to reduce flammability of wood. Almost 2500 years later 
brominated flame retardants (BFRs) are used to prevent ignition of textiles, electronics and 
polymers. BFRs in major use today are polybrominated diphenyl ethers (PBDEs), 
hexabromocyclododecane (HBCDD) and tetrabromobisphenol A (TBBPA), including 
derivatives. There have been three industrial PBDE mixtures produced. Extensive scientific 
reporting has shown increasing concentrations of PBDEs in wildlife and in humans. This in 
combination with reports on their physico-chemical characteristics and chemical reactivity 
have led to that two of the PBDE products have been classified as being persistent, 
bioaccumulative and toxic, which has led to legislative measures, in e.g. EU, Norway and the 
USA.  
 The availability of pure reference standards is a prerequisite for much toxicologically 
related research. Hence the main objective of this thesis was to develop additional methods 
for synthesis of highly brominated diphenyl ethers. Further, to quantify and identify 
photolysis products of decabromodiphenyl ether (decaBDE) and to perform a case study 
regarding PBDE exposure in aircrafts.  
 Synthesis of highly brominated BDE congeners by perbromination of mono- or 
diaminodiphenyl ethers followed by diazotization of the amino group(s) and introduction of 
hydrogen(s) in the molecules is a convenient route for synthesis of some octaBDEs and all 
nonaBDEs. Selective bromination of diaminodiphenyl ether, followed by diazotization of the 
amino groups and substitution with bromines yielded a hexaBDE or a heptaBDE which were 
then further brominated to octaBDE congeners.  
 Even though several studies have been performed on photolysis of decaBDE a new 
study with a more quantitative approach was performed as part of this thesis. Debrominated 
PBDE products were identified and quantified and a marker PBDE for UV degradation of 
DecaBDE was identified i.e., 2,2’,3,3’,5,5’,6,6-octabromodiphenyl ether (BDE-202). 
Polybrominated dibenzofuranes, methoxlated brominated dibenzofuranes, pentabromophenol 
and hydroxylated bromobenzenes were also detected. The PBDEs accounted for 
approximately 90% of the total amount of substances in each sample and the PBDFs for about 
10%. Also, a case study on potential exposure to PBDEs in humans travelling long distances 
by aircraft was done. It was shown that PBDE concentrations in dust onboard aircrafts may be 
high and increased PBDE serum levels were indicated in a majority of the travellers. 
 The present thesis has contributed to make higher brominated diphenyl ethers available 
as reference standards, allowing better quantitative assessments possible regarding both 
abiotic studies and exposure assessments. New toxicological testing can also be pursued. 
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1 Introduction and aim 

The environmental pollution issue came into awareness in Sweden in the last 
few years of the 1950’s and early 1960’s when ornithologists started to see 
some unexplained changes in bird population densities. The first species to be 
hit by declining numbers of individuals were pheasants and some sparrow 
species. In Sweden methyl mercury was used for treatment of grain prior to 
seeding, and that was the fungicide behind the disaster for seed picking birds 
[1]. However, mercury was not the only problem since also other animals 
suffered population decreases, i.e. animals at high tropic levels like birds of 
prey and seals [1]. These problems were caused by other chemicals that were 
extremely stable and bioaccumulative as well as inducing poor reproduction 
and/or reproductive toxicity effects [2,3]. The causes of the poor reproduction 
of e.g. eagles and seals in the Baltic Sea area were identified as the very high 
concentrations of DDT (dichlorodiphenyltri-chloroethane) and PCBs 
(polychlorinated biphenyls) in species showing the effects just mentioned [3-
5]. 
The use of DDT as an insecticide began in Sweden in the end of the 1940’s, 
even though the insecticidal properties of DDT were discovered already in the 
early 1930’s by the German scientist Paul Müller [6]. The PCBs came into 
use for improving technical processes and due to their almost perfect 
insulating properties in relation to electricity. Several PCB products were 
introduced, starting from 1929 [7]. Unlike DDT, the spread of PCB into the 
environment was unintentional. The industrial production of PCB continued 
until the 1970’s when it was ceased in the more developed countries around 
the world, but production is known up till the mid-1980’s [7]. Because of its 
high insulating properties and resistance to high temperatures PCB was used 
in electrical equipment such as capacitors and transformers. The PCB use 
was, as time passed, extended to include hydraulic oil, sealants, PVC plastics, 
paints, adhesives, lubricants, immersion oil for microscope and carbon less 
copy paper [1,7]. In 1968, 1800 people in Fukuoka with sur-roundings, 
located in the southern part of Japan on the island Kyusho, were poisoned by 
PCB contaminated rice oil (Yusho) [7-9]. The incidence led to severe health 
effects including effects on children from poisoned mothers. An almost 
identical pollution incidence occurred in Taiwan in 1979, reffered to as 
Yucheng based on the name of the rice oil involved [7-9]. In the Yusheng 
incident more than 2000 individuals were intoxicated. 
Polybrominated biphenyls (PBBs), used as flame retardants, caused another 
environmental catastrophe due to intoxication of farm animals in Michigan 
(USA) in 1973 [10,11]. The Michigan PBB incident was caused by an 
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accidental and very unfortunate mix up of bags at the plant manufacturing 
both the PBB product, Firemaster BP-6, and supplemental food for farm 
animals. This incidence led to elevated levels of PBBs in farmers and humans 
living in Michigan in particular, but most tragically to emergency slaughter of 
a huge number of farm animals [12]. 

In 1972 the first United Nations conference on the Human Environment was 
held in Stockholm [13]. One of the principles from this conference stated 
“The discharge of toxic substances or of other substances and the release of 
heat, in such quantities or concentrations as to exceed the capacity of the 
environment to render them harmless, must be halted in order to ensure that 
serious or irreversible damage is not inflicted upon ecosystems” [13]. This is 
the first international statement that put environmental concern on the 
political agenda. In 1987 another UN-report states “Our common future 
serves notice that the time has come for a marriage of economy and ecology, 
so that governments and their people can take responsibility not just for 
environmental damage, but for the politics that cause the damage” [14,15]. 
The report aimed to discuss environment and development as a single issue. 
In 2001 the Stockholm Convention on Persistent Organic Pollutants (POPs) 
was signed by a large number of countries worldwide. The convention is a 
global treaty aiming to restrict and ultimately eliminate the production, use, 
release and storage of POPs [16]. Twelve POPs were listed for phase out; 
among them were PCBs and DDT. The convention entered into force in 17th 
of May 2004 and has today 152 parties [14].  

1.1 Flame retardants 

In the 20th century when more highly flammable petroleum-based polymers 
came into use, the need of flame retardants increased in such materials [17]. 
Plastic materials like polyethene, polypropene, polyamide, polystyrene, ABS 
(acrylonitrile, butadiene, styrene) and polyurethane have a high energy 
content (about 25 to 43 MJ/kg) which is comparable to petrol that has 45 
MJ/kg and double the energy content of wood (19 MJ/Kg) [18]. Flame 
retardants are therefore added to these materials in order to decrease 
flammability and to inhibit fire development. When a material is heated it 
starts to decompose and vaporize into flammable gases. In the presence of 
oxygen and an ignition source the gas starts to oxidize. If sufficient heat is 
generated and if the heat is effectively radiated back to the material the 
combustion becomes self-propagating. The combustion process can then 
continue without the ignition source and a fire develops.  
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The groups of flame retardants (FRs) in use today are inorganic chemicals 
such as aluminium trihydroxide, magnesium hydroxide, ammonium 
polyphosphate and red phosphorous; organophosphorus compounds, e.g. 
trialkyl phosphate esters; organohalogen flame retardants, i.e. chlorinated or 
brominated aromatic, aliphatic or cycloaliphatic compounds; and finally 
nitrogen-based flame retardants (melamine and melamine cyanurate) [19]. 
The European consumption of FRs was estimated to 464 thousand tonnes in 
2005 [20], indicating a far larger world consumption. The FRs are designed to 
act as listed below [19]: 

-  Flame retardants that decompose by endothermic processes cool down the 
material below the temperature required for the combustion process to 
proceed. 

-  Some flame retardants emit inert gases that either dilute the oxygen supply 
for the flame or dilute the flammable gas. 

-  Others act through formation of a protective layer on the burning material 
that will prevent the flammable gas to reach the flame and reduces the heat 
transfer from the flame to the material. 

-  Another effective method applied is to capture radicals formed in the 
combustion process. The flame retardant traps the radicals and forms less 
readily oxidized products.  

 

Halogens are very effective in capturing radicals and when exposed to high 
temperatures the halogenated flame retardants releases halogen radicals. 
Bromine containing compounds are the most effective flame retardants since 
bromine is released over a narrow temperature range. Chlorinated flame 
retardants decompose over a wider range of temperatures and will therefore 
be found in lower concentration in the flame. Fluorine compounds are very 
stable and decompose at too high temperatures to be suitable as flame 
retardants, iodine compounds on the other hand are too unstable. Hence only 
organochlorine and organobromine compounds, among the halogenated 
organic chemicals, are used as flame retardants [17,20]. 

1.2 Brominated flame retardants 

There are three main groups of brominated flame retardants (BFRs) in use 
today (TBBPA, HBCDD and PBDEs). These include the reactive flame 
retardants, which are covalently bond to the polymer in which they are used, 
and additative flame retardants that are moulded in with the polymer and can 
therefore leach out more easily from the material. The BFRs are primarily 
made up of brominated aromatic compounds and cycloaliphatic chemicals 
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[19]. Only a few cases of brominated aliphatic compounds are used as FRs 
[19,21,22]. A brief introduction to a few of the major BFRs is given below. 

 

Tetrabromobisphenol A (TBBPA) 

TBBPA is produced through bromination of bisphenol A in an organic 
solvent [23,24]. The compound is mainly used as a reactive flame retardant in 
printed circuit boards but also as an additive in ABS plastic housings. The 
global market demand of TBBPA in 2004 was around 170000 tonnes [25]. In 
Sweden, 246 tonnes of TBBPA was imported during 2004 mainly for usages 
in epoxy resins for manufacture of printed circuit boards of electronic 
components [26]. In the same year also 2500 tonnes of expoxy resins with 
TBBPA was imported [26]. Derivates of TBBPA, for example TBBPA 
bis(2,3-dibromopropyl) ether and TBBPA bis(2-hydroxyetyl) ether, makes up 
about 25 % of the TBBPA usage within the EU [26]. TBBPA is discussed in 
further detail in reviews of BFRs [17,26-28]. 

 

Hexabromocyclododecanes (HBCDDs) 

1,2,5,6,9,10-Hexabromocyclododecane, commonly abbreviated as HBCD or 
HBCDD, is mainly used in polystyrene for thermal insulation foams but is 
also applied in backcoating of textiles. It is produced by bromination of 
cyclododecatriene [29] producing a mixture of stereoisomeres, α-, β- and γ-
HBCDD [27]. The total consumption world wide of HBCDD was almost 22 
thousand tonnes in 2003 [30]. Import of HBCDD to Sweden as pure 
substances does not take place any longer. Instead, import in recent years has 
been as HBCDD treated polystyrene [26].  

HBCDDs are persistent and bioaccumulative but in particular α-HBCDD is 
retained in biota [27]. It is still present in low concentrations in humans [31-
33] but at higher levels in wildlife [31]. The temporal trends in biota indicate 
increasing levels over time [31]. Recently a comprehensive overview of the 
toxicity of HBCDD has been presented by Cantón [34]. 

 

Polybrominated diphenyl ethers (PBDEs) 

PBDEs are used as additative flame retardants in high-impact polystyrene, 
ABS, polyurethane foam, textile coatings, wire and cable insulation and 
electric equipment [35]. There have been three industrial mixtures of PBDE in 
use, the PentaBDE, OctaBDE and DecaBDE mixtures. The world market 
demand of the commercial DecaBDE reached 56418 tonnes in 2003 [30], 
while the lower brominated, PentaBDE and OctaBDE, have been banned by 
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the European Union (EU) [36] and their commercial production have been 
ceased in the USA by the only previous manufacturing company there [37]. In 
the European Union, DecaBDE will be eliminated for use in electronic 
equipment from the 1st of July 2008 [38]. The commercial mixtures are 
produced by bromination of diphenyl ether in the presence of a catalyst [35]. 
There are theoretically 209 different PBDE congeners from mono- to 
decaBDE which are numbered according to Ballschmiter et al [39]. The first 
identification of  the congeners in the commercial mixtures was made in 1976 
by Sundström et al [40] and by Norström et al [41]. They identified 2,2’,4,4’-
tetrabromo-diphenyl ether (BDE-47) and 2,2’,4,4’,5-pentabromodiphenyl 
ether (BDE-99) in PentaBDE mixtures. As more and more authentic PBDE 
standards have become available, the number of identified congeners in the 
mixtures has increased. A summary of identified PBDE congeners in the 
technical mixtures is shown in Table 1.1. The PentaBDE mixture consists of 
tri- to heptabrominated diphenyl ethers with BDE-47, -99 and -100 as the 
major ones present at about 40, 50 and 10% by weight, respectively [42]. 
HexaBDE to nonaBDE congeners are found in OctaBDE mixtures with 
potential traces of BDE-209. BDE-183, -197, -203 and -196 are the major 
ones making up 10-40, 10-20, 4-8 and 3-10% by weight, respectively [42]. 
DecaBDE consists mainly of decabromo-diphenyl ether, BDE-209, with 92-
98 % by weight, but also of nonaBDEs with up to 5% by weight [42]. 
DecaBDE is discussed in further detail in Chapter 2 and human exposure of 
PBDEs is discussed in Chapter 5. 

 

Also to be mentioned is the polybrominated biphenyls, PBBs. The PBBs were 
used as flame retardants and were introduced in the early 1970’s. The 
Michigan accident, mentioned above, was the initiator of more research on 
PBBs. The incident led to a cease in the production and use of PBBs in USA 
in the 1970’s. Still, the production of decaBBs continued until the year 2000 
in France [17]. 

 



Table 1.1. Identified PBDE congeners in commercial PBDE products. 

 PentaBDE OctaBDE DecaBDE 

 
Bromkal 70-5 DE, 

Chemische Fabrik Kalk 

Bromkal 70-5DE / DE-71, 

Great Lakes Chemical Corp. 

Bromkal 79-8DE, 

Chemische Fabrik Kalk 

Bromkal 79-8DE / DE79, 

Great Lakes Chemical Corp 

Saytex 102E, 

Albermarle 

Corp  

Bromkal 82DE, 

Chemische 

Fabrik Kalk 

Sundström et al 

1976  [40] 
47, 99      

Norström et al 

1976 [41] 
47      

Sjödin et al 1998  

[43] 

17, 28, 47, 66, 100, 99, 85, 

154, 153, 138 
     

Sjödin 2000 [44] 
47, 100, 99, 85, 154, 153, 

138, 183 

47, 100, 99, 85, 154, 153, 

138, 183 
154, 153, 183, 209 154, 153, 183, 209   

Björklund et al 

2003 [45] 
   

183, 197, 203, 196, 208, 207, 

206, 209 
  

Korytàr et al 

2005  [46] 
 

17, 28, 49, 47, 74, 66, 100, 

101, 99, 97/118, 85, 155, 

154, 153, 139, 140, 138, 183 

 

183, 191, 181, 173/190, 204, 

197, 203, 196, 205, 208, 207, 

206, 209 
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Table 1.1. (cont.)  

 PentaBDE OctaBDE DecaBDE 

 
Bromkal 70-5 DE, 

Chemische Fabrik Kalk 

Bromkal 70-5DE / DE-71, 

Great Lakes Chemical Corp. 

Bromkal 79-8DE, 

Chemische Fabrik Kalk 

Bromkal 79-8DE / DE-79, 

Great Lakes Chemical Corp 

Saytex 102E, 

Albermarle 

Corp  

Bromkal 82DE, 

Chemische 

Fabrik Kalk 

Konstantinov et 

al 2005 [47] 
 

17, 28, 51, 49, 48, 47, 66/42, 

102, 100, 119, 91, 99, 85, 

155, 154, 153, 139, 149, 

138, 184, 183, 156 

    

Konstantinov et 

al 2006 [48]    

119, 99, 154, 149, 153, 139, 

140, 138, 184, 128, 183, 182, 

191, 180, 171, 201, 197, 203, 

196, 194, 208, 207, 206, 209 

  

La Guardia et al 

2006 [42] 

17, 28/33, 75, 51, 49, 

47/74, 66/42, 100, 99, 

97/118, 85, 126/155, 154, 

153, 139, 140, 138, 

175/183 

17, 28/33, 75, 51, 49, 48/71, 

47/74, 66/42, 102, 100, 99, 

97/118, 85, 126/155, 154, 

153, 139, 140, 138, 184, 

175/183 

154, 144, 153, 184, 

175/183, 171, 201, 197, 

203, 196, 208, 207, 

206, 209 

154, 144, 153, 140, 138, 184, 

175/183, 191, 180, 171, 201, 

197, 203, 196, 194, 208, 207, 

206, 209 

208, 207, 206, 

209 

197, 203, 196, 

208, 207, 206, 

209 

 



Miscellaneous BFRs 

Decabromodiphenyl ethane (DBDPE) has been in use as a flame retardant 
since the early 1990’s and is used in for example high impact polystyrene and 
wire and cable elastomeres [49]. DBDPE is reported as an environmental 
contaminant [50] but still the fate of this FR is largely unknown. The structure 
of the compound indicates a very high log Kow and it is extremely difficult to 
dissolve the compound in any solvent. 

 

1,2-Bis(2,4,6-tribromophenoxy) ethane (BTBPE) is used in high impact 
polystyrene, elastomeres and thermoplastics [49]. It has been reported in 
ambient air from a facility dismantling electronics [51] and metabolism of 
BTBPE has been reported as well [52]. BTBPE has been found in wildlife 
[53,54] but has hitherto, to my knowledge, not been identified in humans.  

 

1.3 Aim 

Without authentic reference standards it is impossible to make correct 
analytical exposure assessments and other chemical analysis including 
quantifications. Likewise, pure individual compounds are required for 
toxicological testing. The work on synthesis of PBDE congeners has given us 
a set of methods for their synthesis. The objective of the present thesis was 
firsthand to further extend the development of methods for synthesis of the 
most highly brominated diphenyl ethers, i.e. octaBDEs and nonaBDEs since 
there was a lack of authentic reference compounds among these. The 
development of methods for synthesis of such compounds are described and 
discussed in Paper I and II. 

PBDE research includes a large number of directions today including abiotic 
degradation and exposure to PBDEs. This thesis includes two case studies, 
one aiming at a more quantitative approach on photolysis of decaBDE (Paper 
III) and the other is addressing human exposure to PBDEs during long flight 
journeys and stay abroad (Paper IV). The latter study was aimed to look into 
human exposure to dust and uptake of PBDEs from the inhaled dust. 
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2 DecaBDE 

Technical DecaBDE is a major BFR with world wide use and distribution 
[55]. Of the total world market demand of DecaBDE in 2001 (56000 tonnes) 
14% was used in Europe. In addition, about 1300 tonnes of DecaBDE is 
imported annually to Europe in finished articles [56]. Unfortunately the 
bromine industry is not releasing the present BFR production volumes (M. 
Spiegelstein, BSEF personal commun. via Å. Bergman) making it difficult to 
state any changes in volumes of DecaBDE production after the production 
stop of PentaBDE and OctaBDE [37].  

Technical DecaBDE must not be mixed up with decabromodiphenyl ether 
(BDE-209 or decaBDE), the individual fully brominated diphenyl ether which 
is the major, but not the only, constituent of the commercial DecaBDE 
products. BDE-209 is sometimes referred to as perbrominated diphenyl ether. 

 

2.1 Chemical and physical characteristics 

The structure of decaBDE (Table 2.1) has been characterized in detail by X-
ray crystallography [57]. The bulky four ortho-bromine substituents are the 
major contributors for the skewed conformation. The electron withdrawing 
ten bromine substituents are results in two rather reactive phenyl rings. 

Commercial DecaBDE is synthesised through bromination of diphenyl ether 
using bromine and a Lewis acid catalyst such as aluminium tribromide to 
form primarily the perbrominated diphenyl ether. DecaBDE produced in the 
1970’s contained comparatively low amounts of BDE-209, i.e. 77% 
decaBDE, 22% nonaBDEs and 0.8% octaBDE, while recent DecaBDE 
products contain 92-98% BDE-209 and at most 5 % of nonaBDEs [42].  

A summary of physico-chemical parameters are listed in Table 2.1. Notable 
characteristics of the compound are its low vapour pressure and low water 
solubility making adsorption to particles in sediment and soil dominant. 

 9



Table 2.1. Structure and physico-chemical parameters of decaBDE. 

O
Br Br

Br

Br
Br

Br

Br
Br

BrBr
 

2,2’,3,3’,4,4’,5,5’,6,6’-Decabromodiphenyl ether (BDE-209 or decaBDE) 

CAS Number 1163-19-5  
(61345-53-7, a mixture between decaBDE and Sb2O3) 

Melting point 290-306 ºC [35] 

Decomposition point > 320 ºC [35] 

Solubility 4.1 mg/ml toluene, 8.8 mg/ml tetrahydrofuran [58] 
<0.01 μg / ml water [59] 

Vapour pressure 4.63 × 10-6 Pa at 21 ºC [59] 

 

2.2 DecaBDE application areas 

DecaBDE is used in a variety of polymers as extracted from recent 
information, shown in Table 2.2. The amount of flame retardants used in the 
different applications depends on the properties of the material and the use of 
the end product [56]. The concentration of DecaBDE in polymers range from 
6 to 22% [35] and it is used together with antimony trioxide (Sb2O3) in a ratio 
of flame retardant to antimony trioxide 3:1 [60]. Since DecaBDE is moulded 
in with the polymers to protect, it is also free to move within the polymer and 
also out to the surrounding environment. This is one of the sources for BDE-
209 in the environment, others being direct contamination by DecaBDE 
production and application of this commercial product. 
 
Table 2.2. Usage and applications of DecaBDE [55]. 
Polymers Application 

High-impact polystyrene Mobile phones, housings of TVs, audio and video equipment 

Polypropylene Communication cables and capacitor films in electronic 
equipment, lamp sockets and kitchen hoods in households 

Textiles Upholstery textiles in furniture  

Polyethylenes Wires and cables in electronic equipment 

Polybutylene terepthalate Connectors in electric and electronic equipment  

Unsaturated polyesters Reinforced plastics for building and construction 

Nylon Connectors in electric and electronic equipment, circuit 
breakers, coils of bobbins 
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2.3 Abiotic fate of decaBDE 

BDE-209, the major constituent of DecaBDE, was for some time claimed to 
be highly unreactive both experimentally and if present in the environment. 
This is not the case as shown and reported in several scientific articles on 
photolysis of DecaBDE or BDE-209 (Paper III and [61-69]) and microbial 
degradation in sediments and sewage sludge [70-72]. The photolytic reactivity 
of BDE-209 is further discussed in Chapter 4. The susceptibility of BDE-209 
is also clearly shown by its reactivity in relation to sodium methoxide [73] 
and sodium borohydride (Paper I).  

Further, reductive debromination by electrolysis of technical DecaBDE in 
tetrahydrofuran resulted in the formation of di- to nonaBDEs [74]. DecaBDE 
dissolved in tetrahydrofuran and water in the presence of birnessite (a mineral 
oxide of manganese) was debrominated to tetra- to octaBDE congeners [75]. 
Birnessite and water oxidized tetrahydrofuran to succinic acid which then 
acted as a hydrogen donor to decaBDE. Zerovalent iron are also able to 
reduce decaBDE to lower brominated diphenyl ethers [76,77]. 

The first report of microbial debromination of decaBDE was a study of 
anaerobic microorganisms in sediment leading to nonaBDE products [71,72]. 
In a more recent study anaerobic microbial debromination of decaBDE 
resulted in formation of hepta- to octaBDE congeners [78]. Also 
debromination of an OctaBDE mixture showed formation of di- to heptaBDE 
products. Bacterial preferences was observed in this study, i.e. identification 
of the ability to support debromination among certain bacteria whereas 
decaBDE was unaffected by others. Anaerobic degradation of decaBDE in 
sewage sludge leading to formation of lower brominated congeners, mainly 
octa- to nonaBDEs, has also been reported by Gerecke and coworkers [70]. 

Indeed BDE-209 is a rather reactive compound when subjected to the 
appropriate reaction conditions. Depending on where BDE-209 is present it 
may or may not undergo transformations and it is accordingly not a typical 
persistent organic pollutant. 

 

2.4 Biological fate  

Numerous studies have shown decaBDE to be bioavailable, i.e. all studies are 
showing the BDE-209 residues in vivo. The studies may be divided in real 
world exposure studies and in experimental work. The former data, without 
the intention to cover all reports, are summarized in Table 2.3. Burreau et al 
investigated the bioavailability and biomagnification of PBDEs in fish (Pike 
(Esox lucius), Perch (Perca fluviatilis) and Roach (Rutilus rutilus)) showing 
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that octa-, nona-, and decaBDE were bioavailable and present in fish muscle 
but they were not biomagnified [79]. DecaBDE treated food was given to 
Rainbow trout (Oncorhynchus mykiss) in two studies [80,81] showing 
increased decaBDE concentrations in the fish over the exposure period. 
Debrominated congeners (hexaBDEs - nonaBDEs) were also shown to be 
formed. In another study juvenile Carp (Cyprinus carpio) was given feed 
spiked with decaBDE [82] showing no accumulation of decaBDE in the fish 
but instead debrominated products; PBDEs down to hexaBDEs were reported. 
Incubation of Rainbow trout and Carp liver microsomes with decaBDE 
showed the same debromination congener pattern as the in vivo study [81]. 
Indication of biotransformation of decaBDE in fish was shown in a recent 
study by La Guardia et al [83]. PBDE congener patterns in sewage sludge 
from a waste water treatment plant (WWTP) for a plastic goods industry and 
in sediment down stream were similar to those in the technical Penta-, Octa-
and DecaBDE mixtures [83]. Fish from the same area showed a different 
congener profile with heptaBDE and octaBDE congeners not found in the 
sediment and sludge, which indicates possible metabolic debromination of the 
technical DecaBDE products. 
DecaBDE was accumulated in the blubber of Grey seals (Halichoerus grypus) 
after exposure through the diet [84]. Three capitative Grey seals (Halichoerus 
grypus) were fed herring for three months of which a daily supplement of 
decaBDE was included during the second month. BDE-209 was not found in 
the herring and accordingly the exposure was concluded to originate from the 
supplement only. DecaBDE was not found in blood or blubber before the 
seals were fed the decaBDE supplemented diet. In the wild compounds stored 
in the blubber are likely to be re-mobilised during periods of fasting [84]. 

Uptake and metabolism of decaBDE/DecaBDE in dosed rats have been 
shown in several studies [58,85]. The dominant route of excretion is via 
faeces. Among metabolites formed were metoxyhydroxylated penta- to 
heptabrominated diphenyl ethers reported [58] and also debrominated 
congeners of BDE-209 [85]. 

Milk, faeces and adipose tissue from lactating cows as well as their feed were 
analysed for PBDEs [86]. DecaBDE was found in all matrices and it was 
shown that faeces were the main route of excretion. The adipose tissue had 9-
80 times higher PBDE concentration than the milk fat.  

European Starlings (Sturnus vulgaris) were exposed to decaBDE through 
silastic implants [87]. During the exposure period the decaBDE level first rose 
in the blood and then declined probably due to debromination of decaBDE 
since lower brominated congeners were found in muscle and liver.  

 12



 13

2.5 Environmental and wildlife concentrations of highly brominated 
diphenyl ethers 

Human exposure of decaBDE is treated in Chapter 5 and this chapter will 
focus on environmental decaBDE levels and wildlife exposure. Levels of 
decaBDE in fish, bird and mammals and in abiotic sediment and sewage 
sludge are exemplified in Tables 2.3 and 2.4, respectively. Levels of octa- and 
nonaBDEs in biota are rarely reported, as shown in Table 2.5. In contrast 
more information is available for environmental octa- and nonaBDEs, as 
shown in Table 2.6.  

 



Table 2.3. Measured BDE-209 concentrations in biota, given in ng/g lipid weight (l.w.). 

Location Species Matrix Year n Median/Mean Reference 
     (min-max)  
Åland archipelago, Baltic Sea Perch (Perca Fluviatilis) Muscle   12 1.3 (0.30-31) [79] 
 Pike (Esox lucius)   4 1.7 (0.52-4.6)  
 Roach (Rutilus rutilus)   3 48 (0.57-116)  
Vero River, Spain Barbel (Barbus graellsil) Muscle 2004 8 32.2 (nd-267) [88] 
 Barbel (Barbus graellsil)  2005 5 85.8 (38.3-707)  
 Carp (Cyprinus carpio)  2004 2 79.5 (63.7-95.3) [88] 
USA1) Sunfish (Lepomis gibbosus) Whole 2002 13 2800  
USA2) Creek chub (Semotilus atromaculatus) fish  6 nd  
 Cray fish (Cambarus punctincambarus sp.c)   5 21 600 [83] 
Belgium Red fox (Vulpes vulpes) Adipose 2003-04 27 <3.7 (<3.7-200) [89] 
  Liver  30 <9.1 (<9.1-760)  
  Muscle  33 <3.9 (<3.9-290)  
Svalbard, Norwegian Artic Polar bears (Ursus maritimus) Plasma 2002 7 F <1.68-20.83 [90] 
Bear Island, Norwegian Artic Glaucous gull (Larus hyperboreus) Plasma 2004 12 M <2.76-16.15  
Bear Island, Norwegian Artic Glaucous gull (Larus hyperboreus) Plasma 2004 15 F 2.47-32.04  
Northern China Common kestrel (Falco tinnunculus) Muscle 2004-06 6 2150 [91] 
  Liver   2870  
  Kidney   483  
 Sparrow hawk (Accipiter nisus) Muscle 2004-06 11 192  
  Liver   249  
  Kidney   83  
 Little owl (Athene noctua) Muscle 2004-06 6 150  
  Liver   96  
  Kidney   40  
 Common buzzard (Buteo buteo) Muscle 2004-06 3 26  
  Liver   71  
  Kidney   93  
Sweden Peregrine falcon (Falco peregrinus) Egg 1987-99 103) 8.2 (<7-9) [92] 
   1992-94 24 130 (<20-430)  
   1991-1999 18 110 (28-190)  
WWTP=Waste Water Treatment Plant, F= female, M=male, nd=not detected 
1)Marlowe Creek, City of Roxboro, 2)Downstream a WWTP for plastic goods industry, 3)captive 
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Table 2.4. BDE-209 concentrations (ng/g dry weight) in sediment and sewage sludge. 
Location Matrix  Year Comment n Median/mean 

(min-max) 
Ref 

Spain1)

 

Sediment 2005 

 

11 km upstream an industry park 
1 km downstream an industry park 
5 km downstream 
5 m downstream a textile industry effluent 

2 
1 
2 
1 

7.46-26.9  
5395 
1911-7454 
12459 

[88] 

USA2) Sewage sludge 2002, 2005 From a WWTP for plastic goods industry 2 37400-58800 [83] 

USA2) Sediment 2002, 2005 Upstream a WWTP for plastic goods industry 
Downstream 0 km 
Downstream 11 km 

2 
2 
2 

33300-36800  
181000-1630000 
 247000-300000 

[83] 

Australia Sediment 2002-2003 Sediment samples from industrial, urban, and 
agricultural areas 

46 0.880 (0.029-35.6) [93] 

China3) Sediment 2004-2006 Sediment from an industrial area 3 13.5-30.3 [94] 

China Sewage sludge 2005 From wastewater treatment plants in 26 cities 31 25.5 (<LOD-
1108.7) 

[95] 

Sweden, Stockholm Sewage sludge 2000 From 50 sewage treatment plants  50 120 (5.6-1000) [96] 

Czech republic and 
Germany4)

Sediment 2002  29 0.5-17  [96] 

Kuwait Sewage sludge 2005-2006 Samples from three wastewater treatment plants 18 84.65 (4.8-1595.6) [97] 

Switzerland Sediment 1974 
1989 
2001 

A sediment core from the lake Greifensee 1 1.1 
4.1 
7.2 

[98] 

1)Vero River, 2)Marlowe Creek, City of Roxboro, 3)Pearl River Estuary, 4)River Elbe,  

 

 15



Table 2.5. Mean concentrations (ng/g lipids) of octaBDEs - nonaBDEs in some bird species. 

Location Species Matrix Year n BDE-196 
ng/g lipid 

BDE-203 
ng/g lipid 

BDE-207 
ng/g lipid 

BDE-208 
ng/g lipid

Ref. 

Northern  

China 

Common kestrel (Falco tinnunculus) 

 

 

Sparrow hawk (Accipiter nisus) 

 

 

Little owl (Athene noctua) 

 

 

Common buzzard (Buteo buteo) 

Muscle 

Liver 

Kidney 

Muscle 

Liver 

Kidney 

Muscle 

Liver 

Kidney 

Muscle 

Liver 

Kidney 

2004-2006

 

 

2004-2006

 

 

2004-2006

 

 

2004-2006

6 

 

 

11

 

 

6 

 

 

3 

 

1090 

787 

400 

403 

260 

257 

152 

136 

58 

7.5 

4.8 

3.4 

1950 

1600 

818 

219 

152 

144 

118 

120 

49 

3.0 

1.3 

1.2 

1960 

1590 

556 

553 

235 

272 

152 

136 

58 

7.5 

4.8 

3.4 

1380 

1310 

445 

178 

110 

97 

118 

120 

49 

3.0 

1.3 

1.2 

[91] 
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Table 2.6. OctaBDE - nonaBDE levels (ng/g dry weight) in sediment and sewage sludge. Median/mean (min-max) are shown. 

Location Matrix Year n BDE-196/200 BDE-197/204 BDE-198/203 BDE-
201 

BDE-
202 

BDE-
205 

BDE- 
206 

BDE- 
207 BDE-208 Ref 

Spain1) 

Spain2)

Sediment 2005 

 

1 

2 

37.4 

10.9 

 39.3 

11.0 

   375 

108 

235 

100 

169 

60.2 

[88] 

USA3) Sewage 

sludge 

2002, 

2005 

2 (202-1600) (171-993) (220-1190)    (490-27400) (276-1340) (295-726) [83] 

USA4) 

USA5) 

USA6)

Sediment 2002, 

2005 

2 

2 

2 

nd 

(nd-380) 

(nd-210) 

nd 

nd 

(nd-73) 

nd 

(nd-434) 

(nd-166) 

   nd 

(11200-67700)

(3120-10900) 

nd 

(nd-5810) 

(544-945) 

nd 

(nd-3530) 

(nd-375) 

[83] 

Australia7) Sediment 2002-03 46       0.033 (0-1.46) 0.029 (0-7.7)  [93] 

Switzerland8) Sediment 1974 

1989 

2001 

1 0.022 

0.015 

0.006 

0.033 

0.026 

0.011 

0.039 

0.028 

0.006 

0.004 

0.020 

0.024 

0.002

0.007

0.011 

0.002

0.009

0.003 

0.011 

0.052 

0.12 

0.010 

0.030 

0.070 

0.010 

0.033 

0.076 

[98] 

1)Vero River, 5 m downstream a textile industry effluent, 2)Vero River 5 km downstream, 3)Marlowe Creek, City of Roxboro, from a WWTP for 
plastic goods industry, 4) Upstream a WWTP for plastic goods industry, 5)Downstream 0 km, 6) Downstream 11 km, 7) Sediment samples from 
industrial, urban, and agricultural areas, 8)A sediment core from the lake Greifensee.



DecaBDE levels have been measured in adipose tissue, liver and muscle from 
Red fox (Vulpes vulpes) with the highest concentration of 760 ng/g lipid in liver 
[89]. However, it is uncertain how this fox is exposed having its habitat in the 
densely populated Belgium. Direct exposure to BDE-209 can not be excluded.  

DecaBDE was also found in plasma from Glaucous gull (Larus hyperboreus) 
and Polar bears (Ursus maritimus) in the Norwegian Arctic [90]. DecaBDE was 
detected in almost half of the samples although in minor concentrations 
compared to BDE-47 that made up 93% and 51% of the ∑PBDE concentration 
in Polar bears and Glaucous gull, respectively. 

DecaBDE was one of the dominating congeners in birds of prey (muscle, liver 
and kidney) from northern China [91]. The concentrations of BDE-209 in 
Kestrels (Falco tinnunculus) are the highest hitherto reported. Prior to the report 
from Chen and coworkers, BDE-209 was found in elevated concentrations in 
eggs from Peregrine falcons (Falco peregrinus) in Sweden [92]. It was shown in 
the latter study that eggs from wild Peregrine falcons had higher levels of 
decaBDE than eggs from captive Peregrine falcons. 

Eljarrat et al. analysed fish and sediment in a river downstream an industrial 
park in Spain and found decaBDE levels up to 12.5 µg/g dry weight in sediment 
and up to 0.7 µg/g fat in fish [88]. In Australian sediment BDE-209 made the 
greatest contribution to ∑PBDE concentration, ranging between 40 to 100 % 
among the analysed samples [93]. Overall the ∑PBDE concentration was about 
an order of magnitude higher in estuarine sediment compared to fresh water 
sediments. Sediment from River Elbe in Czech Republic and Germany also had 
BDE-209 as the major PBDE congener [96]. Sediment cores were sampled from 
the Pearl River estuary in South of China, close to one of the largest electronic 
and telecommunication equipment manufacturing areas in China [94]. The 
concentration of decaBDE increased from 1990’s to present time. The sediment 
surface concentration of decaBDE is shown in Table 2.4.  

A sediment core from a Swiss lake was analysed for PBDEs by Kohler and co-
workers [98]. PBDEs appeared in the sediment layer from the mid 1970’s and 
decaBDE was present in all layers (Table 2.4). The octa- and nonaBDE profile 
differed from the technical OctaBDE and DecaBDE mixtures indicating 
transformation of BDE-209 after release to the environment. On the other hand 
the congener patterns of octa- and nonaBDEs in the sediments were similar over 
time between 1974 and 2001 indicating no sediment-mediated long-time 
transformation. 

A study on sewage sludge from 50 sewage treatment plants in Sweden showed 
decaBDE as the congener with highest concentration in most of the samples 
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[96]. Similar results with decaBDE as the main PBDE congener was found in a 
study on sewage sludge in China [95] and in Kuwait [97]. 

DecaBDE has also been reported in outdoor air in China [99], North America 
[100,101] and in Europe [96]. 

 

2.6 Legislative situation regarding PBDEs 

According to the European RoHs directive (Restriction of the use of certain 
Hazardous substances in electrical and electronic equipment) from 2003, 
products shall not contain more than 0.1% (by weight) of PBDEs with an 
exception for DecaBDE [102]. But since DecaBDE mixtures consists of up to 
5% of nonaBDEs and are added in around 10% to plastics the nonaBDE level 
will exceed the accepted level. This makes the use of industry-grade DecaBDE 
practically impossible, despite the exemption [56]. The bromine flame retardant 
industry is therefore aiming at producing DecaBDE with higher purity 
[103,104]. However, during the preparation of the plastics the temperature is 
between 200-300 oC [60] which may lead to formation of nonaBDEs.  

Recent legislative updates in the European Union states that DecaBDE will be 
eliminated from use in electronic equipment from the 1st of July 2008 [38]. 

The European risk assessment in 2002 of decaBDE concluded that there was a 
gap of knowledge regarding bioaccumulation of decaBDE and that more 
toxicological work had to be done on decaBDE degradation products [60]. As a 
result of discussions at the policy level the report also stated that: “Furthermore, 
increasing levels in the environment and the possible formation of more 
bioaccumaltive and toxic compounds via degradation could occur while the data 
were being gathered. Consequently Member States agreed that emission 
reduction measures should be considered without delay for the sources of this 
exposure.” [60]. 

In Sweden the DecaBDE is prohibited since the 1st of January 2007 for use as 
application mixtures or in articles in higher levels than 0.1% by weight [105]. 
Norway has a prohibition on DecaBDE in electric and electronic equipment 
which has now also been extended to include articles such as textiles, cables and 
furniture upholstery [106]. The Norwegian legislation is prohibiting import of 
articles with DecaBDE content while this is not the case in EU countries 
according to the present EU legislation.  

In Asia there is no regulations regarding DecaBDE usage but annual reports 
have to be produced on volumes imported, used and quantities released into the 
environment [55]. Also in USA there is no federal laws restricting usage of 
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DecaBDE but since the beginning of 2008 at least two states have restricted its 
use of DecaBDE, such as in mattresses, mattresses pads and textiles used in 
residential furniture.  
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3 Methods for synthesis of PBDEs 

Differently substituted diphenyl ethers make up important classes of organic 
compounds, both regarding low molecular weight chemicals and polymers. 
Among the former there are over 100000 chemicals listed in Chemical Abstract 
while there is not more than seven different commercial available polymers 
listed with the diphenyl ether constituent included in the polymeric chain. A 
number of different methods may be used in diphenyl ether syntheses which 
build molecules containing a diphenyl ether skeleton as reviewed by Sawyer 
[107] and Frlan and Kikelj [108]. A number of differently substituted 
halogenated diphenyl ethers, including polyfluorinated [109-111], -chlorinated 
[112] and -brominated, have been described while polyiodinated diphenyl ethers 
are far less common. However, since the hormone thyroxin (T4) is a 
polyiodinated diphenyl ether, there are still numerous congeners discussed and 
described in the organic chemistry literature [113-115]. This chapter will 
summarize the most important methods for the synthesis of individual PBDE 
congeners with focus on the methods used in Papers I and II for synthesis of 
higher brominated diphenyl ethers. Also a few attempts of unsuccessful 
synthesis of PBDE congeners will be mentioned. When working with organic 
chemistry it is always important to take safety precautions regarding both very 
reactive reagents and the toxicity of possible by-products. In this thesis work, 
several hazardous starting materials and potential by-products have been 
handled requiring particular caution. 
An overview of methods hitherto applied for synthesis of individual PBDE 
congeners is shown in Table 3.1. These methods will be briefly described, 
discussed and referred to below. All PBDEs are referred to by the abbreviation 
numbers suggested by Ballschmiter and coworkers [39]. 
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Table 3.1. The methods for synthesis of 61 PBDE congeners, all that have been scientifically 
reported, are listed in the table, including references. The methods A-P are shortly described 
as follows: 

A) Symmetrical iodonium salt coupling with bromophenol 
B) Diazotization and Sandmeyer reaction of mono-/diaminodiphenyl ether 
C) Ullmann diphenyl ether synthesis 
D) Bromination of diphenyl ether 
E) Reductive elimination of phenoxytetraphenylstiboranes 
F) Bromination of brominated diphenyl ether 
G) Modified Suzuki coupling 
H) SNAr and Sandmeyer reactions 
I) Unsymmetrical iodonium salt coupling with bromophenol 
J) Bromination of of mono- / di-aminodiphenyl ethers, diazotization, reduction or Sandmeyer 
reaction 
K) Reduction of BDE-209 with sodium borohydride 

BDE- Structure Method Isolated 
steps 

Over all yield 
% Ref 

1 2- A 2 25 [116] 
  B 2 69 [117] 
2 3- A 2 20 [116] 
  C 1 33 [118] 
  B 2 58 [117] 
3 4- A 2 10 [116] 
  D 1 94 [119] 
  D 1 98 [120] 
4 2,2’- D 2 79 [121] 
7 2,4- A 2 20 [116] 
  E 2 55 [122] 
8 2,4’- A 2 4 [116] 
10 2,6 A 2 20 [116] 
11 3,3’- C 1 32 [118] 
  B 1 34 [123] 

12 3,4- A 2 13 [116] 
13 3,4’- A 2 4 [116] 
  F 1 57 [121] 

15 4,4’- A 2 4 [116] 
  D 1 98 [121] 
  G 1 77 [124] 

17 2,2’,4- A 2 24 [116] 
25 2,3’,4- A 2 36 [116] 
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BDE- Structure Method Isolated 
steps 

Over all yield 
% Ref 

28 2,4,4’- A 2 4, 43 [116], [125] 
30 2,4,6- A 2 14 [116] 
32 2,4’,6- A 2 5 [116] 
33 2’,3,4 A 2 33 [116] 
35 3,3’,4- A 2 26 [116] 
37 3,4,4’- A 2 20 [116] 

47 2,2’,4,4’- A 2 27, 57, 31 [116], [126], 
[125] 

  D 1 64, 85 [118], [41] 

49 2,2’,4,5’- A 3 49, 28 [116], [125] 
51 2,2’,4,6’- A 2 32 [116] 
66 2,3’,4,4’- A 2 31, 7 [116], [125] 
71 2,3’,4’,6- A 2 25, 9 [116], [125] 
75 2,4,4’,6- A 2 5, 14 [116], [127] 
77 3,3’,4,4’- F 3 24 [116] 
  A 6 5 [125] 
  F 2 28 [123] 

81 3,4,4’,5- G 2 29 [125] 
85 2,2’,3,4,4’- F 2 12 [118] 
  A 6 8 [125] 

99 2,2’,4,4’,5- F 2 18 [118] 
  A 2, 5 30, 4 [126], [125] 
  H 3 73 [125] 

100 2,2’,4,4’,6- A 2 22, 74, 35 [116], [126], 
[125] 

116 2,3,4,5,6- A 2 10 [116] 
119 2,3’,4,4’,6- A 2 5, 13 [116], [125] 
126 3,3’,4,4’,5 A 6 6 [125] 
128 2,2’,3,3’,4,4’- F 2 4 [118] 
138 2,2’,3,4,4’,5’- F 2 14 [118] 

  I 3, 7 12, 0.9 [127], [125] 
139 2,2’,3,4,4’,6- I 3 73 [126] 
140 2,2’,3,4,4’,6’- F 3 1 [116] 
153 2,2’,4,4’,5,5’- F 2 10 [118] 

  H 5 49 [125] 
      

      

 23



BDE- Structure Method Isolated 
steps 

Over all yield 
% Ref 

154 2,2’,4,4’,5,6’- F 3 1 [116] 
  A 2 44 [126] 
  H 3 43 [125] 

155 2,2’,4,4’,6,6’- A 2 12 [126] 
166 2,3,4,4’,5,6- A 2 2 [116] 
169 3,3’,4,4’,5,5’- J 2 47 [128] 
180 2,2’,3,4,4’,5,5’- A 2 40 [126] 
181 2,2’,3,4,4’,5,6- A 2 7 [116] 
182 2,2’,3,4,4’,5,6’- A 4 14 [126] 
183 2,2’,3,4,4’,5’,6- A 3 42 [126] 

  H 4 9 [125] 
  I 6, 3 5, 12 [125], [127] 

184 2,2’,3,4,4’,6,6’- A 3 13 [126] 
190 2,3,3’,4,4’5,6- A 2 3 [116] 
191 2,3,3’,4,4’,5’,6- J 2 47 [128] 
194 2,3,3’,4,4’,5,5’- F 3 37 [128] 
195 2,2’,3,3’,4,4’,5,6- A 3 28 [126] 
196 2,2’,3,3’,4,4’,5,6’- F 3 43 [128] 
198 2,2’,3,3’,4,5,5’,6- J 3 8 [128] 
201 2,2’,3,3’,4,5’,6,6’- J 3 7 [128] 
202 2,2’,3,3’,5,5’,6,6’- J 3 13 [128] 
203 2,2’,3,4,4’,5,5’,6- A 2 37 [126] 
204 2,2’,3,4,4’,5,6,6’- A 2 7 [126] 

  J 3 13 [128] 
  J 3 31 [128] 

206 2,2’,3,3’,4,4’,5,5’,6- J 5 6 [129] 
  K 1 40 [129] 

207 2,2’,3,3’4,4’,5,6,6’- J 3 12 [129] 
  K 1 5-7 [129] 

208 2,2’,3,3’,4,5,5’,6,6’ J 3 33 [129] 
  K 1 5-7 [129] 

209 2,2’,3,3’,4,4’,5,5’,6,6’- D 1 98 [130] 
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3.1 Bromination of diphenyl ether 

As early as 1871, a dibromodiphenyl ether was synthesised by Hoffmeister by 
treating diphenyl ether in carbon disulfide with bromine [131]. In bromination 
reactions, the ether oxygen in the diphenyl ether directs to the ortho and para 
positions. This makes it possible to prepare some single pure PBDE 
congeners in rather high yields, i.e. 4-bromo- [132], 4,4’-dibromo- [121], 
2,4,4’-tribromo- [133] and 2,2’,4,4’-tetrabromo diphenyl ether [41] (BDE-3, 
BDE-15, BDE-28 and BDE-47) using silica gel chromatography or 
recrystallisation in the purification. Two of these reactions are exemplified in 
Scheme 3.1 where BDE-15 and BDE-47 were synthesised using two and four 
equivalents of bromine, respectively [41,121]. Thus, bromination of diphenyl 
ether is rather selective up to the tetrabrominated BDE-47. However, still 
there are no articles reporting on the yield of BDE-28, the tribromo level 
product. Also, perbromination of diphenyl ether gives almost quantitative 
yield of BDE-209 [130]. All other bromination levels (penta to nona) gives 
mixtures of PBDE congeners, similar to the technical PentaBDE and 
OctaBDE mixtures, resulting in difficulties in purification. It is difficult, if at 
all possible, to isolate individual PBDE congeners from these mixtures. At 
least, it is not successful if common methods are applied, such as separations 
on silica gel column or through recrystallisation. It is in particular difficult to 
separate PBDE congeners with a similar number of bromine atoms and/or 
similar substitution patterns. In some cases, such as in papers I and II, high 
performance liquid chromatography (HPLC) operated with a preparative C18 
reversed-phase column was required to separate the PBDE congeners 
produced. 
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3.2 Bromination of polybrominated diphenyl ethers 

A number of PBDE congeners have been prepared by the bromination of a 
PBDE congener [116,118,121,123,128]. In Paper II, the two octaBDEs BDE-
194 and BDE-196 were synthesized from BDE-169 and BDE-191, 
respectively. Scheme 3.2 shows other PBDEs synthesized by this method. In 
all these bromination reactions, bromine was used as the brominating reagent.  
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3.3 Ullmann diphenyl ether synthesis 

When applying the Ullman diphenyl ether synthesis [134], a bromobenzene 
and a phenolate ion are coupled in the presence of copper powder to give the 
desired bromodiphenyl ether. Due to symmetry, the use of monobromo-, 
dibromo- and 1,3,5-tribromo-substituted benzenes works better [118] than 
other tribromobenzenes (1,2,3- and 1,2,4-substituted), where the phenolate 
ion can react with the bromobenzene in several positions resulting in a 
mixture of congeners, see Scheme 3.3. Only low brominated PBDEs have 
been prepared by this method.  
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3.4 PBDEs from symmetrical diphenyliodonium salts 

Polybrominated diphenyl ethers (mono- to octaBDEs) have previously been 
synthesised by coupling reaction with bromophenol and symmetrical 
diphenyliodonium salt [116,125-127], see Scheme 3.4. This is a highly useful 
method leading to possible synthesis of numerous PBDE congeners. As 
shown in Scheme 3.4, the preparation of the iodonium salts is initiated with 
the oxidation of iodine to iodyl sufate ((IO)2SO4) which reacts with a 
bromobenzene to obtain the iodonium salt. Hitherto, the unsubstituted 
diphenyliodonium salt, 4,4’-dibromo-, 2,2’,4,4’-tetrabromo-, 3,3’,4,4’-tetra-
bromo-, 2,2’,3,3’,4,4’-hexabromo-, 2,2’,4,4’,5,5’-hexabromo and 2,2’,4,4’, 
6,6’-hexabromodiphenyliodonium salts have been reported. 
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3.5 PBDEs from unsymmetrical diphenyliodonium salts 

Only one unsymmetrical brominated diphenyliodonium salt, i.e. 4-
methoxyphenyl-2’,4’,5’-tribromophenyliodonium bromide, has been reported 
in PBDE synthesis. It was used to synthesise 2,4,5-tribromo substituted 
PBDEs such as the heptaBDE, BDE-183, [125,127], see Scheme 3.5. In 
comparison with the symmetrical 2,2’,4,4’,5,5’-hexabromodiphenyliodonium 
salt that also gives 2,4,5-tribromo substituted PBDEs, the unsymmetrical salt 
method required more reactions steps and gave lower overall yield. However, 
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unsymmetrical diphenyliodonium salts may be important for bromine 
substitution patterns that can not be obtained with symmetrical diphenyl-
iodonium salts.  
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3.6 SNAr based PBDE synthesis 

Chen and coworkers have reported the preparation of penta- to hexaBDEs via 
an aromatic nucleophilic substitution reaction (SNAr) by coupling of 
bromofluoronitrobenzene with bromophenols [125], see Scheme 3.6. The 
nitro group activates the fluorocarbon for nucleophilic attack by the phenol. 
Subsequently, the obtained nitro-PBDEs were diazotized and the diazonium 
group was replaced with a bromine atom. 
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3.7 Suzuki coupling 

The original Suzuki coupling is the synthesis of biphenyls through palladium-
catalyzed cross coupling between organoboronic acid and halides [135]. 
Using a modified Suzuki coupling 2,3,4-tribromophenol and 4-bromophenyl 
boronic acid was coupled to give 3,4,4’,5-tetrabromodiphenyl ether (BDE-81) 
[125], see Scheme 3.7. 
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3.8 Synthesis of PBDEs from aminodiphenyl ethers 

In papers I and II, octaBDE and nonaBDE congeners were synthesised from 
monoamino- and diaminodiphenyl ethers using excess of bromine and 
aluminium tribromide followed by diazotization with 3-methylbutyl nitrite 
and borontrifluoride etherate in THF and reduction of the diazonium ion with 
iron(II) sulfate (FeSO4) in dimethylformamide (DMF) as shown in Scheme 
3.8. However, in one case the amino group had to be protected before 
bromination to avoid side-reactions (ring closure) i.e. 2-aminodiphenyl ether 
was acetylated to the corresponding acetamidodiphenyl ether. Choice of 
solvent in the reactions was a very important factor since the highly 
brominated aminodiphenyl ethers are poorly dissolved in many organic 
solvents. It was shown that no solvents and just bromine and aluminium 
tribromide [130] was the most effective in perbromination reactions. It was 
noticed during the perbromination of 3-aminodiphenyl ether and 4-
aminodiphenyl ether that the reaction could be stopped rather selective at an 
octabrominated level and consequently BDE-204 and BDE-198 respectively, 
could be prepared from these monoaminodiphenyl ethers (Paper II). 
Preparative HPLC was an important contributor to obtain clean product in 
those cases recrystallisation was not sufficient.  
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Scheme 3.8 

 

Two diaminodiphenyl ethers, 4,4’-diamino and 3,4’-diaminodiphenyl ethers 
were also used in an other synthetic pathway to obtain the two octaBDEs, 
BDE-194 and BDE-196 respectively, as shown in Scheme 3.9.
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Consequently the diaminodiphenyl ethers were selectively brominated 
ortho/para to the amino groups using bromine and the amino groups were 
converted to bromines via diazotization (as above) and treatment with 
cupper(I) bromide and copper(II) bromide. Finally, the obtained BDE-169 
and BDE-191 were brominated to give the octaBDEs BDE-194 and BDE-
196, respectively, which could be isolated without preparative HPLC. 
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3.9 Reductive monodebromination of decabromodiphenyl ether  

As presented in Paper I the three nonaBDEs could be synthesised via 
reduction of decaBDE with BDE-206 as the major product being formed 
(Scheme 3.10). However, all three nonaBDEs were indeed formed and 
possible to isolate from this reaction by preparative HPLC. Since BDE-207 
and BDE-208 are minor products and to some extent co-elute on preparative 
HPLC, it is easer to prepare them from aminodiphenyl ethers (Paper I). 
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3.10 Reductive elimination 

Reductive elimination was used by Sharutin et al to synthesise BDE-7 [122]. 
Reaction of pentaphenyl stiborane with toluene at room temperature gave 
aroxytetraphenyl stiboranes. Thermal decomposition at 180 ºC then yielded 
triphenyl stiborane and the diphenyl ether, BDE-7 as shown in Scheme 3.11. 
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3.11 Mechanisms 

Mechanisms for the synthesis methods applied in Paper I and II are discussed 
below. 

The bromination reaction goes via electrophilic aromatic substitution (EAS), 
see Scheme 3.12 (upper part). The bromine is polarised by a Lewis acid and 
an electron pair from the aromatic ring can thereby acts as a nucleophile on 
the positive bromine. Due to electron resonance stabilization of the transition 
state, the rate of bromination increase with increasing number of electron 
donating substituents. Electron donating substitutents are known to direct the 
bromines in ortho and para positions as shown in Scheme 3.12 (bottom part).  
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Diazotization is applied in papers I and II for replacement of the amino group 
with a bromine or a hydrogen (Scheme 3.13). Thus, boron trifluoride diethyl 
etherate reacted with 3-methylbutyl nitrite to form nitrosyl fluoride. The 
aniline then reacts with the nitrosyl fluoride to form diazonium boron 
tetrafluoride salt [136]. An important factor seems to be that the aryl 
diazonium ion is stabilized due to the electron resonance, which makes it 
stable enough to exist in solution at room temperature and below. Aliphatic 
diazonium ions decompose to molecular nitrogen and a carbocation [137]. 
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In the present work, the diazonium ion produced was either reduced to 
hydrogen [138] or substituted with bromine in a Sandmeyer reaction [139], 
see Scheme 3.14. In the reduction reaction, iron sulfate acts as a catalyst and 
dimethyl formamide as the hydrogen donor [138]. Iron reduces the diazonium 
ion to give molecular nitrogen and benzene radical. The Sandmeyer reaction 
is then proceeding by an oxidative addition reaction of the diazonium ion with 
Cu(I) salt and halide transfer from the Cu(II) intermediate (Scheme 3.13) 
[140,141]. 
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3.12 Unsuccessful methods for synthesis of nona- and octaBDEs 

Perbromination of phenoxybenzoic acids and decarboxylation: Attempts were 
made to synthesize all three nonaBDEs from diphenyl ether carboxylic acids 
by perbromination of phenoxybezoic acids followed by decarboxylation, see 
example in Scheme 3.15 below. The general procedure, starting from 2-
phenoxybenzoic acid, 3-phenoxybenzoic acid or 4- phenoxybenzoic acid, was 
as follows. A mixture of the benzoic acid (2 mmol) dissolved/suspended in 
bromine (10 mmol) was added to a mixture of aluminium tribromide (4 
mmol) dissolved in bromine (10 mmol) at 70 ºC. After refluxing for 3 h, 
excess bromine was evaporated using a gentle stream of nitrogen. The crude 
product was washed with 5% aqueous sodium disulfite, 1 M aqueous sodium 
hydroxide, 5% aqueous sodium disulfite and finally water. The crude product 
was then dissolved in N,N-dimethylaniline (2-15 mL) and refluxed at 195 ºC 
for 5-10 h. Next, the N,N-dimethylaniline was distilled and the residue was 
washed with hydrochloric acid (6 M, 20-150 mL). Finally the crude solid was 
purified on a silica gel column with n-hexane:etylacetate (9.5:0.5) as the 
mobile phase.  
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Analysis by GC/MS showed the formation of a mixture of PBDE congeners 
but no or very little nonaBDEs were formed. Unfortunately, also the 
decarboxylation seemed to have failed since some of the products were still 
containing the carboxylic acid functionality. Even if the bromination was 
repeated once or twice it was still not possible to reach the desired 
perbrominated end product. 
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Metalation and reduction of decaBDE: An alternative strategy to synthesize 
BDE-206 was also considered going via metalation and subsequent reduction 
of the BDE-209 product obtained via this procedure. The idea is based on the 
reported method that brominated anisols may undergo bromine replacement 
via reaction of lithium using alkyl lithium as the reagent [142]. Since the 
lithium-carbon bond is strongly polarised the plan was to replace it with 
hydrogen from isopropanol (Scheme 3.16). The procedure was: BDE-209 
(104 μmol) was dissolved in THF (30 mL) and n-butyl lithium (65 μL, 104 
μmol) was added at -70 ºC in an argon atmosphere. The reaction mixture was 
stirred for 20 min before the temperature slowly was raised to -30 ºC (40 
min). The reaction was then cooled to -70 ºC and isopropanol (10 mL) was 
added dropwise during 25 min. The reaction was stirred while the temperature 
was slowly raised to room temperature within 4 h. After evaporation of the 
solvent the product was analysed on HPLC and GC/MS. Unfortunately we 
were unable to observe any of the desired reaction products, the synthesis 
attempt failed. Additional attempts were made in which double equivalents of 
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n-butyl lithium and more isopropanol was used, but still no observable 
reaction occurred.  
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Synthesis of BDE-194 via Suzuki coupling and bromination: A way to 
synthesise BDE-194 via two other PBDE congeners was tested (Scheme 
3.17). Except for the preparation of BDE-194, the aim was also to synthesise 
BDE-80 and BDE-169 in the same preparation. BDE-169 is an odd PBDE 
from an environmental point of view and it was therefore a desirable 
compound for QSAR modelling research performed in a co-operation with 
another research group [143]. The first step in the synthesis of BDE-194 was 
to obtain BDE-80. This was performed by a Suzuki type coupling reaction, 
see Scheme 3.16 according to Simon et al [124] in a one pot reaction using 
3,5-dibromophenyl boronic acid. Thus, 3,5-dibromophenyl boronic acid (3,0 
mmol) was dissolved in dichloromethane (20 mL) and a 30% solution of 
hydrogen peroxide (0.75 mmol) was added. The reaction was stirred at room 
temperature for 5½ h and copper acetate (1.5 mmol), triethyl amine (9.0 
mmol) and molecular sieves (4 Å) were added. The reaction was then stirred 
over night. The solution was evaporated together with silica gel and the 
mixture was purified through a silica gel column with n-hexane as mobile 
phase. Analysis on GC/MS showed that a tetrabrominated biphenyl was 
formed as main product instead of tetrabromodiphenyl ether. Attempts to 
separate the products on silica gel failed and consequently this pathway for 
synthesis was not further explored. 
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3.13 Conclusions on chemical synthesis of PBDE congeners 

There are today methods for the synthesis of all common PBDE congeners 
found in the abiotic environment and in the biosphere. The methods 
developed for PBDE synthesis by Marsh et al. [116], Chen et al. [125], 
Teclechiel [126] and in Papers I and II have been important contributions in 
this context. The methods described have been used commercially, by others, 
for synthesis of other PBDE congeners than those described here. Today a 
total number of 179 PBDE congeners are available from academia and 
commercial sources. This means that the mission to identify methods for their 
synthesis has been completed even though there still may be some 
optimizations to be done.  

On the other hand, there are still data gaps regarding PBDE metabolites and 
abiotic transformation products of PBDE as well as polybrominated natural 
products found in the marine environment [90,144,145] and in humans 
[146,147]. There is a need for synthesis of these not yet available reference 
compounds in the future. 
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4 Photolysis 

The light that reaches the surface of the earth has wavelengths down to 
approximately 290 nm and with a maximum intensity at around 500 nm. A 
prerequisite for a molecule to undergo direct photochemical reaction in the 
environment is its ability to absorb sunlight, i.e. radiation energy in the form 
of photons. The molecule can absorb the radiation energy only if it has an 
internal energy gap corresponding to the energy of the photon. Larger 
conjugated systems and many aromatic compounds can absorb natural 
sunlight at the surface of earth while the energy gap in saturated aliphates 
requires far shorter wavelengths. Most of the organic environmental 
pollutants that are of concern nowadays consist of one or more aromatic rings 
substituted in a number of ways. Their ability to absorb light at certain 
wavelengths are described by their molar absorption coefficient, ε (M-1·cm-1), 
and is often tabulated for the wavelength with highest absorption λmax (nm) 
for the considered transition (Figure 4.1.). 
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Figure 4.1. Absorption spectra of BDE-47. 

 

Even though the λmax is below or on the border of the minimum wavelength of 
the sunlight, molecules can still absorb quite far into the sunlight region as 
visualized by BDE-47 (Figure 4.1), making them susceptible for 
environmental photolysis. 

The λmax for some well known environmental pollutants are presented 
together with their molar absorption coefficients in Table 4.1 below.  
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Table 4.1. The absorption maxima (λmax) and the molar absortion coefficients (ε) for some 
compounds. 

Substance λmax (nm) ελ-max (M-1·cm-1) Solvent 

BDE-209 306 2450 Methanol/water 

PCB-183 290 1231 Methanol/water 

p,p’-DDT 278 390 Isohexane 

p,p’-DDE 300* 910 Isohexane 

TBBPA pH 9.0 310 9130 Water 

TBBPA pH 7.1 310 6350 Water 
*DDE has a continuous increase in absorption which starts around 315 nm.  

 

Photochemical degradation has previously been investigated for 
environmental pollutants like polybrominated biphenyls [148], 
polychlorinated biphenyls [149] and DDT [150,151]. Studies on 
polychlorinated diphenyl ethers were performed by Norström et al in 1976 
[152]. Photolysis of 2,2’,4,4’-tetrachlorodiphenyl ether showed formation of 
dechlorinated congeners as well as formation of polychlorinated 
dibenzofurans. 

 

4.1 Photochemical degradation of decaBDE 

Photolysis of decaBDE has previously been investigated in numerous studies 
[61-69]. In the first published study, from 1987, photochemical degradation of 
DecaBDE was investigated when dissolved in a mixture of hexane, benzene 
and acetone (8:1:1) and irradiated in a quartz tube as reported by Watanabe 
and Tatsukawa [69]. Exposure from a mercury lamp at 254 nm over a period 
of 16 h gave debrominated compounds from octaBDEs down to triBDEs as 
major products. During this process it was evident that mono-hexaBDFs were 
formed while tetra- and pentabromobenzenes were reported as minor 
products. When exposure to sunlight was performed on DecaBDE, tetra- to 
nonaBDEs and mono- to pentaBDFs were found [69].  

The study from 1987 has been followed by e.g. Ohta and coworkers that 
irradiated DecaBDE in toluene in a quartz tube [65]. Under UV-light from a 
tungsten lamp at 254 nm the decaBDE had decomposed to di-nonaBDEs after 
40 min and to mono-octaBDEs after 60 min. In sunlight, the DecaBDE 
decomposed to triBDEs - nonaBDEs after 24 hours. One of the heptaBDEs 
was identified as 2,2’,3,4,4’,5’,6-heptaBDE (BDE-183). Söderström and 
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coworkers did photolysis of DecaBDE in toluene or adsorbed to silica gel, 
sand, sediment or soil in pyrex glass test tubes. UV-light from a mercury lamp 
(300-400 nm) or exposure to sunlight was used [68]. They found that 
degradation rates were lower in soil and sediment than in silica and suggested 
this to be due to absorption into the porous particles and therefore protection 
from UV-light. Degradation half-life was found to be independent of 
continuous (Mercury-lamp) or discontinuous (sunlight) exposure. Half-life in 
sand was 12 h indoors, and 37 hours outdoors, but when counting the actual 
sun hours it was 13 hours also in the latter case. Degradation products were 
shown not to be affected by the matrices used, i.e. formation of tetra- to 
nonaBDEs in all matrices with the heptaBDEs - nonaBDEs as the major 
contributing ones. Among them were four unknown octaBDEs as well as two 
heptaBDEs, BDE-183 and one unknown PBDE congener. BDE-99 and BDE-
100, which are often found in environmental samples, were only found in 
small amounts in the photolysis experiment applying toluene or silica gel. 
BDE-153 was found in toluene and outdoor experiment on sand while BDE-
154 was formed independent of matrix. BDE-47 was found only in silica gel 
samples. TetraBDFs - hexaBDFs were formed in soil and sand while 
tetraBDFs - pentaBDFs were found in sediment. Palm et al did photolysis of 
decaBDE in tetrahydrofuran or absorbed on silicon dioxide in aqueous 
suspension in cuvettes [67]. For decaBDE dissolved in tetrahydrofuran, 
consecutive debromination down to diphenyl ether was found and also 
formation of mono - tetraBDFs. BDFs were confirmed as short-lived trace 
intermediates for the decaBDE absorbed on silicon dioxide. Bezares-Cruz et 
al had solutions of BDE-209 dissolved in hexane in quartz vessels, exposed 
them to sunlight and found debromination products ranging between 
heptaBDEs - decaBDE after 18 min, pentaBDEs - heptaBDEs after 9 h and 
triBDEs - heptaBDEs after 28 h [62]. Among the identified congeners were 
BDE-47, -99, -153, -154, -183, -196, -197, -206, -207 and -208. Further, 
DecaBDE dissolved in toluene in glass petri dishes was exposed to UV-A, -
AB and -ABC light for 2-16 h [64,66]. There was no difference in product 
pattern shown between the different UV-radiation, but the amount of formed 
BDFs increased with wider spectra. Products found were heptaBDEs - 
nonaBDEs and monoBDEs - hexaBDFs. Identified PBDFs were 2,7- and 2,8-
diBDF, -2,3,8-triBDF and 2,3,4,7,8-pentaBDF. In these studies in vitro toxic 
effects were also investigated [64,66].  
Finally, photodegradation of decaBDE absorbed on clay minerals 
(montmorillonite and kaolinte) was investigated by Ahn et al [61]. It was 
shown that the presence of minerals increased the degradation rate. Products 
found were triBDEs - nonaBDEs, among them; BDE-77, -85, -181, -183, and-
197. Degradation rates for 15 tetra - decaBDEs dissolved in MeOH:Water 8:2 
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and exposed to UV-lamp light were determined by Eriksson and co-workers 
[63]. The reaction pot was a cylindrical glass vessel with a UV-lamp placed in 
the middle of the vessel as described previously [153]. By using this reaction 
vessel an even and continuous exposure of the sample was guaranteed. It was 
shown that degradation rates decreased with a decreasing degree of 
bromination. Products formed after 100 minutes of irradiation of decaBDE in 
MeOH:Water were hexaBDEs - nonaBDEs and diBDFs - pentaBDFs. One 
product was also identified as a methoxylated tetraBDF. As published by 
Eriksson et al, decaBDE has an absorption maximum (λmax) of 306 nm [63]. 
A general rule is that the absorption maxima is decreasing with the number of 
bromine e.g. BDE-206 λmax = 300 nm and BDE-47 has λmax = 291 nm [63].  

In Paper III decaBDE was degraded through photolysis in different solvents 
for 100 and/or 200 min using the same methodology as described by Eriksson 
and coworkers above [63]. Products formed were hexa - nonaBDEs and 
monoBDFs - pentaBDFs just as expected, based on what has been published 
so far. For decaBDE dissolved in methanol, metoxylated tetraBDFs were also 
found and for photolysis performed in methanol/water hydroxylated phenols 
and furanes were detected. Structures of the identified congeners are shown in 
Figure 4.1. As concluded in Paper III, BDE-202 (2,2’,3,3’,5,5’,6,6’-octa-
bromodiphenyl ether) is a potential marker compound for photochemical 
degradation of decaBDE, an observation not previously presented, maybe due 
to the lack of authenthic reference standards (Paper I and II). According to 
recent publications on identification of individual PBDE congeners present in 
OctaBDE and DecaBDE mixtures, BDE-202 is not present therein [42,46,48], 
see Table 1.1 in Chapter 1. When comparing the octaBDE pattern from 
photolysis of decaBDE, a peak most probably corresponding to BDE-202 is 
seen also in studies by Bezares-Cruz et al [62], Söderström et al [68], Ohta et 
al [65] and by Ahn et al [61]. Paper III is to my knowledge the first report on 
photolysis of decaBDE with a quantitative approach. Again, this is dependent 
on the availability of authentic reference compounds (c.f. Paper III for 
details). 
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Figure 4.1 Structures of the identified congeners from photolysis of decaBDE. 
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4.2 Conclusions regarding photolysis of BDE-209 

It is evident, as discussed in this chapter, that decaBDE can undergo 
photochemical degradation both dissolved in organic solvents and adsorbed to 
sediment, silica and minerals. Photochemical degradation products of 
decaBDE are mainly lower brominated diphenyl ethers and brominated 
dibenzofuranes. In Paper III only one out of four formed diBDFs, one out of 
eight triBDFs, one out of five tetraBDFs and none of the four pentaBDFs, 
were identified by structure, stressing the need for authentic reference 
compounds of PBDFs. None of the MeO-BDFs indicated were identified. 
Among the heptaBDE formed, BDE-183 was the major congener in all of the 
samples analysed in Paper III, while the second largest heptaBDE was not 
identified herein. The major achievement in the present study (Paper III) is 
the identification of a marker compound for photolytic degradation of 
DecaBDE. This compound needs to be included in future analytical work. 
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5 Human exposure to PBDEs 

The PBDEs have been regarded as a potential threat to human health ever 
since first identified as potential environmental contaminants [40,41] and in 
particular after being discovered in Pike [154]. Still very few reports on their 
presence and environmental occurrence were presented until after the mid 
1990’s [12]. Even though an early report showed elevated levels of PBDEs in 
mothers milk in Germany [155] it was not until 1998 when increasing levels 
of PBDEs in mother’s milk from Stockholm [156,157] was presented, the 
interest in PBDEs in humans really took off. Hence almost all of the human 
exposure data has been obtained and presented over the last decade. Several 
articles are available summarizing the present situation related to human 
exposure to PBDEs [21,101,158-162]. Due to the very different concen-
trations of PBDEs in humans from North America compared to other parts of 
the world an interest has arised in studies of exposure pathways for PBDEs.  

Traditional POPs such as DDT and PCBs are mainly taken up via the gastro-
intestinal tract from the food but the BFRs and e.g. PBDEs may also be taken 
up through inhalation and uptake of fine particles, dust [101,163,164]. So far 
absorption through the skin has basically only been discussed for personnel 
handling BFRs or materials and goods containing such compounds [165]. 
This chapter is an attempt to describe the present situation on PBDE exposure 
and to put Paper IV in some perspective to the activity in the field.  

A review on PBDE concentrations in human and in the environment was 
published in 2004 by Hites [159] where he concludes that the total PBDE 
concentrations in people had increased by a factor of about 100 during the last 
thirty years when looking at levels in either blood, milk or different tissues.  

 

5.1 Sources of PBDEs 

In dust: Recent publications have indicated that dust is one of the major 
sources of PBDE exposure for humans [146,166-168]. These observations are 
in line with the first studies on PBDEs in personnel dismantling electronics 
that showed elevated levels of PBDEs [169]. After renovation and changes at 
the dismantling plant, as described by Thuresson [147], the personnel 
exposure decreased [170]. This is clearly indicating the importance of 
dust/particles as a carrier of PBDEs. A similar result from a study on wire 
manufacturers is stressing this route of exposure [171]. Hence real life studies 
have indicated dust as being an important route of exposure. A recent 
experimental set up confirm the bioavailability of PBDE from dust as 
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presented by Huwe et al 2008 [172]; a study in which rats were fed a mixture 
of triBDEs to decaBDEs in either dust or in corn oil. PBDEs were observed to 
be retained in a specific manner in the rat liver and kidneys indicating 
congener dependence rather than any dependence of the dose vehicle. The 
study concludes similar bioavailability of PBDEs in dust and corn oil.  

A summary of PBDE levels in household dust from around the world together 
with levels in air craft dust (Paper IV) is presented in Table 5.1. It is notable 
that the concentrations reported in dust from the passenger aircrafts (Paper 
IV) are high compared to what is shown in household dust in general (Table 
5.1). The effect on uptake of PBDEs in humans travelling in air crafts is 
further discussed below. Karlsson et al compared PBDE plasma levels, 
household air and dust levels in a Swedish study [167]. They saw BDE-47, -
99 and -209 as the dominating congeners and a positive relationship was 
found for the ∑PBDE concentrations (not including BDE-209) in dust and 
plasma. More, PBDE levels in dust and breast milk was shown to be 
correlated in an American study by Wu et al [168], excluding BDE-209 in the 
comparison. Correlation between breast milk and dietary intake was also seen. 
BDE-47 and BDE-99 were the major congeners in both breast milk and dust 
(cf. Table 5.1).  
PBDE levels in dust from homes in Great Britain, New Zealand, Canada and 
USA was compared in a study by Harrad et al in 2008 [173]. It was shown 
that tri- through hexaBDE concentrations were higher in USA compared to 
the others reflecting difference in use of the PentaBDE product. One sample 
from Great Britain had a decaBDE level of 520000 ng/g (54000 pmol/g) 
which was in the same range as the levels found in aircrafts (Paper IV), see 
Table 5.1. DecaBDE was the main contributor to PBDE levels in house dust 
from Singapore [174] with levels ranging between 68-13000 ng/g (71-13600 
pmol/g), as shown in Table 5.1. Similar results were shown for house dust in 
Kuwait with decaBDE as the main congener although with lower levels (cf. 
Table 5.1) [175].  

It is evident that dust is indeed an important factor for human exposure to 
PBDEs and most likely for other BFRs with low volatility. 
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Table 5.1 A summary of some published data on PBDE levels in household dust (ng/g). Median (min-max) are given as well as reference to the 
original publications. 

Country Year n BDE-28 BDE-47 BDE-99 BDE-100 BDE-153 BDE-183 BDE-209 ref 

Canada 2006 7 4.1 
(1.4-20) 

140 
(47-720) 

330 
(80-1800) 

65 
(14-420) 

43 
(9.4-260) 

9.0 
(7.0-30) 

560 
(290-1100) 

[173] 

New 
Zealand 

2006 20 0.65 
(0.11-2.1) 

24 
(3.3-150) 

51 
(6.4-380) 

8.9 
(1.2-70) 

5.4 
(0.66-35) 

na na [173] 

Great 
Britain 

2006 16 0.53  
(<LOD-2.3) 

13 
(1.2-160) 

23 
(2.8-320) 

4.2 
(0.53-50) 

5.2 
(0.63-110) 

13 
(2.2-550) 

2800  
(120-520 000) 

[173] 

USA 2004-
2005 

11 na 670  
(240-14610) 

1010 
(290-14800) 

170  
(<LOD-2780) 

110  
(<LOD-560) 

na <LOD  
(<LOD-9600) 

[168] 

USA 2006 17 14 
(2.1-140) 

410 
(82-3300) 

820 
(150-6000) 

160 
(33-840) 

110 
(19-1800) 

16 
(4.0-170) 

1300 
(530-3300) 

[173] 

Sweden 2006 5 0.71 
(0.51-7.9) 

26 
(13-160) 

58 
(24-194) 

7.9 
(1.1-92) 

4.7 
(2.4-71) 

2.3 
(0.79-17) 

160 
 (44-1600) 

[167] 

Singapore 2006 31 0.6 
(<LOD-5.8) 

20  
(<LOD-1500) 

24  
(<LOD-6300) 

4.2 
(<LOD-1200) 

6.9  
(<LOD-1400) 

8.5 
(1.5-180) 

1000 
(68-13000) 

[174] 

Kuwait 2005 17 0.12 
(<LOD-3.5) 

2.7 
(0.11-65) 

3.4 
(0.04-36) 

0.68 
(0.01-8.6) 

0.72  
(<LOD-4.4) 

1.3 
(<LOD-25) 

83 
(0.8-340) 

[175] 

Paper 
IV1)

2007 20 200  
(<LOD-2800) 

780 
 (40-230000) 

3400 
(<LOD-290000) 

900  
(<LOD-180000) 

410  
(<LOD-23000) 

350  
(<LOD-190000) 

17000  
(<LOD-200000) 

Paper 
IV 

1) 2007 1 na 25000 na na na na 51000 [176] 

na=not analysed, 1)Airplane dust



In food: Levels and time trends of PBDEs in human milk, the first food to be 
consumed, have been investigated in several recent reports [158,177,178]. In 
milk from Swedish mothers the PBDE the concentration of BDE-47, -99 and -
100 were shown to increase from the 1970’s to the 1990’s and thereafter a 
decrease is observed for several PBDE congeners but not for BDE-153 [158]. 
The reason behind the BDE-153 behaviour may be explained by its high 
persistency. 

A recent Norwegian study found correlation between dietary intake of fish 
from a contaminated lake and serum levels of PBDEs (∑ BDE-28, -47, -99, -
100, -153, -154 and -183) [32]. The PBDE serum levels from people eating 
fish from the contaminated lake were significantly higher than those from a 
referent group. No correlation was found for BDE-209 and the authors 
suggested a different route than dietary intake for BDE-209 exposure.  

Several studies on PBDE in food products have been performed [178-180]. It 
is obvious that food is a major source of the most persistent PBDEs. Still it is 
somewhat difficult to compare the different studies due to their design. Fatty 
fish and fish products are important sources for PBDEs. However, also other 
foods are sometimes shown to be important [178]. Doubtless food is a major 
contributor for human levels of PBDEs but it can not explain the difference in 
human levels between North American and e.g. Europe and Japan. Another 
study showing the importance of food as a source for PBDE exposure is a 
study of Faroe Island population [181,182] showing higher PBDE levels than 
in main land Europe. 

5.2 PBDE in human blood 

The internal exposures to POPs are often reported as their concentration in 
blood (serum or plasma). This is a convenient matrix to use since all humans 
can actually participate in an assessment. Some recent reported levels of 
PBDEs in human serum from different countries all over the world are shown 
in Table 5.2 and are further discussed below. 

A trend study on human serum in Norway showed increasing or stabilised 
PBDE levels compared to the PCB levels that were decreasing over the same 
period of time [161]. In comparison, the sum of five PCBs was 666 ng/g lipid 
in 1977 and 176 ng/g lipid in 2003. Still the PCB levels were significantly 
higher in 2003 than PBDE levels in Norway. Even though this is the case in 
many, possibly most, populations there are populations and in particular 
individuals where the PBDE concentrations are exceeding the PCB levels. 
Such individuals are commonly identified in the USA some of which have 
several hundreds of nanograms of PBDE per gram fat (l.w.). A meta-study 
has shown a summary of these data [159]. Recent studies indicate young 
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individuals, young children, to have strongly elevated levels of PBDEs 
compared to adults [166,183]. Serum levels of PBDEs in children living and 
working at a waste disposal sight in Managua (Nicaragua) showed extremely 
high concentrations in serum [146]. These serum concentration of PBDEs, for 
example BDE-153 and BDE-47, were among the highest ever reported in 
humans not directly exposed to PBDEs under occupational conditions. 
Occupational exposure to PBDEs may lead to elevated PBDE levels, 
especially for higher brominated PBDEs, as shown for electronic waste 
dismantlers [169,184], rubber mixers [165] and computer technicians [185]. 
The most extreme human concentrations among electronic waste handling 
persons comes from China with one individual having 3100 ng/g lipid in 
serum [186].  

In this thesis Paper IV is contributing with some preliminary data on human 
exposure during travels by airplanes, even though some caution must be paid 
to the results since we can not exclude exposure during hotel stays. However, 
the data show high concentrations of PBDEs in aircraft cabin dust. This is a 
very likely result since it is known that BFRs are used in cars and aircrafts. 
The more intriguing result is the observation of significant changes, increases, 
of PBDEs in persons undertaking one intercontinental round trip. The 
concentration elevations are small and not significant for all PBDEs but at 
least this study is stressing the importance of a closer look at cabin personnel 
and aircraft crews. The present study also indicates highly variable levels of 
PBDE congeners among Swedes, that BDE-153 is a particularly important 
persistent PBDE congener and that BDE-209 is most unpredictable. The latter 
due to time from last major exposure since BDE-209 is most likely taken up 
via dust contamination and the least due to food contamination. 

 

Extensive usage of PBDEs have made them widespread contaminants 
[96,159,187]. The human exposure to PBDE is primarily made up of food and 
dust exposure according to my own conclusion. It is troublesome that we in 
some cases see similar or even higher concentrations of PBDEs than of other 
very well known and problematic POPs, such as the PCBs [188,189]. Further 
measures need to be imposed on PBDE use in the future. 
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Table 5.2. Human serum levels of the major PBDE congeners in ng/g lipid, median/mean (min-max) are reported as well as the original source of 
the data presented. 

Location Year n BDE-47 BDE-99 BDE-153 BDE-183 BDE-209 Reference 
    ng/g lipd ng/g lipd ng/g lipd ng/g lipd ng/g lipd  

Sweden 2000 17 (M)1) 1.2 (<LOQ-6.3) na 1.9 (1.1-3.7) <LOQ 2.4 (0.88-93) [165] 
Sweden 2000 50 (F) 0.91 (0.27-8.1) 0.20 (<LOQ-3.1) 1.1 (0.29-4.7) na 0.46 (<LOQ-3.3) [33] 
Sweden 2000-01 15 (F) 0.83 (0.3-5.1) 0.19 (<0.01-1.43) 0.56 (0.27-1.03) 0.06 (0.01-0.44) na [190] 
Sweden   5 3.53 (nd-8.29) nd 1.71 (nd-3.86) nd 10.2 (nd-17.4) [167] 
Norway 1977 34 p.s.2) <0.60 <0.20 <0.1 nd nd [161] 
 1991 19 p.s. 2.8 0.65 0.92 0.14 <10 [161] 
 2003 20 p.s. 1.5 0.40 1.4 0.12 10 [161] 
Norway 2004-05 41 (M) 7.0 (0.15-37) 1.3 (0.04-22) 3.7(<LOQ-18) 0.35 (<LOQ-0.49) 1.7 (<LOQ-11) [161] 
   25 (F) 3.3 (0.47-24) 0.98 (0.14-5.7) 1.7 (0.87-14) 0.27 (<LOQ-0.32) 1.5 (<LOQ-14) [32] 
Faroe Islands 1994-95 57 (F) 1.3 (<LOQ-11) 0.33 (<LOQ-4.7) 1.0 (0.26-7.1) na 0.77 (<LOQ-3.6) [182] 
United Kingdom 2003 154 (50 M) 0.82 (<0.30-180) <0.16 (<0.16-150) 1.7 (<0.26-87) 0.30 (<0.14-1.8) <15 (<15-240) [191] 
Spain, Madrid 2003-04 61 (F) 2.4 (0.30-9.0) 2.6 (1.4-6.9) 0.86(<LOQ-2.5) 0.47 (<LOQ -2.3) 1.1 (<LOQ -20) [192] 
   51 (M) 2.3 (0.34-7.3 2.3 (1.4-5.3) 0.81(<LOQ -3.2) 0.60 (<LOQ -2.6) 1.1 (<LOQ -59) [192] 
Belgium 1999-04 11 1.17 (0.2-3.07) 0.20 (0.20-1.02) 1.55 (0.99-3.07) 0.21 (0.10-0.41) 1.1 (3.6-33.1) [193] 
New Zealand 2001 23 (10 M) 3.17 (0.76-12.7) 0.88 (0.32-2.34) 1.02 (0.43-2.31) 0.23 (0.06-0.97) na [194] 
Japan 2005 89 (F) 0.37 0.10 0.31 0.06 1.20 [195] 
Korea 2001-02 4 (M) 6.58 (5.19-8.03) 3.40 (2.94-4.87) 3.67 (3.38-4.16) 2.49 (0.73-4.06) na [196] 
Korea 2001-02 7 (F) 5.63 (3.49-8.01) 3.20 (1.88-4.08) 2.32 (1.81-7.48) 2.40 (0.87-10.49) na [196] 
Korea, Seoul 2001 10 (M) 5.74 (2.20-12.12) 2.68 (1.46-5.39) 4.69 (2.78-7.74) 2.04 (0.51-4.86) na [197] 
   12 (F) 4.49 (1.84-7.74) 2.29 (1.11-4.92) 2.99 (1.64-7.48) 2.10 (0.59-5.85) na [197] 
China, Guangzhou 2006 21 (F) 1.0 (0.36-3.6) 0.36 (0.08-7.4) 1.4 (0.36-6.4) 0.31 (0.0-1.3) na [198] 
China, Guangzhou 2007 20 (F) 1.1 (0.5-3.6) 0.4 (0.1-7.4) 1.3 (0.4-6.4) 0.3 (nd-1.3) 5.7 (nd-63.2) [184] 
USA, California 1999-2001 24 (F) 11 (2.5-205) 2.9 (0.5-54) 1.5 (0.4-35) 0.1 (0.1-39) na [199] 
USA, Indianapolis 2001 12 (F) 28 (9.2-310) 5.7 (2.4-68) 2.9 (1.0-83) 0 (0.0-2.7) na [200] 
Nicaragua 2002 11a /11b 3) 218/6.8 119/3.4 20/1.6 1.7/1.4 8.9/15.3 [146] 
Mexico, SLP 2004 5 (F) 9.0 (3.0-14.5) 2.0 (0.6-3.6) 3.9 (0.9-6.6) na 9.5 (4.8-14.6) [201] 

M=Male, F=Female, nd= not detected, na = not analysed, 1)Referents, abattoir workers, 2)pooled samples, sex is not given, 3)11a: Children (13-15 years old) living and working at 
a waste disposal site in Managua; pooled samples 11b: Children (12-14 years old) living in urban Managua, not working at the waste disposal site, pooled samples.  



6 Concluding remarks and reflections 

Reflecting on the purpose of this thesis, synthesis of highly brominated 
diphenyl ethers was accomplished as presented in Paper I and II. The work on 
e.g. identification and quantification of UV-degraded decaBDE (Paper III) 
and the exposure assessment for humans in aircrafts (Paper IV) would have 
been far less conclusive without these substances. The same is true for other 
scientific work presently being pursued. It is highly satisfying that the 
majority of all PBDE congeners are now available through academia or via 
commercial sources in order to promote science. In cases where the actual 
PBDE congener may not be available there are at least methods published to 
make it possible to synthesise the compound. Any future scientific efforts 
regarding chemical synthesis in the field should therefore focus on 
development of methods for synthesis of PBDE metabolites, i.e. OH-PBDEs, 
and related natural products.  

Photolysis of decaBDE has been investigated in numerous studies as 
discussed in Chapter 4 and Paper III. All the nine studies [61-69], including 
the present study (Paper III), show the same result, i.e. decaBDE is 
degradeded to lower brominated diphenyl ethers and low brominated dibenzo-
furans when exposed to UV-light or sun light. Hence sufficient evidence 
exists for making the conclusion that decaBDE (BDE-209) is transformed to 
lower brominated diphenyl ethers. On the other hand, data has been reported 
showing BDE-209 to behave like a persistent compound when adsorbed to 
particles, e.g. in amended soils [202,203], in sediment [98] and when 
adsorbed to windows [204]. Also, BDE-209 is degraded at a slower pace if 
dissolved in humic acid containing water [63]. The mechanisms for slowing 
down BDE-209 degradation under photolytic conditions may need further 
attention. More, photolysis of lower brominated diphenyl ethers has been 
performed [63] but still more work can be done regarding the product 
identification from those experiments. 

The results from Paper IV imply a not yet considered source of occupational 
related exposure, i.e. BFRs in aircrafts. Previous studies have shown 
particular exposure to BFRs in electronic dismantlers [170,184], rubber and 
wire workers [165] and in computer technicians [185]. In each one of these 
cases it is obvious that dust is an important route for exposure. Most likely 
dust related exposure need further attention, not the least due to some recent 
results actually indicating individuals with rather high PBDE congener 
concentrations also in Sweden (Paper IV) [205].  
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The thesis is mainly addressing issues related to highly brominated diphenyl 
ethers which find its application as flame retardants. Since the PentaBDE and 
OctaBDE products are phased out from the market, the DecaBDE make up an 
increasingly important BFR [30]. Even though there exists alternatives for the 
use of DecaBDE in most applications, it is still used in large quantities [206] 
[56]. Accordning to recent legislative updates in the European Union, 
DecaBDE will be eliminated from use in electronic equipment from the 1st of 
July 2008 [38]. 

Unfortunately some of the alternatives are other BFRs, e.g. DBDPE, 
octabrominated trimethylphenyl indane and BTBPE, HBCDD and TBBPA, 
including TBBPA derivates. It is obvious that there are many data gaps to be 
filled for most of these BFRs - further research is required.  

Not the least, further research is required as a complement to the European 
chemical legislation REACH since it is my belief that it is not possible to only 
rely on the limited data REACH requires from producers and importers of 
chemicals. 
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