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Abstract  

After the discovery of decabromodiphenyl ethane (dbdpe) in the environment, the occurrence and 

behaviour of this brominated flame retardant (BFR) has only been studied to a limited extent. It is 

structurally similar to decabromodiphenyl ether (decaBDE), which makes it conceivable that dbdpe 

may also become an environmental contaminant of concern.  

 

A method for different applications of environmental analysis of dbdpe and decaBDE was developed. 

The method was based on accelerated solvent extraction (ASE) and GC-HRMS (Paper I) or GC-LRMS 

(Papers II-IV). The method enabled a comparative assessment of the two BFRs. 

 

Wastewater treatment plants (WWTPs) are major filters between the technosphere and the 

environment. For this reason, dbdpe and decaBDE were studied in a mass balance of the Henriksdal 

municipal WWTP in Stockholm (Paper I) and in an international survey of their levels in sewage sludge 

(Paper II). The international survey showed that, similarly to decaBDE, dbdpe was present in sludge 

from all 12 countries studied and may therefore be a worldwide concern. The [dbdpe]/[decaBDE] ratio 

in sludge could be explained by the relative usage in some countries. In the mass balance of the WWTP, 

it was found that virtually all dbdpe and decaBDE were transported from the influent to the sludge. A 

small fraction was emitted with the effluent, confirming that municipal WWTPs are a source of the 

BFRs to the aquatic environment.  

 

The influence of emissions to water from an urban centre was studied by analysing dbdpe and decaBDE 

in marine sediment along a transect from Henriksdal WWTP to the outer archipelago of Stockholm 

(Paper III). The BFR levels in the sediments close to the WWTP outfall were high, just ten times lower 

than in sewage sludge from the WWTP. Within 40 km they decreased by a factor of 20-50 to a low 

“baseline” in the outer archipelago, which was hypothesized to be due to atmospheric deposition.  

 

The possible role of atmospheric deposition as a source of dbdpe in the environment was explored by 

analyzing sediment from 11 isolated lakes (Paper III). Dbdpe and decaBDE were present in all samples. 

This showed the widespread presence of dbdpe in the Swedish environment and provided evidence 

that it is deposited after long range atmospheric transport.  

 

Given that dbdpe is a widespread contaminant in the aquatic environment, it was important to 

establish whether it bioaccumulates in aquatic food webs. Dbdpe and decaBDE were studied in a 

benthic food web from the Scheldt estuary, which is known to be contaminated with the two BFRs. It 

was shown that dbdpe does bioaccumulate. The transfer of the two chemicals from sediment to benthic 

invertebrates was low, and it was hypothesized that this might be due to the industrial sources in the 

area emitting the chemicals in a form that has a low bioavailability. The further transfer of the BFRs 

through the food web from prey to predator was more efficient, but nevertheless biodilution was 
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observed rather than biomagnification. Most importantly, the bioaccumulation behaviour of dbdpe and 

decaBDE was similar throughout the food web. 

 

In conclusion, this work suggests that the persistence, the susceptibility to long range atmospheric 

transport, and the potential for bioaccumulation are similar for dbdpe and the regulated chemical that 

it is replacing – decaBDE. Thus, there is a risk that a problematic environmental pollutant is being 

replaced with a chemical that is equally problematic.  
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 Abbreviations 

ASE  accelerated solvent extraction 

BFR   brominated flame retardant  

BMF   biomagnification factor 

BSAF   biota-sediment accumulation factor 
13C-CB180   13C-labeled 2,2´,3,4,4´5,5´-heptachlorobiphenyl 

CV   coefficient of variation 

dbdpe   decabromodiphenyl ethane 

DCM   dichloromethane 

decaBDE   decabromodiphenyl ether 

d.wt.   dry weight 

EC25   effect concentration at the 25% level 

GC-HRMS   gas chromatography mass high resolution spectrometry 

GC-LRMS   gas chromatography mass low resolution spectrometry 

HBCD   hexabromocyclododecane 

KOW   octanol-water partitioning coefficient  

LOD   limit of detection 

LOEC   lowest observed effect concentration 

LOQ  limit of quantification 

PBDD  polybrominated diphenyl dioxin 

PBDE   polybrominated diphenyl ether  

PBDF  polybrominated diphenyl furan 

rAF   relative accumulation factor 

SPM   suspended particulate matter 

TBBPA   tetrabromobisphenol A 

TBBPA-DBPE  tetrabromobisphenol A bis(2,3-dibromopropyl ether) 

UV   ultra violet (light) 

WWTP   waste water treatment plant 
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Objectives 

The main objective of this thesis is to contribute to scientific understanding of the environmental 

occurrence and behaviour of the flame retardant decabromodiphenyl ethane (dbdpe). In all studies, 

decabromodiphenyl ether (decaBDE) has also been analyzed to enable a comparative assessment of the 

two chemicals. 

 

Paper 1: The primary objective was to establish a mass balance of dbdpe in a waste water treatment 

plant (WWTP) in order to get a first estimate of the release of dbdpe from the technosphere into 

wastewater, and to understand the filter function of WWTPs in regulating the transfer of dbdpe to the 

environment. 

 

Paper II: The objective was to conduct an international survey of dbdpe levels in sludge samples. This 

was done to achieve an overview of how widespread and to what extent dbdpe is released to the 

environment via waste water. 

  

Paper III: One objective was to study the influence of emissions of dbdpe to water from an urban centre 

by analysing marine sediments collected on a transect from Stockholm Harbour to the outer ranges of 

the Stockholm Archipelago. The other objective was to explore the influence of long range atmospheric 

transport and deposition of dbdpe by analyzing sediment collected from isolated Swedish lakes. 

 

Paper IV: The objective was to attempt a first quantification of the bioaccumulation of dbdpe. A food 

web in a heavily contaminated estuary along the Dutch/Belgian border was studied. Sediment and 

suspended particulate matter (SPM) were also analysed to provide a measure of the contamination of 

the physical environment.  

 

Point of departure for this thesis 
Dbdpe was discovered as a contaminant in the environment in 2003 at ITM (Kierkegaard et al., 2004). 

Dbdpe was found to be widespread in Swedish sewage sludge. It was also found in one sample of 

sediment collected from the highly industrialized Western Scheldt estuary. Although the levels of 

dbdpe only could be estimated, the work provided initial indications that WWTPs might be important 

sources, and that this chemical might accumulate in sediment. This was the point of departure for this 

thesis, which among other things, aimed to further explore these hypotheses.  
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Background 

Dbdpe (Figure 1) is a brominated flame retardant (BFR) used as an additive to flammable material to 

decrease the risk of accidental fire. Fires are retarded by the bromine, which captures free radicals that 

propagate the flame during the combustion process (Alaee et al., 2003). Dbdpe is used in a broad range 

of polymers, in products ranging from consumer electronics to wire and cable coatings to insulation 

foams.  

 

In general terms, BFRs are a controversial group of chemicals. Flame retardants protect lives by 

increasing fire safety, but at the same time, several of the BFRs are regarded as concerning 

environmental contaminants. These include polybrominated diphenyl ethers (PBDEs), 

tetrabromobisphenol A (TBBPA) and hexabromocyclododecane (HBCD). The reasons for concern about 

BFRs are observed or suspected hazardous environmental behaviour, e.g. a high persistence in the 

environment and adverse biological effects.  

 

Dbdpe is now a commercially important alternative to decaBDE, which is a BFR with similar 

applications and structural similarities (Figure 1). DecaBDE, like the lower brominated PBDEs, has 

been shown to be ubiquitously present in the environment (de Wit et al., 2006; Law, R. J. et al., 2006; 

Hale et al., 2003; Wang et al., 2007). The usage of decaBDE in Europe was recently prohibited in 

electrical and electronic equipment because it is likely to pose a risk to health or the environment 

(European Commission, 2003). This has strengthened the position of dbdpe as a replacement chemical. 

Furthermore, the similarities in their structure suggest that there may be similarities in their 

environmental behaviour. The behaviour of dbdpe should therefore also be studied. To assess whether 

dbdpe poses an environmental risk similar to decaBDE, one can compare the behaviour of the two 

chemicals for the key processes involved, which include modes of release, persistence, bioaccumulation 

and toxicity. This approach was employed in this thesis, exploring release via wastewater and the 

atmosphere, as well as persistence and bioaccumulation in the aquatic environment.  

 

 
Figure 1. To the left: molecular structure of decabromodiphenyl ethane  

(dbdpe). To the right: decabromodiphenyl ether (decaBDE). 
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Usage 

Dbdpe has been available on the market since the mid-1980s (Umweltbundesamt, 2001). One reason 

for the commercialisation of dbdpe was that it meets the demands of the German dioxin ordinance, 

which imposes limits for chlorinated and brominated dioxins and furans in commercial products (Arias, 

2001). In contrast to its predecessor, decaBDE, dbdpe does not have an ether bridge in its molecular 

structure. This makes it less prone to produce dioxins and furans under pyrolysis conditions, as 

reviewed by Kierkegaard (2007). 

 

Common trade names for dbdpe are Saytex 8010 (Albemarle) and Firemaster 2100 (Chemtura). Few 

statistics on production and sales of the commercial products are available. Europe has no production 

of its own but in 2001 the imports of Saytex 8010 were estimated to be a few thousand tonnes, 

primarily to Germany (Kierkegaard, 2007). However, it can be hypothesized that most of the dbdpe 

may not be imported as the commercial products, but rather as the additive in its target applications. 

This has been suggested for decaBDE (National Chemicals Inspectorate, 2003).  

 

According to Albemarle (2007), a major expansion of the production capacity for Saytex 8010 was 

completed during early 2007, and later that year the same company announced another 20% 

expansion of production of this BFR for January 2008. For comparison, decaBDE (named Saytex 102E 

by Albemarle and DE-83R by Chemtura) together with TBBPA and HBCD were the three BFRs with the 

largest worldwide consumption in 2001 (Law, R. J. et al., 2006). In North America decaBDE was the 

major BFR, followed by TBBPA and HBCD. In Europe and Asia TBBPA had the highest consumption, 

followed by decaBDE and HBCD. The total worldwide market demand in 2001 for decaBDE, TBBPA and 

HBCD was 56100, 119700 and 16700 tonnes, respectively (Law, R. J. et al., 2006).  

 

In China, dbdpe was the second most highly used BFR in 2006 after decaBDE (Shi, 2009). The estimated 

domestic production volumes were 20000, 12000, 4500, and 4000 metric tons for decaBDE, dbdpe, 

HBCD, and TBBPA-DBPE, respectively. In Japan, a shift in consumption from decaBDE to dbdpe was 

reported by Watanabe & Sakai (2003). According to these authors the use of dbdpe surpassed decaBDE 

in 1997-1998.   

 

Sources, transport and occurrence 

BFRs are present in many consumer goods that are used indoors. The BFRs can be released from some 

of these goods, e.g. via abrasion or direct leakage (“blooming”) of the BFRs from their host polymer. In 

concurrence, dbdpe as well as decaBDE have been found in dust from indoor environments (Karlsson 

et al., 2007; Stapleton et al., 2008; Harrad et al., 2008) and decaBDE levels have occasionally been 

extremely high, i.e. 2.6 mg/g in dust from the inside of a car was reported by Harrad et al. (2008).  
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The environmental transport of dbdpe, similarly to decaBDE, likely occurs primarily in association with 

particles as a consequence of its extremely hydrophobic and non-volatile character. The estimated log 

partition coefficients for dbdpe between octanol1–water (log KOW) and air–water (log KAW) are 13.6 and 

-5.6, respectively, while the corresponding values for decaBDE are 12.1 and -6.3 (EPI Suite v4.00, U.S. 

EPA), though lower estimates for decaBDE have been reported in literature (e.g. KOW = 8.7, Wania & 

Dugani, 2003). The expected particle associated transport in the environment is supported by findings 

of these BFRs in dust, as well as observations of dbdpe and decaBDE behaviour in an aquatic 

mesocosm. In the mesocosm, both BFRs rapidly were transferred from water to sediment (Meinecke et 

al., 2007).  

 

WWTPs are major filters influencing chemical transfer from the technosphere to the environment. 

Chemicals are transported to WWTPs from commercial and household sources. In the WWTP they may 

be transferred to the sludge from the wastewater together with the particles. The chemicals may also 

undergo transformation. Release to the environment can occur through volatilization to the 

atmosphere, via the plant effluent to the recipient, and via sludge disposal, e.g. to agricultural soil. From 

an environmental perspective it is therefore important to determine the release of chemicals from 

WWTPs, and to understand their behaviour in different treatment steps. For dbdpe and decaBDE, 

volatilization is unlikely to be significant, while segregation to sludge would be expected to be the 

dominant process.  In a WWTP in California, North (2004) observed that decaBDE in sewage water was 

strongly associated with the solids fraction and almost entirely sequestered into the sludge. In another 

study, more than 90 % overall removal of ΣPBDE (including decaBDE) from wastewater was reported 

for a WWTP in Canada (Rayne & Ikonomou, 2005). According to the authors of these two studies, 

degradation of the PBDEs in the WWTPs did not occur. No information was available on the behaviour 

of dbdpe in WWTPs. In Paper I, the behaviour of dbdpe and decaBDE was compared in a Swedish 

WWTP. 

 

The discovery of dbdpe in the environment was based on analysis of sewage sludge, as well as in indoor 

air from a recycling facility and sediment from an estuary impacted by the BFR industry (Kierkegaard 

et al. 2004). For particle associated chemicals that are persistent in WWTPs, sludge can be an early and 

sensitive indicator of chemical release from the technosphere.  In the original work by Kierkegaard et 

al. (2004), dbdpe was found in sewage sludge from 25 out of 50 Swedish WWTPs. Since then dbdpe has 

also been found in sludge from Spain (Eljarrat et al., 2005) and Canada (McCrindle et al., 2004). The 

occurrence of dbdpe and decaBDE in sludge on an international scale was examined in Paper II.  

 

Dbdpe has also been found in the particulate phase of air samples (Venier & Hites, 2008). This 

information in combination with findings of dbdpe in tree bark (Qiu & Hites, 2008) suggests that long 

range atmospheric transport and deposition may be an important vector of dbdpe into the 

                                                
1 Surrogate for lipids in biota (Mackay, 2001). 
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environment. In other studies, long range transport (Breivik et al., 2006) and atmospheric deposition 

(Bogdal et al., 2008; Mariani et al., 2008) to remote lake sediment has been shown to occur for 

decaBDE. Atmospheric deposition to isolated lake sediment and release of dbdpe and decaBDE to 

sediment from an urban centre was examined in Paper III. 

 

Besides dust, sludge, air and tree bark, dbdpe has been reported in a moderate number of biota 

samples (Law, K. et al., 2006; Hu et al., 2008; Shi et al., 2009; Gao et al.; Gauthier et al., 2009).  

 

Degradation 

Degradation is an important process for chemical fate in the environment. It affects persistence and the 

formation of degradation products. Degradation of dbdpe in the environment has only been studied to 

a limited extent. In one recent study by Kajiwara et al. (2008), no marked loss of dbdpe incorporated 

into high-impact polystyrene (TV casing) was observed during 224 days of exposure to natural 

sunlight, while the half-life of decaBDE was 51 days. The degradation of decaBDE generated both lower 

brominated PBDEs and polybrominated diphenyl furans (PBDFs). Nevertheless, when a solution of 

dbdpe was exposed to a fluorescence lamp, nona- and octadiphenylethane congeners were formed 

(Kierkegaard, 2007), showing that UV-mediated degradation of this BFR can occur. For decaBDE, UV-

induced degradation in solution, silica gel, sand, soil (Söderström et al., 2004), sediment and clay 

minerals (Ahn et al., 2006) and indoor dust (Stapleton & Dodder, 2008) has been shown to occur. 

However, when decaBDE is associated with (environmentally relevant) organic matter, photolysis 

seems to be a slower process; e.g. in the presence of humic acids (Hua et al., 2003), sediment (Ahn et al., 

2006), or soil (Söderström et al., 2004), compared to when sorbed to (or solved into) more defined 

matrices.  

 

Thermal degradation in fires may be an important source of degradation products as well. According to 

the manufacturers, 50 % weight loss (through debromination) can be expected when dbdpe is heated 

to around 400 ºC. It has been reported that when dbdpe is heated, formation of polybrominated 

diphenyl dioxins (PBDDs) does not occur and only small quantities of PBDFs are formed (reviewed in 

Kierkegaard, 2007). On the other hand, during heating the ethane bridge is susceptible to cleavage, 

which generates bromotoluenes (Jakab et al., 2003). Literature data on the environmental behaviour of 

bromotoluenes are scarce. The halogenated, lipophilic nature of the potential degradation products 

suggests that they may also be of environmental concern, and that they should also be studied more 

closely. 

 

Information on biodegradation of dbdpe is lacking. Given the structural similarities, the degradation 

behaviour of decaBDE may provide some indications for dbdpe. Biodegradation of decaBDE to lower 

brominated, more potent species has been shown to occur (e.g. Kierkegaard et al., 1999, 2007; Mörck, 



 13 

et al., 2003; Steen et al., 2007). Anaerobic degradation has been purposed as a possible loss process in 

sewage sludge and sediment. In laboratory experiments where sewage sludge collected from a Swiss 

WWTP was used as inoculum, decaBDE was shown to undergo anaerobic microbially mediated 

reductive debromination, though this was a slow process, with a half life of 700 days (Gerecke et al., 

2005, 2006). In concordance with this, La Guardia et al. (2007) found that BDE congener profiles in 

sludge resembled commercial product formulations and suggested minimal degradation of decaBDE in 

the WWTP. Furthermore, Kohler et al. (2008) showed that the congener patterns of polybrominated 

diphenyl ethers (PBDEs,) including decaBDE, were steady over time in lake sediments in Switzerland, 

suggesting that little degradation was occurring. As a first step in understanding biodegradation of 

dbdpe, its elimination in a WWTP was compared to that of decaBDE in Paper I.  

 

Bioaccumulation 

Bioaccumulation is, together with persistence, a major criterion in the assessment of the environmental 

exposure hazard of a chemical. Bioaccumulation is controlled by the bioavailability of the chemical and 

its fate in the organism. The potential of a chemical to accumulate in an organism from the physical 

environment can be assessed by calculating the ratio of the chemical concentrations between the 

organism and the physical environment. In aquatic ecosystems bioaccumulation is often calculated 

with respect to the freely dissolved concentration of the contaminant in water, but this approach is 

impractical and of limited relevance for dbdpe and decaBDE. Their hydrophobic nature makes them 

prone to sorb to organic material in the aquatic environment. The diet, not respiration, is the primary 

uptake pathway of very hydrophobic chemicals into macrofauna (Mackay & Fraser, 2000). 

 

Due to the presence of decaBDE in many organisms, as summarized by de Wit et al. (2006) and Law et 

al. (2006), it is clearly bioavailable. The bioaccumulation potential of decaBDE has, however, been the 

subject of scientific debate, as evidence of low bioaccumulation in fish (Kierkegaard et al., 1999; 

Stapleton et al., 2004; 2006) has contrasted with high levels present in some predatory birds (Lindberg 

et al., 2004). There are several possible reasons for low bioaccumulation. Metabolic elimination, e.g. 

losses of decaBDE through debromination generating lower PBDEs, has been observed in fish 

(Kierkegaard et al., 1999; Stapleton et al., 2004; 2006). Other possible reasons for low bioaccumulation 

can be non-equilibrium conditions and/or low dietary absorption (Kelly et al., 2004). The dietary 

uptake efficiency of hydrophobic neutral organic chemicals has been shown to vary between classes of 

organisms (Kelly et al., 2004). Typically, lower values have been measured for aquatic poikilotherms 

(fish) compared to homeothermic carnivores (predatory birds and mammals). Furthermore, the 

dietary uptake efficiency has been shown to decrease when the log octanol-water partitioning 

coefficient (KOW) of the chemical exceeds 7 (Kelly et al., 2004). For decaBDE, with a relatively moderate 

estimate of log KOW at 8.7 (Wania & Dugani, 2003), uptake from the gut in fish has been reported to be 

at most a few percent (Kierkegaard et al., 1999; Stapleton et al., 2006). Higher uptake was reported 
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from oral administration of decaBDE to rats, where more than 26 and 10 %, respectively, was taken up 

by the animals (Sandholm et al., 2003; Mörck et al., 2003).  

 

Recently, dbdpe was found in some biological matrices including a benthic food chain from North 

America (Law, K. et al., 2006), Panda bears from China (Hu et al., 2008), and birds from China (Gao et 

al.; Shi et al., 2009) and North America (Gauthier et al., 2009). These findings suggest that dbdpe, 

similarly to decaBDE, is bioavailable to biota. There are however no studies of the dietary uptake of 

dbdpe, and there are few data available on its bioaccumulation. In one study, Law, K. et al. (2006) 

reported biomagnification factors from 0.2 to 9.2 for predatory/prey interactions between some fish 

species. In a bioconcentration study of fish by Hardy (2004), it was concluded that dbdpe together with 

decaBDE and some other BFRs with a molecular weight >700 g/mole did not bioconcentrate. This 

result is consistent with the insolubility of dbdpe in the water phase (Environment Agency, 2007), 

which presumably makes the uptake through the gills an inefficient process, while dietary uptake is 

more relevant. Benthic food chains are potentially efficient at bioaccumulating very hydrophobic 

chemicals such as dbdpe, since some benthic invertebrates feed on the sediment that is the major 

reservoir of the contaminant. Bioaccumulation of decaBDE in benthic invertebrates from sediment has 

been reported in several studies (Yang et al., 2009; Xiang et al., 2007; Wang et al., 2009; Liu et al., 2005; 

Debruyn et al. 2009; Law, K. et al. 2006; Ciparis & Hale., 2005). However, in most cases the biota-

sediment accumulation factor (BSAF) was low (<1). The bioaccumulation of dbdpe and decaBDE in a 

benthic food web was examined in Paper IV.  

 

Toxicity 

The toxicological effects of dbdpe have been investigated to a limited extent. In one study by Hardy et 

al. (2002), dbdpe was administered to rats by gavage during 90 days. In animals sacrificed at the end of 

the feeding period an increased size of the liver relative to the body weight was observed. However, 

this response was not present in animals that were sacrificed after a 28-day depuration period.  

 

The results from a handful of standardized toxicity tests on dbdpe are summarized in an environmental 

risk evaluation report published by the Environment Agency (2007) for England and Wales. According 

to this report, dbdpe appears to have a relatively low toxicity. Nevertheless, in some cases limitations of 

the test set-ups were identified. This is partly a consequence of the difficulties with using standardized 

toxicity tests that were not designed for highly hydrophobic chemicals. Briefly, reproduction was 

reduced in earthworms (lowest observed effect concentration (LOEC) was 3.7 mg/kg d.wt. soil) and 

growth was inhibited for some plants (onion was the most sensitive, EC25=2.4 mg/kg d.wt. soil). No 

effects were observed during acute oral and dermal tests on rats and rabbits, respectively. Acute and 

chronic tests on some fish species did not generate any effects. However, for the fish tests it could not 

be excluded that the BFR was not present in the water phase, but rather on the test vessel walls 
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(Environment Agency, 2007). Chronic tests for sediment-dwelling organisms did not generate any 

effects. According to the Environment Agency (2007), toxic effects could have been underestimated 

since fresh food without dbdpe was provided to the organisms during the whole test period. This was 

not according to the test guideline and possibly resulted in lower exposure. In summary, toxicological 

responses of dbdpe have been observed for a few organisms at relatively high doses. In some tests, 

limitations of the test set-up were identified, which could have reduced the toxicological responses. 

Consequently, there is a need for more testing of the toxicity of dbdpe. 

 

Summary of publications 

Methods 

Most methods that have been used for analysis of dbdpe in different studies have been summarized in 

Kierkegaard et al. (2008). These methods have only partly, or not at all, been developed for analysis of 

dbdpe, and there is a lack of data on quality control parameters (such as extraction efficiency, precision 

and recovery). In preparing for Paper I, I therefore decided to develop and better quality assure a 

method that would generate quantitative results for dbdpe and decaBDE in sludge. This method was 

thereafter modified to suit the applications in Papers II-IV. Attention has primarily been given to ensure 

i) internal standard suitability, ii) fast and exhaustive extractions, and iii) simple cleanup procedures, 

without compromising with purity of extracts.  

 

Sampling 

Sewage water  

In Paper I, particular attention was given the sampling procedures in order to generate representative 

samples for the mass balance. Sampling was performed in Henriksdal WWTP (Stockholm) in 2006 and 

2007, in a flow-proportional2 manner. Care was taken to account for the retention times3 of the water 

in the WWTP in order to capture outflowing water and sludge that matched the inflowing water 

sampled. The sampling plan covered the weekly cycle in urban water usage.  

 

Sludge 

Grab samples of sludge were collected for Papers I and II. In Paper II, sludge was collected from WWTPs 

around the world during the period between 1998 and 2006. Methods for collection and drying were 

specified in a guideline sent in advance to the person handling the sampling at each site. A 

                                                
2 In proportion to the daily influent mass flow of sewage water. 
3 The “same” water mass was sampled throughout the WWTP. 
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questionnaire about treatment techniques and operational conditions was also sent to enhance the 

data interpretation.  

 

Sediment 

For Paper III, lake and marine sediment was sampled. Lake sediment was collected from South and 

middle parts of Sweden, while the marine sediment was collected in a transect from central Stockholm 

to its archipelago. 

 

Biota 

The food web samples were collected in 2007 from the Western Scheldt estuary in the Netherlands on 

the border to Belgium. The food web included samples from the physical environment (sediment and 

SPM) as well as organisms interacting on different trophic levels (grazers/filter feeders, first- and 

second level predators).  

 

Analysis 

Extraction  

For extraction, an accelerated solvent extractor (ASE) was employed. The ASE was expected to perform 

fast, efficient extractions and it is suitable for method development experiments4.  

 

With the ASE-technique, the sample is loaded into an extraction cell. Solvent is transferred 

pneumatically into the cell, left there for a static period, and finally released to a collection bottle. 

Extraction is performed during the static period, during which heat and pressure are applied. As stated 

in Richter et al. (1996), pressure forces the solvent into the pores of the matrix and keeps the solvent 

liquid above its atmospheric boiling point, which increases solvent power. Heat tends to promote 

solubility (Richter et al., 1996). The extraction is favoured by a small particle size and a low water 

content of the sample. Therefore, all samples in Papers I-II were air dried or lyophilized, and ground if 

possible5. For sludge and sewage water, hexane was used as a solvent, while for sediment and biota, 

dichloromethane (DCM) was used. The choice of DCM was mainly based on personal communication 

with Kierkegaard, who had obtained good results with respect to extraction efficiency of decaBDE from 

biota, and low solvent background levels. Extraction was performed in two cycles × 5 min.  

 

Cleanup 

The small amount of sludge used (~1g) allowed the ASE to be combined with on-line cleanup – an 

approach developed by Sporring & Björklund (2004). Briefly, sulphuric acid treated silica gel was 

                                                
4  Different combinations of solvent type, temperature and time are easily changed from the ASE software, and a 

sample is extracted relatively fast (~10 min). 
5 Biota, sediment and sludge could be ground, but not filtrates of sewage water. 
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packed below the sample in the extraction cell. After release, the solvent and extracted analytes passed 

through the acidic sorbent on their way out of the extraction cell to the collection bottle, while much of 

the co-extracted organic material was sorbed. DCM is chemically reactive in the presence of sulphuric 

acid, so on-line cleanup was not used in Papers III and IV.  

 

For the sediment and biota extracts, which did not undergo on-line cleanup, the solvent was changed 

from DCM to hexane. Organic material was then removed with liquid sulphuric acid. Co-eluted sulphur 

(S0) was removed from sediment and sludge extracts with potassium hydroxide dissolved in ethanol.  

 

The final cleanup step for all sample extracts was a fractionation on an aminopropyl gel column made 

from a disposable glass pipette. The aminopropyl gel caused a retardation of dbdpe and decaBDE on 

the column compared to co-eluted material that was otherwise present as a precipitate in the final 

extract from this method. These precipitates appeared primarily in sludge samples when the final 

extract was evaporated to <100 µl. With the aminopropyl gel column it was possible to remove the 

precipitates by discarding an early fraction of the eluate. 

 

For Papers II-IV, the column for fractionation was slightly modified. It was made of aminopropyl gel 

with acid silica added to the top to further increase the removal efficiency of organic material.  

 

GC-MS analysis  

Optimization of GC-MS conditions for decaBDE has been described by Björklund (2003) and Tollbäck 

(2005). To a large extent, these principles have been applied for both decaBDE and dbdpe in Papers I-

IV.   

 

In Paper I, high precision in the quantification of the BFRs was necessary for the mass balance. It was 

believed that this could be achieved by using 13C-labelled internal standards for both BFRs. However, 

the 13C-dbdpe cannot be separated from the native compound in the chromatographic system and no 

traces of the molecular ion can be found in electron capture negative ionization (ECNI) mode or 

electron ionization (EI) mode when using LRMS, as reported by Kierkegaard (2004). Detection of 

bromine ions (m/z = 79, 81) in ECNI mode has been the only option for detecting dbdpe in the LRMS. 

Therefore, in order to be able to differentiate 13C- dbdpe from the native dbdpe, high resolution mass 

spectrometry (HRMS) was used. The high abundance fragment, i.e. the pentabromobenzyl ion (m/z = 

484.6, 486.6), was monitored.  

 

For Paper II, a low resolution mass spectrometer (LRMS) was used. Since the purpose of that study was 

to perform a screening survey, less precision was required, and the higher sensitivity of the LRMS 

compared to the HRMS (reported by Kierkegaard et al., 2004) was therefore preferred. The LRMS was 

also used in Papers III and IV. 
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Quality assurance  

In all studies (I-IV), common procedures for the quality assurance of quantitative trace analysis of BFRs 

were applied. These procedures included measures to minimize exposure of samples to UV-light to 

avoid losses through degradation. All lamps in the laboratory were covered with UV-protective film. 

Clean laboratory equipment, material and chemicals were used to avoid contamination from 

background levels. All glassware was first heated to 450 °C and then rinsed with solvents. The 

effectiveness of these measures was continuously tested through the analysis of procedural blank 

samples in parallel to all samples. Furthermore, tests were carried out to evaluate the efficiency of the 

extraction method, the recovery of the analytes, and the precision of the method. Clearly defined 

criteria for identification and quantification were applied, and eight or nine point calibration curves 

were used.  

 

Quality control 

Blank samples 

There were few problems with background levels of dbdpe and no problems with decaBDE. Dbdpe has 

been present in blank samples at relatively low levels compared to the samples, or at undetectable 

levels.  

 

Extraction efficiency  

Prior to Paper I, the extraction efficiency of the ASE for dbdpe and decaBDE in sludge was tested by 

varying the extraction solvent, number of extraction cycles, and temperature (Ricklund, 2008). The two 

BFRs were easily extracted during the selected conditions, which were hexane at 100 °C with two 

cycles.  

 

In Paper III, the results from another small pilot test on the ASE are presented. In that test, dbdpe and 

decaBDE were easily and exhaustively extracted from naturally contaminated sediment. 

  

Recovery  

The recoveries for labeled and native dbdpe as well as labeled decaBDE were moderate and highly 

variable. Typically, the mean recovery was around 60-70 % with a coefficient of variation (CV) around 

30-40 %. Occasionally, the recoveries were low (Paper II: 15 samples <20 % recovery) and the samples 

were re-extracted. In Paper I, a decrease of recovery was observed with increasing injection number on 

the GC. This indicated that the on-column injector was sensitive to matrix effects, i.e. the BFRs were 

discriminated relative to the volumetric standard (13C-CB180). No such relationship was observed in 

Paper II, but the problem was also occasionally seen during splitless injection on the GC-LRMS. Variable 

recoveries were nevertheless not prioritized since labeled decaBDE was shown to be a good surrogate 

standard for dbdpe. The relative recovery between dbdpe and labeled decaBDE was calculated in 
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Papers I, II and III, giving values of 0.896, 1.2 and 1.1, respectively. The small deviation was only 

corrected for in Paper II. 

 

Precision  

The precision of the analytical method was expressed as the ratio of the concentrations in duplicate 

samples (max:min quotient). For sludge and sewage water (Papers I and II), this ratio varied between 

1.0 and 1.5 for dbdpe, and typically between 1.0 and 1.5 for decaBDE. For sediment and biota (Papers 

III and IV), the corresponding values for dbdpe and decaBDE were higher: 1.1-2.5 and 1.1-1.9, 

respectively. 

 

Detection and quantification limits 

For dbdpe in Paper I and decaBDE in all studies, the limit of detection (LOD) and the limit of 

quantification (LOQ) were calculated from the levels found in the blank samples and defined as the 

mean plus 3 and 10 times the standard deviation of the mean, respectively. For dbdpe in Papers II-IV, 

levels in the blanks were rarely detectable and therefore not considered appropriate to use for 

calculations of the LOD and LOQ, due to the lack of representativeness of the laboratory background 

levels. Instead, the LOD and LOQ were based on 3 and 5 times the noise in field samples, respectively. 

LODs and LOQs from Papers I-IV are shown in Table 1. In all studies, BFR levels in field samples were 

only occasionally below these limits.  

 

Table 1. LODs and LOQs obtained in Papers I-IV. Two limits are given when samples were analyzed in two 

separate rounds, each round generating one limit. Limits are given on a per sample basis when obtained from 

blank levels, or when the sample matrix did not have an effect on the noise in the GC-chromatogram from which 

the limits were determined (for dbdpe in Paper IV). 

dbdpe decaBDE 
Paper 

LOD LOQ 
unit 

LOD LOQ 
unit matrix 

I 160, 300 430, 580 pg/sample 1400, 9300 3000, 25000 pg/sample sludge, sewage water 

II 580, 1600 830, 2700 pg/g d.wt. 1900 4600 pg/sample sludge 

III 33, 100 64, 170 pg/g d.wt. 9, 78 15, 170 pg/sample sediment 

IV 18 29 pg/sample 78 170 pg/sample biota 

 

Results and discussion  

In Paper I, the results from the mass balance study in Henriksdal WWTP showed that virtually all 

dbdpe and decaBDE were accumulated in the sludge. The mean levels of dbdpe and decaBDE in the 

sludge were 81 and 800 ng/g d.wt., respectively. The mean mass flows of dbdpe and decaBDE to the 

WWTP were 6.0 g/day and 55 g/day, respectively. Nevertheless, the BFRs also reached the recipient 

                                                
6 In Paper I, the relative recovery to labeled decaBDE was determined for labeled dbdpe 
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water via the effluent, though this fraction was less than 1 % of the influent mass flows. The removal of 

the BFRs from the water stream was similar to the removal of particulate material. It was most efficient 

in the primary flocculation treatment step (primary treatment > biological treatment step > sand 

filtration). Based on a mass balance of the sludge, no evidence for degradation during anaerobic 

digestion was found (the sum of the BFR mass flows in the primary sludge and secondary sludge 

equalled the mass flows in digested sludge). In Paper I it was concluded that the transfer efficiency of 

dbdpe from the technosphere to the environment via WWTPs is similar to that of decaBDE. In other 

studies, a similar behaviour of decaBDE in WWTPs has been observed. North (2004) and Rayne & 

Ikonomou (2005) also reported high removal efficiency from sewage water to sludge and no 

indications of degradation.  

 

In Paper II, it was shown that dbdpe, like decaBDE, may be a worldwide concern, since it was present in 

sludge from all countries. The highest concentration (216 ng g-1 d.wt.) was found in the highly 

industrialized Ruhr area of Germany. Automobile plants connected to the sampled WWTP were 

suggested to have contributed to this elevated concentration. Except for this industrial activity, no point 

sources were identified. Therefore, diffuse emissions from the technosphere are a major source of the 

BFRs to the sludge. This mode of release has been suggested for decaBDE and other BFRs in the 

literature (Law et al., 2006).  

 

The [dbdpe]/[decaBDE] ratio, which ranged from 0.0018 to 0.83, was high in and around Germany 

where dbdpe imports are known to have been high and substitution of decaBDE with dbdpe is likely to 

have occurred. Low ratios were found in the USA and the UK, countries that have traditionally been 

large users of decaBDE.  

 

An estimate of the emission of dbdpe from the technosphere via sludge to the environment within the 

European Union gave 1.7 ± 0.34 mg annually per person. The corresponding value for decaBDE was 

41± 22 mg annually per person. These numbers are quite similar to the influent mass flows7 in Paper I, 

which for dbdpe and decaBDE were 3.1 and 39 mg annually per person, respectively. For comparison, 

an attempt to estimate the total emissions of decaBDE (i.e. mainly via WWTPs) from Stockholm is 

available from Jonsson et al. (2008), which gave 600-700 mg per person annually.  

 

As in international sludge, dbdpe and decaBDE were also widespread in Swedish lake sediment. In 

Paper III, both BFRs were found in all lake sediment samples. The levels ranged from 0.23 to 11 ng/g 

d.wt. for dbdpe, and from 0.48 to 11 ng/g d.wt. for decaBDE. The lakes have no known point sources of 

BFRs. Therefore, the presence of the BFRs in the lake sediment indicates that long range transport and 

atmospheric deposition has occurred. This is in agreement with the findings of dbdpe in air samples 

(Venier & Hites, 2008) and tree bark (Qiu & Hites, 2008), which also suggest that long range 

                                                
7 Appropriate unit conversions of the mass flows has to be made to make the comparison 
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atmospheric transport and deposition may be an important vector of dbdpe into the environment. For 

decaBDE, long range transport (Breivik et al., 2006) and atmospheric deposition (Bogdal et al., 2008; 

Mariani et al., 2008) to remote lake sediment has already been shown to occur. In Paper III, the fact that 

the BFR concentration ratios in the lake sediment is close to unity is cause for concern, since dbdpe has 

not been used as long as decaBDE, and since its use is currently increasing.  

 

Along the marine sediment transect, there was a clear exponential decrease8 in the BFR concentrations 

with distance from Waldemarsudde in central Stockholm. The levels at Waldemarsudde (10 ng/g d.wt. 

of dbdpe and 80 ng/g d.wt. of decaBDE) were 20-50 times higher than in the outer archipelago9, where 

after a water travel distance of ~37 km the concentrations reached a low “baseline” of 0.28-0.56 and 

1.0-1.9 ng/g d.wt. for dbdpe and decaBDE, respectively. The empirical half distances10 (EHDs) of dbdpe 

and decaBDE were 14 and 10 km, respectively, showing a relatively rapid decrease in concentrations.  

 

The findings of dbdpe and decaBDE in effluent from Henriksdal in Paper I suggest that the WWTPs in 

central Stockholm are direct sources to the sediment located there, e.g. at the sampling station 

Waldemarsudde included in Paper III. The [dbdpe]/[decaBDE] ratios in the sediment samples were 

compared to the ratios in other matrices to assess potential sources of the BDEs. The ratios in sediment 

from the outer archipelago were similar to the ratios in lake sediment (Paper III), while the ratios in the 

sediment from central Stockholm were similar to the ratio in the effluent from the Henriksdal WWTP in 

Paper I. It was therefore suggested that the sediment in central Stockholm primarily had been impacted 

by local emissions (i.e. from the WWTPs that are located there), while the sediments in the outer 

archipelago had received BFRs primarily from the atmosphere. Since BFR levels in the marine 

sediments decreased to levels similar to what we suggest is the atmospheric background within 40 km 

of major urban sources to water, long range atmospheric transport may be a major source of dbdpe in 

the Swedish environment. 

 

In Paper IV, dbdpe and decaBDE were bioavailable to all organisms in the studied food web, although 

the measured concentrations were low. The lipid-normalized concentrations of the BFRs descended in 

the following order: lugworm > cockle > sole > sprat > common tern (Paper IV, Figure 1). Thus, lower 

trophic level organisms contained higher levels than higher trophic level organisms.  

 

The calculated BSAFs for the benthic invertebrates were low for both BFRs (0.0008-0.005), indicating 

low chemical transfer efficiency from the physical environment to the food web. Possibly the form in 

which the BFRs were released by the local industries to the estuary resulted in a low bioavailability. In 

                                                
8 P=0.0043, R2=0.54 and P=0.00093, R2=0.72; for dbdpe and decaBDE, respectively. (Log-transformed and dry 

weight normalized concentrations). 
9 At Saxarfjärden, Silverkannan and Lökholmen, approximately 37 to 62 km by water from Waldemarsudde. 
10 The chemical concentration dropped to half of its initial value over this distance. 
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other studies, bioaccumulation factors11 of decaBDE from sediment or soil to invertebrate species have 

been in the range of 0.002 to 3.5 (Yang et al., 2009; Xiang et al., 2007 Debruyn et al. 2009; Law, K. et al. 

2006; Sellström et al., 2005).  

 

Biomagnification factors (BMFs) for the predatory-prey interactions were also low for both BFRs (0.2-

0.8), indicating chemical biodilution in the food web. Biodilution of decaBDE in an aquatic food web has 

also been reported by Tomy et al. (2008). On the other hand, the obtained BMFs in Paper IV were >1-3 

orders of magnitudes higher than the BSAFs for the benthic invertebrates. Thus, the chemical transfer 

efficiency was higher in predatory-prey interactions than from sediment to the lowest trophic level, 

which was the limiting factor of the bioaccumulation in this food web. 

 

The relative accumulation, expressed as the BSAF (or BMF) ratio between dbdpe and decaBDE, ranged 

from 0.2 to 3 (Paper IV, Table 1). In other words, the difference in the bioaccumulation behaviour of the 

two chemicals, including exposure, uptake and loss processes of the organisms as well as the 

uncertainty and variability in sampling and analysis, was relatively small.   

 

A slightly different result was obtained in an assessment of the data of Shi et al. (2009), where levels of 

dbdpe and decaBDE in soil and outdoor dust were used to estimate the relative bioaccumulation in 

Watercock (Gallicrex cinerea) from China (Paper IV). The mean relative accumulation factors12 for 3 

birds were 2.4, 5.3 and 10 (range13 0.21-23). These results suggest that dbdpe may even bioaccumulate 

more than decaBDE.  

 

                                                
11 Reported in other studies from lipid content normalized concentrations, or calculated in Paper IV from results 

reported in other studies. 
12 The rAF was calculated as the average [dbdpe]/[decaBDE] ratio in tissue samples (muscle, kidney and liver) in 

each bird (n=3), divided by the average BFR ratio in outdoor dust and soil. 
13 When using sample specific levels for tissue, dust and soil. 
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Conclusions and outlook 

Is dbdpe an environmental problem?  

In conclusion, this thesis suggests that persistence, susceptibility to long range atmospheric transport, 

and potential for bioaccumulation of dbdpe is similar to the regulated chemical that it is replacing – 

decaBDE. Thus, even if toxicological data on dbdpe is scarce, there is a risk that a problematic chemical 

is being replaced with a chemical that is equally problematic. 

 

Still, in order to fully understand the environmental behaviour of dbdpe, there are data gaps that 

remain to be filled in. In Paper IV, the BSAFs for dbdpe were similar to those for decaBDE, but in several 

other studies of decaBDE the BSAFs have been higher. It is possible that the bioaccumulation of dbdpe 

is also higher in other food webs. This has to be clarified with more studies on bioaccumulation. There 

is also a lack of data on metabolism of dbdpe. For decaBDE, metabolism causes debromination to lower, 

more potent congeners in several organisms. Hypothetically, this may also be the case for dbdpe, and 

metabolism may influence both its bioaccumulation and toxicity. Furthermore, there is a need for data 

on toxicological effects from long-term exposure to dbdpe.  

 

Another issue is the role of the atmosphere for the environmental behaviour of dbdpe. In Paper III it 

was shown that atmospheric long range transport and deposition may be a major source of dbdpe to 

the Swedish environment. For this reason, studies on dbdpe emissions to the atmosphere and its fate 

therein would make an important contribution to the understanding of this chemical. 
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Swedish summary 

Kunskap om förekomst och beteende av flamskyddsmedlet dekabromdifenyletan (dbdpe) i miljön har 

saknats. Sedan dess upptäckt i miljön har endast ett fåtal undersökningar gjorts. Molekylstrukturen hos 

dbdpe liknar dekabromdifenyleter (dekaBDE), som visat sig vara en problematisk miljöförorening, vars 

användning numera reglerats med lagstiftning. Likheten med dekaBDE gör det rimligt att tro att 

användningen av dbdpe också kommer bli problematisk.  

 

En metod för analys av dbdpe och dekaBDE i miljöprover utvecklades. Metoden är baserad på värme 

och trycksatt vätskeextraktion (accelarated solvent extraction, ASE) samt gaskromatografi och 

högupplösande masspektrometri (gas chromatography high resolution mass spectrometry, GC-HRMS) 

(Publikation I) eller lågupplösande masspektrometri (gas chromatography low resolution mass 

spectrometry, GC-LRMS) (Publikation II-IV). Metoden gör det möjligt att mäta och jämföra halter av de 

båda kemikalierna i miljön. 

 

Avloppsreningsverk verkar som filter mellan teknosfären och miljön. Av denna anledning studerades 

de båda kemikaliernas beteende i en massbalansstudie i Henriksdals reningsverk i Stockholm 

(Publikation I). Förekomsten av dbdpe i en större skala gjordes i en internationell undersökning av 

avloppsslam (Publikation II). Den internationella undersökningen visade att dbdpe fanns i prover från 

alla 12 representerade länder. Förekomsten av dbdpe i slam verkar därmed vara en global 

angelägenhet. Koncentrationskvoten mellan dbdpe och dekaBDE i slammet kunde i vissa länder 

förklaras med i vilken omfattning kemikalierna används. Massbalansstudien i reningsverket visade att 

huvuddelen av både dbdpe och dekaBDE transporterades till rötslammet. En liten andel av 

flamskyddsmedlen lämnade reningsverket med utloppet till Saltsjön. Detta visar att reningsverket 

fungerar som en källa av dbdpe och dekaBDE till den akvatiska miljön.  

 

Utbredningen av dbdpe och dekaBDE i den akvatiska miljön undersöktes genom att analysera marina 

sediment i en gradient från centrala Stockholm, med start från utloppet av Henriksdals reningsverk, till 

yttre skärgården (Publikation 3). Med ökande avstånd från Stockholm sjönk halterna av 

flamskyddsmedlen. Efter 40 km närmade sig halterna en låg och jämn nivå, som skulle kunna 

representera atmosfärisk bakgrundsdeposition.  

 

Atmosfärisk deposition av dbdpe undersöktes genom att analysera sediment från 11 sjöar, som inte 

påverkats av några direkta utsläpp (Publikation III). Dbdpe liksom dekaBDE fanns i alla prover. Med 

andra ord orsakar atmosfärisk transport och deposition en utbredd spridning av båda 

flamskyddsmedlen i den svenska miljön. Koncentrationskvoten mellan dbdpe och dekaBDE i 

sedimentproverna var nära ett. Detta är oroväckande eftersom dbdpe använts en kortare tid än 

dekaBDE.  
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Bioackumulering av dbdpe och dekaBDE undersöktes i en bentisk näringskedja från Holland, där höga 

halter av de båda flamskyddsmedlen uppmätts i sediment. Båda kemikalierna visade samma låga grad 

av bioackumulering. Det verkade som överföringen av flamskyddsmedlen var effektivare mellan 

organismer (från bytesdjur till predator) än från den fysiska miljön, dvs. sedimentet,  till de 

sedimentlevande organismerna (bentiska invertebrater). Upptaget från sediment till organismer i den 

lägsta trofinivån var därmed den begränsande faktorn för bioackumuleringen i denna näringkedja. 

 

Sammanfattningsvis, med avseende på persistens, atmosfärisk transport och potential för 

bioackumulering verkar dbdpe likna den reglerade kemikalie som den ersätter – dekaBDE. Det är 

därför risk att en problematisk kemikalie  ersätts med lika problematisk  kemikalie.   

 



 26 

Acknowledgements – Tacksägelser  

Michael McLachlan. Som du själv antytt, kan du mycket väl råka vara en av världens bästa handledare 

(”Don’t compare yourself to me!”). Hela tiden med glimten i ögat, ett proffs och en förebild som vet hur 

man motiverar och inspirerar. Syr ihop säckar, kokar soppa på spik, äter kakan (”brain food!”) och har 

den kvar.  Jag har lärt mig otroligt mycket – Tack för allt!  

Amelie Kierkegaard. Du har kompletterat handledarskapet perfekt och resultatet blev en excellent 

doktorandutbildning. Vårt arbete har i mycket handlat om påhittighet och noggrant detektivarbete, and 

that’s your middle name..! Jag har bland annat upptäckt att  ”petnoga” faktiskt är en metod, ovärderlig 

att kunna ta fram vid behov (”biologi är ju en sak..”). Du har också gett mig mycket av din tid, vilket jag 

har uppskattat mycket. Många skratt varvat med ett och annat uppfriskande (?!) gräl har gjort många 

tillfällen värda att minnas. Fast det är ju svårt att komma ihåg alla, vahettere, så jag hoppas på flera. 

Ulla Eriksson har under hela min tid på ITMo varit en oersättlig problemlösare, med ett grymt 

tålamod, som gärna plockar fram en underhållande skidåkaranekdot.  Fortsätt samla sådana med Mo’s 

andra järn-ladies! All respekt.  Cajsa Wahlberg, Klas Öster, Bernt Björlenius, Rolf Wolfe och Michael 

Medoc. Tack för all hjälp under provtagning i Henriksdal och för att ha förklarat hur ett reningsverk 

fungerar. Klas ska även ha ett tack för alla häftiga lomografier! Per Jonsson, Frida Ramström och 

Jörgen Ek. Stort tack för fin assistans, idéer och trevligt sällskap när marina sediment provtogs och 

upparbetades. Tack Anders Bignert, Mats Hjelmberg och Henrik Dahlberg för sjösediment och 

idéer. Jag är förstås även skyldig Riksmuseets personal ett tack för all tisdagsfotbolls. Pim Leonards. 

Thanks for a good collaboration during the food web study. You did also a great performance as an 

opponent during my defence of the licentiate thesis. Our discussion turned out to be so interesting that 

I forgot to be nervous! Yngve Zebühr. Tack för värdefull hjälp med körningar på GC-HRMS, och givetvis 

den historiska surdegen. I would also like to thank the persons who sent me 1st class sludge from all 

over the world: Jonathan Barber, Les Burridge, Kai Bester, Cathleen Guo, Luke Chimuka, Lao 

Choon Leng, Mark la Guardia, Harry Collins, Dominique Grandjean, Ivan Holoubek, , Jochen 

Müller, Kuria Ndungu, Olaf Päpke, Erik Reiner, Sean Steller, Bryan S.F. Wong and Veronica Ulfves. 

 

På ITMo har Ulla S, Cindy och Anna-Lena bidragit med många trivsamma och nyttiga diskussioner och 

tips. Denna generositet och öppenhjärtlighet har varit väl representativ för ITM:s medarbetare. Några 

andra av alla dessa förträffliga personer är livscoachen Mats; Emma som vet hur man gör en road-trip; 

skönt rättframma Kattis; Jörgen som delat Grabblab; Kajorna som ställt till med elände; Bengt-Erik 

och Magnus i vars sällskap man växer och har roligt, och The Band (”that’s gonna make it!”). Tack till 

er och andra andra ITM:are som dagligen bjudit på goda synpunkter, torsdagsfika, badmintonmatcher, 

gympass, skridskoturer och blomplantor; höjt kvalitén på luncher; släppt förbi i GC-kön och lånat ut 

glasvaror; hållit reda på jobbiga blanketter; kört hem IKEA-säng; fyllt på lösningsmedel; erbjudit 

julaftonsfirande och flytthjälp; varit toppen rumskompisar; spexat på disputationer; varit 



 27 

amatörpsykolog; bjudit ur sin lunchlåda och på sig själva; kommit med julklapp; hittat på hyss och 

släppt loss på fester. Tack vare er har ITM känts välkomnande, spännande och roligt! 

 

Tack Petra för stabil insats under poster-köret.  

 

Anna-Karin. Du har så enkelt trollat bort mina bekymmer! Tack för att du alltid finns där. Tack också 

till Tomas, Gustav, Danne och Mamma som efter jobbet vid många tillfällen varit högklassiga 

bollplank.   

 



 28 

References 

Ahn, M-Y.; Filley, T. R.; Jafvert, C. T.; Loring, N.; Hua, I.; Bezares-Cruz, J. 2006 Photodegradation of 

decabromodiphenyl ether adsorbed onto clay minerals, metal oxides, 

and sediment. Environ. Sci. Technol. 40, 215-220. 

 

Alaee, M.; Arias, P.; Sjodin, A.; Bergman, A. 2003. An overview of commercially used brominated flame 

retardants, their applications, their use patterns in different countries/regions and possible modes of 

release. Environ. Int. 29, 683-689. 

 

Albemarle Corporation. Newsletter September 17, 2007. 

http://www.albemarle.com/Products_and_services/Polymer_additives/?news=text&releaseID=10522

48 , Accessed September 2009. 

 

Arias, P. A. Brominated flame retardants - an overview. 2001. The second international workshop on 

brominated flame retardants, Stockholm, Sweden. 

 

Björklund, J. 2003. Gas chromatography and mass spectrometry of polybrominated diphenyl ethers. 

Ph.D. thesis. Department of Analytical Chemistry, Stockholm University. ISBN 91-7265-563-1. 

 

Bogdal, C.; Schmid, P.; Kohler, M.; Müller, C. E.; Iozza, S.; Bucheli, T. D.; Scheringer, M.; Hungerbühler, K. 

2008. Sediment record and atmospheric deposition of brominated flame 

retardants and organochlorine compounds in Lake Thun, Switzerland: Lessons from the Past and 

Evaluation of the Present. Environ. Sci. Technol. 42, 6817–6822. 

 

Breivik, K.; Wania, F.; Muir, D. C.; Alaee, M.; Backus, S.; Apacepavicius, G. 2006. Empirical and modeling 

evidence of the long-range atmospheric transport of decabromodiphenyl ether. Environ. Sci. Technol. 

40, 4612-4618. 

 

Ciparis, S.; Hale, R. C. 2005. Bioavailability of polybrominated diphenyl ether flame retardants in 

biosolids and spiked sediment to the aquatic oligochaete, Lumbriculus variegatus. Env. Tox. Chem. 24, 

916-925. 

 

deBruyn, A. M. H.; Meloche, L. M.; Lowe, C. J. 2009. Patterns of bioaccumulation of polybrominated 

diphenyl ether and polychlorinated biphenyl congeners in marine mussels. Environ. Sci. Technol. 43, 

3700-3704. 

 



 29 

de Wit, C. A.; Alaee, M.; Muir, D. C. G. 2006. Levels and trends of brominated flame retardants in the 

Arctic. Chemosphere 64, 209-233. 

 

Eljarrat, E.; Ana Labandeira; Angeles Martinez; Begoña Fabrellas; Damià Barcelo. 2005. Occurrence of 

the "new" brominated flame retardant, decabromodiphenyl ethane, in sewage sludge from Spain. 

Organohalogen Compd. 67, 459-461. 

 

Environment Agency, England and Wales. 2007. Using science to create a better place – 

Environmental risk evaluation report: 1,1´(ethane-1,2-diyl)bis[penta-bromobenzene]. CAS: 84852-53-

9. 

 

European Commission: The Directorate-General For The Environment. 2003. Directive 2002/95/EC on 

the use of certain hazardous substances in electrical and electronic equipment (RoHS). 

 

Gao, F; Luo, X-J.; Yang, Z-F; Wang, X-M; Mai, B-X. Brominated flame retardants, polychlorinated 

biphenyls, and organochlorine pesticides in bird eggs from the Yellow River delta, North China. 

Environ. Sci. Technol. 43, 6956-6962. 

 

Gauthier, L. T.; Potter, D.; Hebert, C. ; Letcher, R. J. 2009. Temporal trends and spatial 

distribution of non-polybrominated diphenyl ether flame retardants in the eggs of colonial populations 

of Great Lakes Herring Gulls. Environ. Sci. Technol. 43, 312–317. 

 

Gerecke, A. C.; Giger, W.; Hartmann, P. C.; Heeb, N. V.; Kohler, H. P.; Schmid, P.; Zennegg, M.; Kohler, M. 

2006. Anaerobic degradation of brominated flame retardants in sewage sludge. Chemosphere 64, 311-

317. 

 

Gerecke, A. C.; Hartmann, P. C.; Heeb, N., V; Kohler H-P, E.; Giger, W.; Schmid, P.; 

Zennegg, M.; Kohler, M. 2005. Anaerobic degradation of decabromodiphenyl ether. Environ Sci. 

Technol. 39, 1078-1083. 

 

Hale, R. C.; Alaee, M.; Manchester-Neesvig, J. B.; Stapleton, H. M.; Ikonomou, M. G. 2003. 

Polybrominated diphenyl ether flame retardants in the North American environment. Environ. Int. 29, 

771-779. 

 

Hardy, M. L. 2004. A Comparison of the fish bioconcentration factors for brominated flame retardants 

with their nonbrominated analogues. Environ. Toxicol. Chem. 23, 656-661. 

 

Hardy, M. L.; Margitich, D.; Ackerman, L.; Smith, R. L. 2002. The subchronic oral toxicity of ethane, 1,2-

Bis(Pentabromophenyl) (Saytex 8010) in Rats. Int. J. Toxicol. 21, 165-170. 



 30 

 

Harrad, S.; Ibarra, C.; Abdallah, M. A. E.; Boon, R.; Neels.; H.; Covaci, A. 2008. Concentrations of 

brominated flame retardants in dust from United Kingdom cars, homes, and offices: Causes of 

variability and implications for human exposure. Environ. Int. 34, 1170-1175. 

 

Hu, G. C.; Luo, X. J.; Dai, J. Y.; Zhang, X. L.; Wu, H.; Zhang, C. L.; Guo, W.; Xu, M. Q.; Mai, B. X.; Wei, F. W. 

2008. Brominated flame retardants, polychlorinated biphenyls, and organochlorine pesticides in 

captive giant panda (Ailuropoda Melanoleuca) and red panda (Ailurus Fulgens) from China. Environ. Sci. 

Technol. 42, 4704-4709. 

 

Hua, I.; Kang, N.; Chad, T. J.; Fa´brega-Duque, J. 2003. Heterogeneous photochemical reactions of 

decabromodiphenyl ether. Environ. Toxicol. Chem. 22, 798-804. 

 

Jakab, E., Uddin, Md. A., Bhaskar, T., Sakata Y. 2003. Thermal decomposition of flame-retarded high-

impact polystyrene. J. Anal. Appl. Pyrol. 68-69, 83-99. 

 

Kajiwara, N.; Noma, Y.; Takigami, H. 2008. Photolysis studies of technical decabromodiphenyl ether 

(DecaBDE) and ethane (DeBDethane) in plastics under natural sunlight. Environ. Sci. Technol. 42, 4404-

4409. 

 

Karlsson, M.; Julander, A.; van Bavel, B.; Hardell, L. 2007. Levels of brominated flame retardants in 

blood in relation to levels in household air and dust. Environ. Int. 33, 62-69. 

 

Kelly, B. C.; Gobas, F. A. P. C. McLachlan, M. S. 2004. Intestinal absorption and biomagnification of 

organic contaminants in fish, wildlife, and humans. Environ. Toxicol. Chem. 23, 2324-2336. 

 

Kierkegaard, A. 2007. PBDEs in the environment: Time trends, bioaccumulation and the identification 

of their successor, decabromodiphenyl ethane. Ph.D. thesis. Department of Applied Environmental 

Science, Stockholm University. ISBN: 91-7155-410-6. 

 

Kierkegaard, A.; Asplund, L.; de Wit, C. A.; McLachlan, M. S.; Thomas, G. O.; Sweetman, A. J.; Jones, K. C. 

2007. Fate of higher brominated PBDEs in lactating cows. Environ. Sci. Technol. 41, 417-423. 

 

Kierkegaard, A.; Balk, L.; Tjärnlund, U.; de Wit, C. A.; Jansson, B. 1999. Dietary uptake and biological 

effects of decabromodiphenyl ether in rainbow trout (Oncorhynchus Mykiss). Environ. Sci. Technol. 33, 

1612-1617. 

 

Kierkegaard, A.; Björklund, J.; Friden, U. 2004. Identification of the flame retardant 

decabromodiphenyl ethane in the environment. Environ. Sci. Technol. 38, 3247-3253. 



 31 

 

Kierkegaard, A.; Sellström, U.; McLachlan, M. S. 2009. Environmental analysis of higher brominated 

diphenyl ethers and decabromodiphenyl ethane. J. of Chrom. A 1216, 364–375. 

 

Kohler, M.; Zenneg, M.; Bogdal, C.; Gerecke, A. C.; Schmid, P.; Heeb, N. V.; Sturm, M.; von Mont, H.; Kohler, 

H-P. E.; Giger, W. 2008. Temporal trends, congener patterns, and sources of octa-, nona-, and 

decabromodiphenyl ethers (PBDE) and hexabromocyclododecanes (HBCD) in Swiss Lake sediments. 

Environ. Sci. Technol. 42, 6378–6384. 

 

La Guardia, M. J.; Hale, R. C.; Harvey, E. 2007. Evidence of debromination of decabromodiphenyl ether 

(BDE-209) in biota from a wastewater receiving stream. Environ. Sci. Technol. 41, 19, 6663-6670. 

 

Law, K.; Halldorson, T.; Danell, R.; Stern, G.; Gewurtz, S.; Alaee, M.; Marvin, C.; Whittle, M.; Tomy, G. 

2006. Bioaccumulation and trophic transfer of some brominated flame retardants in a Lake Winnipeg 

(Canada) food web. Environ. Toxicol. Chem. 25, 2177-2186. 

 

Law, R. J.; Allchin, C. R.; de Boer, J.; Covaci, A.; Herzke, D.; Lepom, P.; Morris, S.; Tronczynski, J.; de Wit, C. 

A. 2006. Levels and trends of brominated flame retardants in the European environment. Chemosphere 

64, 187-208. 

 

 

Lindberg P., Sellström U., Häggberg L., & de Wit C. 2004. Higher brominated diphentl ethers and 

hexabromocyclododecane found in eggs of Peregrine falcon (Falco peregrinus) breeding in Sweden. 

Env. Sci. .Technol. 38, 93-96.  

 

Liu, Y.; Zheng, G. J.; Yu, H.; Martin, M.; Richardson, B. J.; Lam, M. H. W.; Lam, P. K. S. 2005. 

Polybrominated diphenyl ethers (PBDEs) in sediments and mussel tissues from Hong Kong marine 

waters. Mar. Pollut. Bull. 50, 1173-1184. 

 

Mackay, D.; Fraser, A. 2000. Bioaccumulation of persistent organic chemicals: mechanisms and models. 

Environ. Pollut. 110, 375-391. 

 

Mariani, G; Canuti, E.; Castro-Jiménez, J.; Christoph, E. H.; Eisenreich, S. J.; Hanke, G.; 

Skejo, H.; Umlauf, G. 2008. Atmospheric input of POPs into Lake Maggiore (Northern Italy): PBDE 

concentrations and profile in air, precipitation, settling material and sediments 

Chemosphere 73, 114–S121. 

 



 32 

McCrindle, R.; Chittim, B.; Konstantinov, A.; Kolic, T.; McAlees, A.; MacPherson, K.; Reiner, E.; Potter, D.; 

Tashiro, C.; Yeo, B. 2004. Native and mass labeled [13C14]-decabromodiphenylethane: Characterization 

and use in determination of DBDPE in sewage sludge. Organohalogen Compd. 66, 3744-3750. 

 

Meinecke, S.; Lepom, P.; Sawal, G.; Feibicke, M.; Mailahn, W.; Schmidt, R. 2007. Fate of 

Decabromodiphenyl ether and decabromodiphenyl ethane in pond mesocosms. SETAC-Europe, 17th 

Annual Meeting in Porto, Portugal. 

 

Mörck, A.; Hakk, H.; Örn, U.; Wehler Klasson, E. 2003. Decabromodiphenyl ether in the rat: 

absorption, distribution, metabolism, and excretion. Drug Metab. Dispos. 31, 900-907. 

 

National Chemicals Inspectorate. Rapport av regeringsuppdrag: Rapport av ett regeringsuppdrag - 

Förutsättningar för ett nationellt förbud. Stockholm. Kemi Rapport 4/03, 2003. 

 

North, K. D. 2004. Tracking polybrominated diphenyl ether releases in a wastewater treatment plant 

effluent, Palo Alto, California. Environ. Sci. Technol. 38, 4484-4488. 

 

Qiu, X., Hites, R.A., 2008. Dechlorane plus and other flame retardants in tree bark 

from the Northeastern United States. Environ. Sci. Technol. 42, 31–36. 

 

Rayne, S.; Ikonomou, M. G. 2005. Polybrominated diphenyl ethers in an advanced wastewater 

treatment plant. Part 1: concentrations, patterns, and influence of treatment processes. J. of Environ. 

Eng. Sci., 4, 353-367.  

 

Ricklund, N. 2008. Emissions of decabromodiphenyl ethane (deBDethane) to the environment via 

waste water and sludge. Licentiate thesis. Department of Applied Environmental Science, Stockholm 

University. 

 

Richter, B. E.; Jones, B. A.; Ezzell, J. L.; Porter, N. L. 1996. Accelerated solvent extraction: a technique for 

sample preparation. Anal. Chem. 68, 1033-1039. 

 

Sandholm, A.; Emanuelsson, B. M.; Wehler, E. K. 2003. Bioavailability and half-life of 

decabromodiphenyl ether (BDE-209) in rat. Xenobiotica, 33, 1149-1158. 

 

Shi, T.; Chen, S-J.; Luo, X-J.; Zhang, X-L.; Tang, C-M.; Luo, Y.; Maa, Y-J.; Wua, J-P.; Peng, X-Z.; Mai, B-X. 

2009. Occurrence of brominated flame retardants other than polybrominated diphenyl ethers in 

environmental and biota samples from southern China. Chemosphere 74 910–916. 

 



 33 

Sporring, S.; Björklund, E. 2004. Selective pressurized liquid extraction of polychlorinated biphenyls 

from fat-containing food and feed samples. Influence of cell dimensions, solvent type, temperature and 

flush volume. J. Chromatogr. A 1040, 155-161. 

 

Stapleton, H ; Alaee, M ; Letcher, R. J.; Baker, J. E. 2004. Debromination of the flame retardant 

decabromodiphenyl ether by juvenile carp (Cyprinus carpio) following dietary exposure. Environ. Sci. 

Technol. 38, 112-119 

 

Stapleton, H. M. ; Brazil, B; Holbrook, R. D.; Mitchelmore, C. L.; Benedict, R.; Konstantinov, A.; Potter, D. 

2006. In vivo and in vitro debromination of decabromodiphenyl ether (BDE 209) by juvenile rainbow 

trout and common carp. Environ. Sci. Technol. 40, 4653-4658. 

 

Stapleton, H. M.; Dodder, N. G. 2008. Photodegradation of decabromodiphenyl ether in house dust by 

natural sunlight. Environ. Toxicol. Chem. 27, 306-312. 

 

Stapleton, H. M.; Allen, J.G.; Kelly, S. M.; Konstantinov, A.; Klosterhaus, S.; Watkins, D.; McClean, M. D.; 

Webster, T. F. 2008. Alternate and new brominated flame retardants detected in US house dust. 

Environ. Sci. Technol. 42, 6910-6916. 

 

Söderström, G.; Sellström, U.; de Wit, C. A.; Tysklind, M. 2004. Photolytic debromination of 

decabromodiphenyl ether (BDE 209). Environ. Sci. Technol. 38, 127-132. 

 

Jonsson, A.; Fridén, U.; Thuresson, K.; Sörme, L. 2008. Substance flow analyses of organic pollutants in 

Stockholm. Water Air Soil Pollut: Focus 8, 433–443. 

 

Tollbäck, P. 2005. Large volume injection and hyphenated techniques for gas chromatographic 

determination of PBDEs and carbazoles in air. Department of Analytical Chemistry, Stockholm 

University. ISBN 91-7155-014-3. 

 

Tomy, G. T.; Pleskach, K.; Oswald, T.; Halldorson, T.; Helm, P. A.; Macinnis, G.; Marvin, C. H. 2008. 

Enantioselective bioaccumulation of hexabromocyclododecane and congener-specific accumulation of 

brominated diphenyl ethers in an eastern Canadian Arctic marine food web. Environ. Sci. Technol. 42, 

3634-3639. 

 

UBA Umweltbundesamt. 2001. Substituting environmentally relevant flame retardants: Assessment 

fundamentals – results and summary overview. No. 40/2001 UBAFBNr 000171/le, 

http://www.umweltdaten.de/publikationen/fpdf-l/1988.pdf , Accessed September 2009. 

 



 34 

Wang, Y.; Jiang, G.; Lam, P. K. S.; Li, A. 2007. Polybrominated diphenyl ether in the East Asian 

environment: A critical review. Environ. Int. 33, 963-973. 

 

Wang, Z.; Ma, X.; Lin, Z.; Na, G.; Yao, Z. 2009. Congener specific distributions of polybrominated diphenyl 

ethers (PBDEs) in sediment and mussel (Mytilus edulis) of the Bo Sea, China. Chemosphere 74, 896-901. 

 

Wania, F.; Dugani, C. B. Assessing the long-range transport potential of polybrominated diphenyl ethers: 

A comparison of four multimedia models. Environ. Toxicol. Chem. 2003, 22, 1252-1261. 

 

Watanabe, I.; Sakai, S. i. 2003. Environmental release and behaviour of brominated flame retardants. 

Environ. Int. 29, 665-682. 

 

Van den Steen, E.; Covaci, A.; Jaspers, V. L. B.; Dauwe, T.; Voorspoels, S.; Eens, M.; Pinxten, R. 2007. 

Accumulation, tissue-specific distribution and debromination of decabromodiphenyl ether (BDE 209) 

in European starlings (Sturnus Vulgaris). Environ. Pollut. 148, 648-653. 

 

Venier, M.; Hites, R. A. 2008. Flame retardants in the atmosphere near the Great Lakes. Environ. Sci. 

Technol. 42, 4745–4751. 

 

Voorspoels, S.; Covaci, A.; Schepens, P. 2003. Polybrominated diphenyl ethers in marine species from 

the Belgian North sea and the Western Scheldt estuary: levels, profiles and distribution. Environ. Sci. 

Technol. 37, 4348-4357. 

 

Xiang, C-H; Luo, X-J.; Chen, S-J.; Yu, M.; Mai, B-X.; Zeng, E. Y. 2007. Polybrominated diphenyl ethers in 

biota and sediments of the Pearl River estuary, South China. Environ. Sci. Technol. 26, 616-623.  

 

Yang, Z. Z.; Zhao, X. R.; Qin, Z. F.; Fu, S.; Li, X. H.; Qin, X. F.; Xu, X. B.; Jin, Z. X. 2009. Polybrominated 

diphenyl ethers in mudsnails (Cipangopaludina cahayensis) and sediments from an electronic waste 

recycling region in South China. Bull. Environ. Contam. Toxicol. 82, 206-210. 


