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ABSTRACT 

Brominated flame retardants is a group of compounds present in numerous types of materials in our 

surroundings. Although their purpose is to slow the progression of a fire, many has been shown to be 

toxic to the environment. Novel brominated flame retardants have been introduced to the market as old 

ones have been removed. Reliable methods are crucial to be able to monitor how the novel brominated 

flame retardant spread and accumulate in the environment. To achieve this, a method validation of a 

cleanup method using multilayer silica followed by analysis by atmospheric pressure gas chromatography 

coupled to tandem mass spectroscopy was performed. This method had been previously used for 

polybrominated diphenyl ethers and the aim was to see if it could be used for analysis of novel 

brominated flame retardants as well. Spiking experiments showed generally good results, with recoveries 

of the native compound ranging from 40% to 174%.  

To apply the method on real matrix samples, eight samples of osprey eggs and five samples of adipose 

tissue of ringed seal was analyzed. Several novel brominated flame retardants were found, most abundant 

being the methoxylated polybrominated diphenyl ethers. Dominant congener was 2'-Methoxy-2,3',4,5'-

tetrabromodiphenyl ether (2PMBDE#68) followed by 6-Methoxy-2,2',4,4'-tetrabromodiphenyl ether 

(6PMBDE#47), 5-Methoxy-2,2',4,4'-tetrabromodiphenyl ether (5PMBDE#47) and 5-Methoxy-2,2',4,4',6-

pentabromodiphenyl ether (5PMBDE#100) with concentrations ranging from <0,13-13 ng/g lipid weight 

in osprey eggs and <0,003-249 ng/g lipid weight  in ringed seal blubber. Also 1,2-Bis(2,4,6-

tribromophenoxy)ethane and pentabromobenzene  were found in both osprey eggs and ringed seal 

blubber. Hexabromobenzene was found in ringed seal blubber and 2,3,5,6-tetrabromo-p-xylene was 

identified in osprey eggs. 

SAMMANFATTNING 

Bromerade flamskyddsmedel är en grupp ämnen närvarande i många olika typer av material i vår 

omgivning. Även om deras syfte är att bromsa förloppet vid en eldsvåda har många visat sig vara toxiska 

för miljön. Nya bromerade flamskyddsmedel har kommit ut på marknaden i takt med att gamla tagits bort. 

Pålitliga metoder är nödvändiga för att övervaka hur nya bromerade flamskyddsmedel sprids och 

ackumulerar i miljön. För att uppnå detta validerades en metod bestående av flerskiktskiseldioxid och 

analys med atmosfärstryck-gaskromatografi kopplat till tandem-masspektroskopi. Denna metod hade 

tidigare använts för analys av polybromerade difenyletrar och målet var att undersöka om samma metod 

kunde användas för analys ad nya bromerade flamskyddsmedel. Spikning gav generellt goda resultat - 

utbytet för de nativa ämnena var mellan 40% och 174%. 

För att pröva metoden på prov med riktigt matris analyserades åtta prov med fiskgjuseägg och fem prov 

med späck från vikare. Flera nya bromerade flamskyddsmedel hittades, mest förekommande var de 

metoxylerade polybromerade difenyletrarna. Dominerande kongen var 2'-metoxy-2,3',4,5'-

tetrabromodifenyleter, följt av 6-metoxy-2,2',4,4'- tetrabromodifenyleter, 5-metoxy-2,2',4,4'- 

tetrabromodifenyleter och 5-metoxy-2,2',4,4',6- pentabromodifenyleter i koncentrationer från <0,13-13 

ng/g lipidvikt (fiskgjuseägg) och <0,003-249 ng/g lipidvikt (sälspäck). Även 1,2-bis(2,4,6-

tribromofenoxy)etan (fiskgjuseägg och sälspäck), pentabromobensen (fiskgjuseägg och sälspäck), 

hexabromobensen (sälspäck) och 2,3,5,6-tetrabromo-p-xylene (fiskgjuseägg) identifierades.  
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1 INTRODUCTION 

1.1 BACKGROUND 
Brominated flame retardants (BFRs) is a group of chemicals used to minimize damage in case of 

fire. They are added to a variety of products such as textiles, electronics or furniture. The BFRs 

can either be covalently bonded to the material (so-called reactive BFR) or simply blended with 

the material (so-called additive BFR) (Nyholm et al. 2008). As a consequence, additive BFRs 

leach out of the product more easily than the reactive ones and can enter the environment 

(Papachlimitzou et al. 2012).  

The presence of BFRs in the environment raises concern due to their persistence and toxicity 

(Dirtu et al. 2013). The Stockholm Convention is a global treaty for restriction or removal of 

persistent organic pollutants (POPs), which entered into force in May 2004. BFRs included in the 

Stockholm Convention are: hexabromobiphenyl (HBB), hexabromocyclododecane (HBCDD), 

hexabromodiphenyl ether (HexaBDE) and heptabromodiphenyl ether (HeptaBDE), and 

tetrabromodiphenyl ether (TetraBDE) and pentabromodiphenyl ether (PentaBDE). However, the 

restriction of some compounds lead to the development of new ones, so-called novel BFRs 

(NBFRs), to replace the old. In 2011 it was estimated that more than 75 different compounds has 

been used as BFRs (Papachlimitzou et al. 2011). To monitor how they behave and accumulate in 

the environment is a challenging task, and much work has been done in the field in recent years 

(Covaci et al. 2010).  

The flame retardant properties combined with the possible environmental toxicity of the BFRs 

give rise to a challenging balancing act; how to weigh their dangerous properties against their 

lifesaving abilities. Some BFRs, e.g polybrominated diphenyl ethers (PBDEs), are known to be 

ecotoxic, but there are still gaps in the knowledge of the toxicity of many NBFRs (Covavi et al. 

2010). Reliable methods are crucial to determine the extent of their environmental presence and 

to be able to control how the NBFRs affect our environment, and ultimately ourselves. 

1.2 PROPERTIES AND EXISTING METHODS 
Compared to the “classical” BFRs (such as PBDEs) information about the chemical properties of 

NBFRs seems to be somewhat scarce. Dirtu et al. (2011) observed large differences in reported 

values of boiling point, vapor pressure, solubility and log Kow for some NBFRs when reviewing 

scientific literature. This could cause problems when developing methods for these compounds, 

since they could behave in other ways than expected. However, the properties of the “old” and 

“new” BFRs seem to be similar to use already existing methods (Dirtu et al. 2012, Covaci et al. 

2011). BFRs are in general lipophilic, which is why they are rarely determined in water (Covaci 

et al. 2011). BFRs are in general known to be susceptible to UV-degradation, causing breakage 

of the C-Br-bond (Covaci et al. 2011; Dirtu et al. 2013; Papachlimitzou et al. 2012). Additional 

information about NBFRs is available in Table 1. 
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Table 1. List of selected NBFRs, their acronyms, composition and molecular weight. 

Compound Acronym Elemental composition Molecular weight 

Bis(2-ethyl-1-

hexyl)tetrabromophtalate 

BEHTBP 

(TBPH) 

C24H34Br4O4 706,14 

1,2-Bis(2,4,6-

tribromophenoxy)ethane 

BTBPE C14H8Br6O2 687,64 

Decabromodiphenylethane DBDPE C14H4Br10 971,22 

2,3-Dibromopropyl 2,4,6-

tribromophenyl ether 

DPTE C9H7Br5O 530,67 

2-Ethylhexyl-2,3,4,5-

tetrabromobenzoate 

EHTBB C15H18Br4O2 549,92 

Hexabromobenzene HBBZ C6Br6 551,49 

Hexachlorocyclopentenyl-

dibromocycloontane 

HCDBCO C13H12Br2Cl6 540,76 

x,x,x,x-tetrabromo-x-

methoxyphenyl ethera 

MeOBDE   

Methyl-2,3,4,5-tetrabromobenzoic 

acid 

MeTBBA C8H4Br4O2 451,73 

Octabromotrimethylphenylindane OBIND C18H12Br8 867,52 

Pentabromobenzyl acrylate PBBA C10H5Br5O2 556,67 

1,2,3,4,5-Pentabromobenzene PBBZ C6HBr5 472,59 

Pentabromoethylbenzene PBEB C8H5Br5 500,65 

Pentabromotoluene PBT C7H3Br5 486,62 

2,3,5,6-tetrabromo-p-xylene pTBX C8H6Br4 421,75 

2,3,4,5-tetrabromobenzoic acid TBBA C7H2Br4O2 437,71 

1,2,5,6-tetrabromocyclooctaneb TBCO C6H12Br4 427,80 

Tetrabromocyclohexanec TBECH C8H12Br4  
a Exists as a mixture of multiple isomers, with 4 or 5 bromides and a methoxy-group in different positions 

b Exists as two isomers; α and β 
c Exists as four isomers; α, β, γ and δ 

Common cleanup methods reported in the literature are using silica, Florisil or alumina columns, 

often combined with gel permeation chromatography for removal of lipids (Dirtu et al. 2012). 

For analysis of abiotic samples, extraction methods utilizing accelerated solvent extraction, 

pressurised liquid extraction and Soxhlet seem to be more common (Covaci et al. 2011). Cleanup 

methods used does not seem to differ between the two types of matrices, silica column is also a 

common method for abiotic matrices (Dirtu et al. 2013). For instrumental analysis, various types 

of gas chromatography coupled to mass spectrometry seem to be almost exclusively used 

(Covaci et al. 2011). Examples of methods for analysis of NBFRs in biota matrices are listed in 

Table 2. 
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Table 2. List of extraction, cleanup and detection methods used for analysis of BFRs in biota matrices.  

Compound Matrix Extraction Cleanup Detection Study 

conducted 

by 

BTBPE, 

DBDPE, 

HBBZ, 

αTBECH, 

βTBECH 

Herring gull 

eggs 

Dichloromethane/ 

Hexane 1:1 

Gel permeation 

chromatography 

followed by SPE using 

a silica cartridge 

GC/ECNI-MS Gauthier et 

al. 2009 

PBDEs, 

BTBPE 

Northern 

Fulmar eggs 

Dichloromethane/ 

Hexane 1:1 

Multilayer silica 

columns, additional 

gel permeation 

chromatography for 

tri- to heptaBDEs 

GC/NCI-MS 

using methane 

as regent gas 

Karlsson et 

al. 2006 

HBBZ, 

PBEB, PBT 

Blubber from 

North Atlantic 

right whale, 

harp seals and 

hooded seals 

Dichloromethane Gel permeation 

chromatography, 33% 

KOH silica column 

followed by Florisil 

column 

GC/ECNI-MS Montie et al. 

2010 

BTBPE, 

DBDPE, 

pentaBDEs, 

BDE#183, 

BDE#209 

Muscle, liver 

and kidney 

from 

Watercock & 

muscle from 

Carp, Bighead, 

and Tilapia 

Soxhlet, hexane/ 

acetone 1:1 

Gel permeation 

chromatography 

followed by 

silica/alumina column 

GC/ECNI-MS Shi et al. 

2009 

HBCDD, 

PBDEs, 

βTBECH 

Beluga whale 

blubber 

Addition of 

hexane/ 

Dichloromethane/ 

acetone 45:45:10, 

homogenization, 

centrifugation 

and removal of 

supernatant. 

Repeated 2 times.  

Gel permeation 

chromatography 

followed by Florisil 

column 

GC/EI-HRMS 

and  GC/EI-

LRMS 

Tomy et al. 

2008 

MeOBDEs, 

HO-BDEs 

Harbor seal 

blubber and 

liver 

Soxhlet, acetone/ 

hexane 1:3 

Acidic silica column 

followed by SPE using 

silica a cartridge 

GC/ECNI-MS Weijs et al. 

2014 

1.3 PRESENCE OF NBFRS IN THE ENVIRONMENT 

1.3.1 Biotic matrices 

Several studies have determined the presence of NBFRs in the environment. A summary of 

selected studies conducted from 2006 to 2014 can be seen in Table 3. In 2008, Tomy et al. 

identified tetrabromocyclohexane (TBECH) in Beluga whales from the Canadian Arctic. In 

addition to TBECH, HBCDD and PBDEs were also found in the whale blubber. Shi et al. (2009) 

found both decabromodiphenylethane (DBDPE) and 1,2-bis(2,4,6-tribromophenoxy)ethane 

(BTBPE) and PBDEs in birds (muscle, liver and kidney) from an e-waste site in southern China. 

The same study also found BTBPE and PBDEs in different fish species from the same e-waste 

site, while DBDPE could not be detected. BTBPE and PBDEs were detected in Northern Fulmar 

eggs from the Faroe Islands in a study conducted by Karlsson et al. in 2006.  
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Blubber from the North Atlantic right whales was analyzed for organochlorides and BFRs by 

Montie et al. in 2010. Pentabromoethylbenzene (PBEB) was detected in four out of five whales, 

hexabromobenzene (HBBZ) in two of the five whales, and pentabromotoluene (PBT) in four of 

the five whales. In the same study, several PBDEs were also found with trace levels of PBEB 

and a methoxylated PBDE (2PMBDE#68) in the blubber from harp and hooded seals. The 

methoxylated PBDEs are believed to be of natural origin, produced by marine algae, 

cyanobacteria and sponges or by biotransformation of PBDEs. The methoxylated PBDE have 

been shown to have possible neurotoxic effects, just as the PBDEs (Dingemans et al. 2011).  

Table 3. Concentrations of BFRs in biota matrices reported in studies from years 2006 to 2010. 

Compound Matrix Concentration Study conducted by 

BDE#209 Muscle, liver and kidney 

from bird (Watercock) 

19,4-7483 ng/g (lipid wt) Shi et al. 2009 

BDE#209 Fish (muscle from Carp, 

Bighead, and Tilapia) 

9,57-212 ng /g (lipid wt) Shi et al. 2009 

BDE#209 Northern Fulmar eggs <1,24-7,18 ng/g (lw) Karlsson et al. 2006 

BTBPE Muscle, liver and kidney 

from bird (Watercock) 

0,07-0,39, 0,27-2,14 and 

0,12-0,89 ng/g (lw) 

Shi et al. 2009 

BTBPE Fish (muscle from Carp, 

Bighead, and Tilapia) 

<0,012-0,150 ng/g (lipid 

wt) 

Shi et al. 2009 

BTBPE Northern Fulmar eggs <0,02-0,15 ng/g (lw) Karlsson et al. 2006 

BTBPE Herring gull eggs <0,6-0,20 ng/g (ww) Gauthier et al. 2009 

DBDPE Muscle, liver and kidney 

from bird (Watercock) 

9,6-16,3, 13,7-54,6 and 

24,5-124 ng/g (lw) 

Shi et al. 2009 

DBDPE Fish (muscle from Carp, 

Bighead, and Tilapia) 

<3,80 Shi et al. 2009 

DBDPE Herring gull eggs n.d.-44 ng/g (ww) Gauthier et al. 2009 

HBB North Atlantic right whale 

blubber 

<0,11-3,12 ng/g (lw) Montie et al. 2010 

HBB Herring gull eggs 0,34-0,66 ng/g (ww) Gauthier et al. 2009 

HBCDD Beluga whale blubber 0,6-2,5 ng/g (lw) Tomy et al. 2008 

MeOBDEs (sum 

of 8 congeners) 

Harbor seal blubber 1500-4400 pg/g (ww) Weijs et al. 2014 

MeOBDEs (sum 

of 8 congeners) 

Harbor seal liver 10-1460 pg/g (ww) Weijs et al. 2014 

2PMBDE#68 (a 

MeOBDE 

Hooded seal blubber 0-20 ng/g lipid weight Montie et al. 2010 

PBDE (sum of 17 

congeners) 

Beluga whale blubber 13,5-71,5 ng/g (lw) Tomy et al. 2008 

PBEB North Atlantic right whale 

blubber 

<0,11-6,68 ng/g (lw) Montie et al. 2010 

PBT North Atlantic right whale 

blubber 

<0,11-0,68 ng/g (lw) Montie et al. 2010 

TBECH (α & β) Herring gull eggs 0,11-0,54 ng/g (ww) Gauthier et al. 2009 

β-TBECH Beluga whale blubber 1,1-9,3 ng/g (lw) Tomy et al. 2008 

 

Weijs et al. (2014) investigated the presence of methoxylated PBDES (MeOBDEs) in liver and 

blubber of harbor seals from the northwest Atlantic. Seven of the eight targeted MeOBDEs were 
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found in the liver samples; 6PMBDE#47, 2PMBDE#68, 5BDE#47, 4MBDE#49, 4MBDE#103, 

5MBDE#99 and 5MBDE#99. Six congeners were found in the blubber; 6PMBDE#47, 

2PMBDE#68, 5BDE#47, 4MBDE#49, 4MBDE#103 and 5MBDE#100. The predominant 

congener in both liver and blubber was 6PMBDE#47, followed by 2PMBDE#68. 

Pooled herring gull eggs collected in the years from 1982 to 2006 were analyzed for BFRs in a 

study from 2009 by Gauthier et al. Among the 19 BFRs investigated, TBECH, DBDPE, BTBPE 

and HBBZ were detected. The results were used to determine if there was any temporal trends in 

the levels of BFRs. BTBPE was quantifiable in eggs from the mid-1990 and later. A similar 

pattern was found for DBDPE with no detection before 1996 and increasing occurrence and 

concentrations in 2004, 2005 and 2006. No trends were seen for HBB and TBECH. 

1.3.2 Abiotic matrices 

In addition to biota samples many NBFRs has been detected in matrices such as sludge, 

sediments, air and indoor dust. Presence of NBFRs in indoor dust has been reported in several 

studies. Octabromotrimethylphenylindane (OBIND), BTBPE and DBDPE were found in dust in 

both Czech households and cars (Kalachova et al. 2012). Bis(2-ethyl-1-hexyl)tetrabromophtalate 

(BEHTBP), BTBPE, DBDPE and a number of other BFRs was found in indoor environments in 

Belgium, Romania and Spain, DBDPE being the dominant compound after the PBDEs (Van den 

Eede et al. 2012). 

In 2004 Kierkegaard et al. investigated the presence of DBDPE in sludge from Swedish 

wastewater plants. DBDPE was found in 25 of the 50 investigated plants. Kierkegaard and her 

colleagues decided to expand the study to include sediments from Western Scheldt, Netherlands 

(an area highly contaminated with BDE#209) and air from an electronic waste recycling facility. 

DBDPE was found in both air and in sediments, although BDE#209 was present in 12 times 

higher concentration in air and 53 times concentration higher in sediments. A similar study was 

conducted by Ricklund et al. in 2008, where sludge from wastewater treatment plants from all 

over the world was analyzed. DBDPE and BDE#209 was found in samples from all countries, 

which included Canada, the USA, Germany, the UK, Sweden, Switzerland, the Czech Republic, 

China, Singapore, Australia and New Zeeland. Dust from an e-waste site in China was shown to 

contain high levels of some BFRs, such as BTBPE, DBDPE and PBDEs in a study by Shi et al. 

(2009). Also here BDE#209 was the dominating BFR, which is explained by the fact that 

BDE#209 is commonly used in electronic equipment.  

1.4 AIM 
The aim of the project is to investigate if an existing method for analysis of PBDE could be used 

for analysis of NBFR. Spiking of both blanks and matrix will be performed to gain knowledge of 

the performance of the method by looking into the recoveries of different NBFRs. The method 

will then be applied to the analysis of two types of biota matrices.   
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2 MATERIALS AND METHODS 

2.1 CHEMICALS AND STANDARDS 
Standards were purchased from Wellington Laboratores (Guelph Ontario, Canada).  

Table 4. List of standards used, contents and concentrations.. 

Name Compounds Concentration 
13C Internal standard NBFR (1) PBBZ, 6PMBDE#47, BTBPE, DBDPE, BDE 

#209 

200 pg/µl 

13C Internal standard NBFR (2) HBBZ, 6PMBDE#100 200 pg/µl 
13C Internal standard PBDE BDE#28, BDE#47, BDE#99, BDE#100, 

BDE#153, BDE#154, BDE#183 

200 pg/µl 

13C Recovery standard PBDE BDE#77, BDE#138 200 pg/µl 
12C NBFR mix A pTBX, PBEB, PBT, DPTE, PBBZ, αTBCO, 

βTBCO, αTBECH, βTBECH, γδTBECH, 

HBBZ, MeTBBA, PBBA, HCDBCO, 

EHTBB, BEHTBP 

150 pg/µl 

12C NBFR mix B BTBPE, OBIND, DBDPE, MeOBDES, 

BDE#209 

200 pg/µl 

 

Toluene (pesticide grade), dichloromethane (for analysis of dioxins, furans and PCB) and 

tetradecane (analytical standard) was purchased from Fluka (Steinheim, Germany). N-Hexane 

(Suprasolve) was purchased from Merck Chemicals (Darmstadt, Germany). Ethanol (Absolute) 

was purchased from VWR Chemicals (Radnor, Pennsylvania, USA). Sodium sulfate was 

purchased from Sigma-Aldrich (Steinheim, Germany). 

2.2 SAMPLES 
Poultry from FOOD 2013 interlaboratory study was used as matrix for spiking experiments and 

as reference samples. 

Biota samples were obtained from the biobank of the Swedish Museum of Natural History, 

collected in years 1978-2014 (ringed seal) and 1983-2003 (osprey). The ringed seal samples 

chosen for analysis were from years: 1988, 1988, 1992, 1995 and 2003.  

The osprey egg samples chosen for analysis were from (year): Åsnen (1988), Åsnen (1993), 

Åsnen (1993), Bolmen (1997), Åsnen (1998), Åsnen (1999), Fegen (2001) and Åsnen (2003). 

Åsnen and Bolmen are lakes in the county of Kronoberg. Fegen is a lake located in the county of 

Västra Götaland.  

2.3 METHOD 
The validation of the method was divided into three experiments. The analytical procedure used 

was almost identical for each experiment, any exceptions are specified in sections 2.4-2.6. 
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2.3.1 Analytical Procedure 

Remark: To prevent contamintation all glassware were rinsed with ethanol, hexane and 

dichloromethane before usage. Flasks containing samples were wrapped in tin foil to prevent 

UV-degradation of the BFRs. Syringes were washed 10 times with hexane and 10 times with 

toluene before usage.  

2.3.1.1 Extraction 

An aliquot of approximately 5 g of the samples were homogenized together with sodium sulfate 

in a ratio of 1:5. Approximately 5 g of the homogenized samples, or sodium sulfate for the blank, 

was added to columns plugged with glass wool. For the spiking experiments, samples were 

spiked with NBFR 12C-standards and 13C-internal standards. Biota samples were spiked with 

internal standards. Further information about the spiking experiments is available in section 2.4-

2.6. 

Samples were eluted with hexane:dichloromethane 1:1 in volume, two times the height of the 

samples (approximately 25 ml). Solvents were evaporated by rotary evaporation and lipid 

determination was performed gravimetrically.  

2.3.1.2 Cleanup  

Cleanup of samples was performed using multilayer silica gel 

open columns prepared as in Figure 1, pre-washed with 

approximately 35 ml hexane. The samples were transferred to 

the columns and flasks were carefully washed three times with 

approximately 3 ml hexane to minimize loss of analyte. 

Elution was performed using hexane equivalent to four times 

the height of the silica. The eluates were rotary evaporated to a 

few milliliters.  

Samples were transferred to 8 ml amber glass vials. The round 

flasks were washed with hexane to prevent loss of analyte. 

Using a syringe, 25 µl of tetradecane was added to each vial. 

Solvent was evaporated under a gentle stream of nitrogen gas 

until only the tetradecane including all the analytes were 

remaining. Samples were transferred to small GC-vials with 

inserts. The 8 ml vials were washed with 8-10 drops of hexane 

two times to ensure all analytes were transferred. Recovery 

standard was added to each vial. The samples were evaporated 

to 25 µl using N2-gas or left overnight to evaporate covered 

with tin foil.  

2.3.1.3 Analysis 

Instrumental analysis was performed using an Agilent 7890A 

Gas Chromatograph coupled to a tandem quadrupole mass spectrometer Xevo TQ-S (Waters 

Corp, Milford, USA). The column used was a Rtx-1614, 15 m, 0,25mm inner diameter and 0,10 

µm film thickness (Restek Corporation, Pennsylvania, USA). Splitless injection volume was 1 µl 

1 cm Na2SO4 

1 cm neutral silica 

1,5 cm 20% H2SO4 silica 

 

3 cm 40% H2SO4 silica 

 

 

0,5 cm neutral silica 

 

3 cm KOH silica 

 

 

Glass wool 

Figure 1. Preparation of silica column. 
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COMPOUND TRANSITIONS 

FUNCTION 4 

BEHTBP 
462.46 > 378.50  

464.47 > 340.56                   

BTBPE 
685.60 > 356.80           

687.60 > 358.80           

13C-BTBPE 
699.60 > 362.80           

701.60 > 364.80           

FUNCTION 5 

PBBA 
476.59 > 369.62 

478.47 > 369.62                     

13C-TEBDE 
495.70 > 337.90           

497.70 > 337.90           

5MBDE47/4PMBDE4

9 

513.70 > 355.90 

515.70 > 355.90                     

2PMBDE68/6PMBDE

47 

513.70 > 419.80           

515.70 > 421.80           

M6BDE#47 
525.70 > 367.90           

527.70 > 367.90           

FUNCTION 6 

OBIND 
865.40 > 850.40    

867.40 > 852.40                  

BDE#209 
957.20 > 797.30           

959.20 > 799.30           

DBDPE 
969.20 > 484.60 

971.20 > 486.60             

13C-BDE#209 
969.20 > 809.30           

971.20 > 811.30           

13C-DBDPE 
983.20 > 491.60     

985.20 > 493.60                 

 

and inlet temperature was set as 280˚C. Helium was used as carrier gas at a flow of 3mL/min. 

GC oven was operated at an initial temperature of 80˚C, held for 1 minute, increased at 

20˚C/minute to 180 ˚C.  From 180˚C the temperature was increased to 200˚C at 1,5˚C/minute. 

From 200˚C, temperature was increased at 40˚C/minute to 325˚C, which was held for 5 minutes. 

Transferline was held at 360˚C with N2 make-up gas flow at 370 mL/min. Cone gas flow was set 

to 160 L/hour and auxiliary gas flow to 200 L/hour. Corona voltage was 2,2 kV and corona 

current was 1,60 µA. Cone voltage was set at 30 V and ion source temperature 150˚C. Multiple 

reaction monitoring was done in six different time windows. Transitions monitored are displayed 

in Table 5. 

Table 5. Transitions monitored during analysis.

 

 

COMPOUND TRANSITIONS 

FUNCTION 1 

TBCO/TBECH 
266.90 > 105.00 

268.90 > 105.00                

PBEB 
419.70 > 340.80 

421.70 > 342.80           

pTBX 
421.70 > 342.80            

419.70 > 340.80           

MeTBBA 
449.60 > 418.50           

451.77 > 420.49           

PBBZ 
471.60 > 392.70           

473.60 > 394.70           

13C-PBBZ 
477.60 > 398.70           

479.60 > 400.70           

PBT 
485.60 > 406.70           

487.60 > 408.70           

FUNCTION 2 

DPTE 
329.80 > 247.90           

331.80 > 249.90           

HBBZ 

549.50 > 470.60           

551.50 > 470.60     

551.50 > 472.60  

553.50 > 472.60                          

13C-HBBZ 
557.50 > 476.60           

559.50 > 478.60           

FUNCTION 3 

EHTBB 
438.50 > 315.80           

438.50 > 420.60           

5MBDE47/4PMBDE49 
513.70 > 355.90           

515.70 > 355.90           

HCDBCO 
539.70 > 105.30           

541.70 > 105.30           

13C-6PMBDE#100 
605.60 > 511.70           

607.60 > 513.70           

13C-HXBDE 
653.60 > 493.70      

655.60 > 495.70                



12 

 

2.4 INITIAL SPIKING EXPERIMENTS 
Sodium sulfate was spiked with a set of both native and labeled BFRs. Method performance was 

assessed by monitoring recovery of spiked compounds. Initial experiments were also used to 

reveal whether all the compounds would survive this destructive clean-up method.  

Spiking of approximately 5 g Na2SO4 was performed in three replicates. Native NBFR standards 

and NBFR internal standards were spiked on column (list of content and concentration available 

in Table 4). A blank was spiked with NBFR internal standard only. Spiking volume was 25 µl. A 

quantification standard was prepared, containing 25 µl each of 12C NBFR mix A, 12C NBFR mix 

B, NBFR internal standard 1, NBFR internal standard 2 and PBDE recovery standard.  

2.5 SPIKING OF REFERENCE SAMPLES 
Method performance was also tested by spiking matrix samples. A poultry sample from the 

FOOD 2013 interlaboratory study was chosen as a matrix. The poultry was known to contain 

high levels of HBCDD and the hypothesis was that it would contain other brominated flame 

retardants as well.  

Spiking was performed in two levels to assess method performance over a broad range of 

concentration. For high level spiking, 25 µl of native NBFR standards, NBFR internal standards 

and PBDE internal standards were spiked on column. For low level spiking, native NBFR 

standards, NBFR internal standards and PBDE internal standards were diluted 20 times to a final 

concentration of 7,5 pg/µl (12C NBFR mix A) and 10 pg/µl (12C NBFR mix B, internal standard 

NBFR 1 & 2 and internal standard PBDE). Spiking volume for low level spiking was 10 µl. To 

determine the levels of BFRs present in the poultry itself, spiking of internal standards only was 

performed as well, in the same levels as the low level spiking. Three replicates was done for each 

type of spiking. A blank spiked with internal standards and a non-spiked blank was analyzed as 

well. One high level and one low level quantification standard was prepared. The high level 

quantification standard contained 25 µl each of 12C NBFR mix A, 12C NBFR mix B, NBFR 

internal standard 1, NBFR internal standard 2, PBDE internal standard and PBDE recovery 

standard. The low level quantification standard contained the corresponding standards in low 

level (7,5 pg/µl or 10 pg/µl), with a volume of 10 µl each. A list of contents and concentrations of 

standards is available in Table 4.  

2.6 ANALYSIS OF BIOTA SAMPLES 
To determine how the method would perform for analysis of biota samples, five samples of 

adipose tissue from ringed seal and eight eggs of osprey was analyzed to determine levels of 

NBFRs and PBDEs. One blank and one reference sample was analyzed with each set of samples.  

A quantification standard was prepared containing 25 µl each of the low level standards: 12C-

NBFR mix A, 12C-NBFR mix B, 13C-NBFR internal standard 1, 13C-NBFR internal standard 2, 
13C-PBDE internal standard and 13C-PBDE recovery standard.  
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3 RESULTS AND DISCUSSION 

3.1 INITIAL SPIKING EXPERIMENTS 
To evaluate the performance of the method recovery was calculated using MassLynx (Waters 

Corporation). Due to significant variance in the recoveries of the internal standards, recovery 

standards were used to calculate recoveries of native compounds. Recoveries of all compounds 

can be found in Appendix 1. 

PBBA and BEHTBP had recoveries at 0%, and did therefore not survive the destructive cleanup 

using acidic silica. EHTBB has a recovery around 10%, and quantification is therefore not 

reliable. Levels of PBBA, BEHTBP and EHTBB can consequently not be determined using this 

method. Due to poor chromatography and degradation of the late eluting compounds, OBIND, 

BDE#209 (12C and 13C) and DBDPE (12C and 13C) could not be detected. This could however be 

resolved by optimization of the chromatographic conditions. However this was not possible due 

to time restrictions.  

Recoveries in the range of 50-150% are considered acceptable. Recoveries of the 12C-compounds 

were between 78% and 133%, as can be seen in Figure 2. Relative standard deviation of the 

native NBFRs in spiked samples S1-S3 ranged from 2,4% to 19%, indicating good repeatability.  

 

Figure 2. Recovery of native compounds in the initial spiking experiments. PBBA and BEHTBP did not survive the 

clean-up. OBIND, BDE#209 and DBDPE could not be detected due to poor chromatography.  

The 13C-compounds shows more variance in the recoveries than the 12C-compounds, as can be 

seen in Figure 3. Labeled 13C-HBBZ and 13C-6PMBDE#100 both have acceptable relative 

standard deviations; 7,6% and 11%, respectively. The recovery of 13C-HBBZ ranges from 100-

120% which is within the desirable limits of 50-150%. Labeled 13C-6PMBDE#100 has a bit 
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lower recovery, 55-72%, but is still acceptable. Labeled 13C-PBBZ, 13C-6PMBDE#47 and 13C-

BTBPE have higher relative standard deviations; 20-24%. This variation can be traced back to 

the spiking, these compounds are all present in the same internal standard (see Table 4). This 

variation can be minimized with the increasing experience of the analyst, since spiking is 

performed manually. When handling such small volumes as 10 or 25 µl, one lost drop or an air 

bubble in the syringe could make a huge difference in the result. The results does not only reflect 

the performance of the method, but also the analyst.  

 

Figure 3. Recovery of internal and recovery standards in the initial spiking experiments. BDE#209 and DBDPE 

could not be detected due to poor chromatography.  

3.2 SPIKING OF REFERENCE SAMPLES 
Spiking of reference samples were performed in two concentration levels. As in the earlier 

spiking experiments, PBBA, BEHTBP and EHTBB did not survive the cleanup. OBIND, 

BDE#209 (12C and 13C) and DBDPE (12C and 13C) could still not be detected due to poor 

chromatography of the late eluting compounds. MeTBBA, which could be detected in the earlier 

spiking experiments, had a recovery of close to 0%. No explanation to why this occurred could 

be found. Recoveries for all compounds are available in Appendix 2.  

In general, the low level spiking experiments showed good results for most native compounds. 

For αTBECH, βTBECH and βTBCO satisfying separation from their corresponding isomers was 

not achieved, resulting in uncertainties of calculated recoveries. γ/δ-TBECH, αTBCO and 

HCDBCO were not above their respective detection limits. Excluding the TBECH and TBCO 

isomers, recoveries range from 72-153%. Only 5PMBDE#100 and 5PMBDE#99 were exceeding 

150%. Relative standard deviations are, TBECH and TBCO excluded, between 3,3% and 27%. 

This is higher compared to the initial spiking experiments, which could indicate that the presence 

of a matrix makes the recovery more uncertain. Impurities present in the matrix could be 

affecting the chromatography, and alter the response of the analytes. Variations could also be due 
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to inconsistency in the spiking. More replicates are necessary to determine the cause of the 

variation. 

The internal standards shows good consistency with low relative standard deviations; from 3,1% 

to 21%. All recoveries are within desirable limits, ranging from 51% to 101%.  

 

Figure 4. Recovery of low level spiking of reference material. 

The high level spiking experiments were less successful than the low level, with low recovery for 

many compounds as can be seen is Figure 5. HCDBCO, 2PMBDE#68, 6PMBDE#47, 

5MBDE#47 and 4PMBDE#49 in PH2 were excluded from Figure 5 because of the low recovery 

of the internal standard 13C-6MMBDE#47, which was used to calculate recoveries for 

aforementioned compounds. The recovery of 13C-6PMBDE#47 was as low as 7,9%, which is 

remarkable because no other internal standard in the same or another samples showed such low 

recovery. A plausible explanation for this could not be found and further experiments are thus 

needed.  

As can be seen in Figure 5, recoveries are higher in the first replicate (PH1) than in the second 

and third replicates (PH2 and PH3) for all 12 visible compounds present in the 12C-NBFR mix A 

(with the exception of PBT, DPTE and PBBZ) suggesting a systematic error in the spiking. Since 

spiking is performed manually with 25 µl syringes, human error is a plausible explanation.  

The recoveries of recovery standards 13C-BDE#77 and 13C-BDE#138 ranged from 56-224% and 

44-173%, respectively. For PH1 the low recovery could be explained by loss of final extract. To 

compensate for low volume an addition of 25 µl tetradecane was made, resulting in low 

recovery. The high recoveries of the same compounds in PH2 and PH3 can however not be 

explained.  

If comparing the recoveries of the high level and low level spiking experiments, it can be seen 

that the variability is much greater in the high level than in the low level. Relative standard 

deviations of the high level spiking are higher for all 37 compounds except for four. Only PBEB, 
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6PMBDE#47, BTBPE and 13C-6PMBDE#100 have higher relative standard deviation in the low 

level spiking. This is probably not due to the difference in spiking levels, but more likely a result 

of human error, either during the spiking or in some step during the cleanup. The high level 

spiking experiment would have to be repeated to get more reliable results, however it was not 

possible due to time constraints and would be the scope of future experiments. 

 

Figure 5. Recovery of high level spiking of reference material. 

To fully validate the method additional experiments to characterize the performance of the 

method would be needed. According to Swedac’s guidelines (2000), important properties to 

evaluate are: selectivity and specificity, limit of detection, limit of quantification, linear range, 

sensitivity, precision, trueness, repeatability, reproducibility and robustness. All of these 

parameters could not be evaluated in the time frames of this project, but some of them were. The 

selectivity of this method is much due to the selectivity of the MS/MS, were both parent ion and 

daughter ion are monitored. The MS/MS together with the separation of the gas chromatograph 

makes it possible to separate isomers of TBECH and of TBCO, as well as congeners of 

MeOBDEs and PBDEs. What could be a subject to further investigation is the effect of a 

matrices on the selectivity. The presence of a matrix could give higher noise level, which in 

addition to the selectivity could affect the sensitivity and the limit of detection. Small changes in 

concentration could be drowned by high noise, and low concentrations could be impossible to 

detect. Another important property is the precision of a method. This was measured by the 

relative standard deviation of the recovery. To have an even better measurement of the precision 

additional replicates should be performed. It would also minimize the effect of random or human 

errors.  

A suggestion for further validation of the method would be to perform spiking of matrices over a 

broader range of concentration, in order to more carefully determine the precision and the 

sensitivity. This could also give more insight into the matrix effect. Analysis of certified 
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reference materials would add weight to the accuracy of the method. Another key point to 

investigate is the linear range for the instrumental analysis, which has not yet been determined 

for the novel BFRs.  

3.3 QUALITY ASSURANCE 

3.3.1 Reference samples 

A sample of poultry from FOOD 2013 interlaboratory study was analyzed with each set of 

sample as a quality assurance sample. In FOOD 2013 this sample had high levels of a 

brominated flame retardant, hexabromocyclododecane (HBCDD) and the sample was believed to 

have detectable levels of those NBFRs included in this study. However levels of native NBFR 

were very close to or below the detection limit and could not be used to provide information on 

day-to-day repeatability of the method. Only a few compounds were above the detection limit, 

almost all of them detected in the same sample. The reference samples instead had a function as 

a matrix blank, and it is likely that the particular sample where some NBFRs were detected was 

contaminated.  

Instead of the native compounds, recoveries of 13C-labeled internal and recovery standards can 

provide some information about day-to-day repeatability. Relative standard deviation for the 

recoveries of 13C-compounds ranged from 18% to 30%. These reference samples are from three 

individual batches, which could give a random error strong influence on the variability. As more 

data from future batches would be added, the “true” day-to-day variability of the method could 

be better approximated. All recoveries of the reference samples can be found in Appendix 3. 

3.3.2 Method detection limit 

Method detection limit was calculated as three times the noise or three times the blank level. An 

average of two blanks was used. The high detection limit of αTBCO is due to the low response 

of the compound; even at high levels it can barely be distinguished in the chromatogram. 

Detection limits of the other compounds are ranging from 0,15-6,8 pg. To facilitate comparison 

of detected levels in osprey eggs and seal blubber, detection limits were calculated against the 

average lipid weight in Table 7 and 8.  
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Table 6. Method detection limit of listed compounds, given in pg.  

 

 

COMPOUND 

METHOD DETECTION 

LIMIT (pg) 

 

 

COMPOUND 

METHOD DETECTION 

LIMIT (pg) 

αTBECH 3,0 HCDBCO 3,8 

βTBECH 2,7 2PMBDE#68 2,4 

γ/δTBECH 7,8 6PMBDE#47 2,6 

αTBCO 40 5MBDE#47 2,3 

βTBCO 6,8 4PMBDE#49 0,90 

PBEB 0,30 5PMBDE#100 0,60 

pTBX 0,15 4PMBDE#103 0,45 

PBBZ 0,90 5PMBDE#99 1,2 

PBT 2,6 4PMBDE#101 0,75 

DPTE 2,1 BTBPE 4,7 

HBBZ 2,7 

3.4 ANALYSIS OF BIOTA SAMPLES 

3.4.1 Osprey eggs 

Several NBFRs were found and quantified in the osprey eggs, as can be seen in Table 7. Most 

abundant were the methoxylated PBDEs; 6PMBDE#47 was present in all eight samples while 

2PMBDE#68, 5PMBDE#100 and 4PMBDE#103 were measured in seven samples. pTBX and 

4PMBDE#101 was found in two out of the eight samples. BTBPE was present in three samples 

while PBBZ was only found in one. It should be noted that all internal standards did not have a 

recovery over 50%, as can be seen in appendix 4. Those with a recovery of the internal standard 

below 20% are considered as tentatively identified.  

Traces of HBBZ, PBT, 5PMBDE#47 and 4PMBDE#49 could be seen but were not above the 

detection limits. It is possible they could be detected with improved chromatography and lower 

blank levels. Also BDE#209 and DBDPE could most likely be detected if the chromatography 

was improved.  

Measured levels of BTBPE in the osprey eggs were higher compared to levels found in northern 

fulmar eggs; 0,17-0,83 ng/g lipid weight compared to <0,02-0,15 ng/g lipid weight (Karlsson et 

al. 2006, see Table 3). No data for MeOBDEs in eggs of wildlife birds could be found. 

Method detection limits for all compounds are given in Table 6.   
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Table 7. Concentrations measured in osprey eggs in ng/g lipid weight. 

 

SAMPLE 

YEAR 

LOCATION 

DL1 

1988 

Åsnen 

DL2 

1993 

Åsnen 

DL3 

1993 

Åsnen 

DL4 

1998 

Åsnen 

DL5 

2003 

Åsnen 

DL6 

1997 

Bolmen 

DL7 

1999 

Åsnen 

DL8 

2001 

Fegen 

WET WEIGHT (g) 5,02 5,09 5,18 5,05 5,06 5,40 5,00 5,03 

LIPID WEIGHT (g) 0,0161 0,0154 0,0176 0,0164 0,0217 0,0136 0,0306 0,0170 

pTBX 0,01 <0,01 <0,01 <0,01 0,014 <0,01 <0,01 <0,01 

PBBZ <0,05 <0,05 <0,05 <0,05 0,051 <0,05 <0,05 <0,05 

2PMBDE#68 2,2 13 4,6b 0,94b 1,8b <0,13 0,84 0,21 

6PMBDE#47 9,9 10 11b 4,7b 5,0b 1,1 4,5 3,9 

5PMBDE#100 0,16 0,15 0,06 0,09 0,11 <0,04 0,11a 0,28 

4PMBDE#103 0,52 0,64 0,30 0,37 0,20 <0,03 0,14a 0,72 

4PMBDE#101 <0,04 0,052 0,057 <0,04 <0,04 <0,04 <0,04 <0,04 

BTBPE 0,83 <0,25 0,31b <0,25 0,89a <0,25 0,17 <0,25 

a Recovery of internal standard below 50% 
b Recovery of internal standard below 20%, tentative results 

Recovery standard was not added in the quantification standard for the first set of samples (DL1-

5), so the quantification standard analyzed with the second batch of samples was used for 

calculations. However, response for 13C-BDE#77 was much lower at the time of the analysis of 

the second batch of samples than of the first. This makes the recovery of 13C BDE#77 much 

higher in DL1-5 than in DL6-8; 196-245% compared to 85-117%. Recoveries calculated for 13C-

PBBZ, 13C-HBBZ and 13C-BDE#47 are therefore not reliable in samples DL1-5. This does not 

affect the calculated levels in the samples, which is only based on the response of the internal 

standard and the 12C-compound. Recoveries of other compounds are in most cases acceptable; 

ranging from 37-97%. The recoveries of 13C-BTBPE and 13C-BDE#47 are below 10% in DL3. 

All recoveries are listed in Appendix 4.  

PBDEs have not been quantified and would be the scope of future studies.  

3.4.2 Adipose tissue of ringed seal 

A number of NBFRs were identified in the blubber of the ringed seals. Due to matrix 

interferences affecting the chromatography, two of the five samples analyzed could not be 

quantified. Additional cleanup using acidic and alkaline and repeated instrumental analysis is 

needed for those samples.  

Of the NBFRs found, 2PMBDE#68 and 6PMBDE#47 were present in the highest concentration, 

followed by 5PMBDE#100 and 5MBDE#47. The concentration of 6PMBDE#47 was calculated 

to 17-249 ng/g lipid weight (2,6-19 ng/g ww) and 2PMBDE#68 to 12-55 ng/g lipid weight (1,8-

4,4 ng/g ww). Weijs et al. (2014) found levels of 6PMBDE#47 in blubber of harbor seal ranging 

from 1,04-3,21 ng/g ww, and 2PMBDE#68 from 0,41-1,3 ng/g ww. When comparing the highest 

levels of 6PMBDE#47 found in the harbor seals to those found in the ringed seal, levels are 6 

times higher in the ringed seals. For 2PMBDE#68, levels are 3 times higher in the ringed seals. 

In another study by Montie et al. (2010) highest levels found of 2PMBDE#68 in hooded seal 



20 

 

blubber was 20 ng/g lipid weight, which is comparable to average levels found in the ringed 

seals. Blubber samples in the studies by Montie et al. (2010) and Weijs et al. (2014) were both 

collected along the northwest Atlantic coast, in areas overlapping. Still so, measured levels were 

differing. This could suggest different species has different rates of metabolism of the BFRs.  

Traces of PBT were found but were not above the detection limit. BDE#209 could likely also be 

detected if the chromatography was improved. Other PBDEs have yet to be analyzed in these 

samples. 

Table 8. Concentrations measured in adipose tissue of ringed seal, in ng/g lipid weight. 

 

 

DL9 

(1988) 

DL10 

(1988) 

DL13 

(2003) 

WET WEIGHT (g) 5,20 5,49 5,04 

LIPID WEIGHT (g) 0,7861 0,6228 0,4042 

PBBZ 0,001a 0,002 <0,001a 

HBBZ <0,004 0,005a <0,004 

2PMBDE#68 12 13a 55 

6PMBDE#47 17 92a 249 

5MBDE#47 <0,003 0,05a 0,31 

5PMBDE#100 0,26 3,7b 16 

BTBPE 0,01 <0,01 <0,01 
a Recovery of internal standard below 50% 
b Recovery of internal standard over 150% 

As can be seen when comparing Table 7 and 8, a many compounds were present in both the 

ringed seal and in the osprey eggs; PBBZ, 2PMBDE#68, 6PMBDE#47, 5PMBDE#100 and 

BTBPE could be quantified in both osprey eggs and adipose tissue of ringed seals. This indicates 

that these compounds are widely spread in the environment.  

4 CONCLUDING REMARKS 

A method validation for a cleanup method using multilayer silica and APGC-MS/MS was done. 

Recoveries for spiking of sodium sulfate ranged from 78-126%. Low level spiking of reference 

samples gave recoveries from 72% to 193%. The high level spikings of the reference samples 

were less successful, with recoveries from 2,4-184%. Overall, the method validation was 

successful, but to fully validate the method it would be necessary to add additional experiments 

as discussed above. 

Several NBFRs were identified in the osprey eggs and ringed seal blubber. Most striking were 

the high levels of 6PMBDE#47 and 2PMBDE#68 in the ringed seal blubber, with concentrations 

from 17-249 ng/g lipid weight and 12-55 ng/g lipid weight, respectively. In the osprey eggs, 

6PMBDE#47 and 2PMBDE#68 were also the most abundant compounds, levels being 3,9-11 

ng/g lipid weight and <0,13-13 ng/g lipid weight.  
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Many BFRs are known to have a negative impact on our environment, while for other the effects 

are still unknown. Information about the spread of BFRs is crucial to determine if, or what, 

actions need to be taken to limit the possible adverse effects. If the environmental levels of BFRs 

are to be reduced, actions has to be taken on a global scale. Flame retardants are surely saving 

lives by slowing down the outbreaks of fire, but they are also a threat to the environment. In 

accordance to the Swedish environmental objectives stated by the Swedish Environmental 

Protection Agency, man-made substances should not pose a threat to human health or biological 

diversity. To achieve that goal, flame retardant without an impact on the environment are highly 

desirable.  
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7 APPENDICES 

7.1 APPENDIX 1 - INITIAL SPIKING EXPERIMENTS 
Table A1. Recovery in of listed compounds, average standard deviation and relative standard deviation from the 

spiking experiments. NA: Not analyzed due to poor chromatography. 

 BLANK S1 S2 S3 AVERAGE SD RSD% 

αTBECH  86% 78% 81% 82% 3,8% 4,7% 

βTBECH  110% 96% 109% 105% 7,6% 7,2% 

γ/δTBECH  109% 118% 109% 112% 5,2% 4,7% 

αTBCO  127% 128% 101% 119% 15% 13% 

βTBCO  127% 106% 94% 109% 17% 15% 

PBEB  94% 85% 90% 90% 4,3% 4,8% 

pTBX  89% 86% 85% 86% 2,0% 2,4% 

MeTBBA  108% 88% 92% 96% 10% 11% 

PBBZ  108% 88% 92% 96% 11% 11% 

PBT  85% 79% 85% 83% 3,8% 4,6% 

DPTE  88% 82% 81% 84% 4,1% 4,9% 

HBBZ  85% 81% 82% 82% 2,0% 2,5% 

HCDBCO  94% 84% 88% 88% 5,0% 5,6% 

EHTBB  7,5% 5,7% 9,4% 7,5% 1,8% 24% 

PBBA  0,0% 0,0% 0,0% 0,0%   

2PMBDE#68  100% 93% 94% 96% 4,1% 4,3% 

6PMBDE#47  98% 94% 89% 94% 4,7% 5,1% 

5MBDE#47  98% 94% 99% 97% 2,8% 2,9% 

4PMBDE#49  110% 133% 107% 117% 14% 12% 

5PMBDE#100  92% 134% 106% 111% 21% 19% 

4PMBDE#103  86% 108% 86% 93% 13% 13% 

5PMBDE#99  90% 118% 90% 99% 16% 16% 

4PMBDE#101  89% 109% 105% 101% 11% 11% 

BEHTBP  0,0% 0,0% 0,0% 0,0%   

BTBPE  98% 114% 95% 102% 10% 10% 

OBIND  NA NA NA    

BDE#209  NA NA NA    

DBDPE  NA NA NA    
13C-PBBZ 85% 100% 114% 66% 91% 21% 23% 
13C-HBBZ 100% 111% 121% 109% 110% 8,4% 7,7% 
13C-6PMBDE#47 92% 103% 133% 75% 101% 25% 24% 
13C-6PMBDE#100 55% 67% 72% 64% 65% 7,1% 11% 
13C -BTBPE 76% 88% 93% 58% 79% 16% 20% 
13C -BDE#209 NA NA NA NA    
13C -DBDPE NA NA NA NA    

RS-13C-PBDE#77 97% 96% 105% 107% 101% 5,7% 5,6% 

RS-13C-PBDE#138 104% 84% 69% 88% 86% 15% 17% 
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7.2 APPENDIX 2 - SPIKING OF REFERENCE SAMPLES 
Table A2. Recovery, average recovery, standard deviation and relative standard deviation of the low level spiking of 

reference samples. NA: Not analyzed due to poor chromatography. 

COMPOUND PL1 PL2 PL3 AVERAGE S.D RSD% 

αTBECH 166% 187% 160% 171% 14% 8,3% 

βTBECH 111% 170% 134% 138% 30% 22% 

γ/δTBECH 0% 0% 0% 0%   

αTBCO 0% 0% 0% 0%   

βTBCO 163% 193% 166% 174% 17% 9,7% 

PBEB 91% 100% 76% 89% 12% 14% 

pTBX 102% 122% 112% 112% 9,9% 8,8% 

MeTBBA 0% 0% 0% 0%   

PBBZ 111% 102% 114% 109% 6,3% 5,8% 

PBT 121% 128% 123% 124% 3,4% 2,8% 

DPTE 141% 118% 138% 132% 12% 9,4% 

HBBZ 105% 109% 102% 105% 3,5% 3,4% 

HCDBCO 0% 0% 0% 0%   

EHTBB 0% 0% 0% 0%   

PBBA 0% 0% 0% 0%   

2PMBDE#68 123% 110% 117% 117% 6,4% 5,4% 

6PMBDE#47 122% 107% 104% 111% 9,8% 8,9% 

5MBDE#47 92% 88% 72% 84% 10% 13% 

4PMBDE#49 80% 93% 73% 82% 10% 12% 

5PMBDE#100 153% 148% 94% 132% 33% 25% 

4PMBDE#103 116% 119% 77% 104% 23% 23% 

5PMBDE#99 151% 143% 95% 129% 30% 23% 

4PMBDE#101 146% 116% 85% 116% 31% 27% 

BEHTBP 0% 0% 0% 0% 0%  

BTBPE 105% 106% 90% 100% 9,0% 9,0% 

OBIND NA NA NA    

BDE#209 NA NA NA    

DBDPE NA NA NA    
13C-PBBZ 51% 54% 54% 53% 1,6% 3,1% 
13C-HBBZ 62% 66% 68% 66% 3,0% 4,6% 
13C-6PMBDE#47 65% 76% 78% 73% 6,8% 9,28% 
13C-6PMBDE#100 50% 66% 76% 64% 13,4% 21% 
13C -BTBPE 86% 101% 101% 96% 8,7% 9,0% 
13C -BDE#209 NA NA NA    
13C -DBDPE NA NA NA    

RS-13C-PBDE#77 114% 111% 114% 113% 2,0% 1,8% 

RS-13C-PBDE#138 105% 93% 105% 101% 6,7% 6,7% 

 

 



26 

 

Table A3. Recovery, average recovery, standard deviation and relative standard deviation of the high level spiking 

of reference samples. 

COMPOUND PH1 PH2 PH3 AVERAGE S.D RSD% 

αTBECH 91% 59% 51% 67% 21% 32% 

βTBECH 118% 68% 74% 87% 27% 31% 

γ/δTBECH 108% 83% 88% 93% 14% 15% 

αTBCO 119% 93% 74% 95% 23% 24% 

βTBCO 149% 127% 114% 130% 18% 14% 

PBEB 126% 125% 102% 118% 14% 12% 

pTBX 116% 115% 108% 113% 48% 4,2% 

MeTBBA 0% 0% 0% 0%   

PBBZ 122% 127% 103% 117% 12% 11% 

PBT 144% 161% 142% 149% 10% 6,9% 

DPTE 111% 142% 119% 124% 16% 13% 

HBBZ 119% 101% 116% 112% 9,5% 8,4% 

HCDBCO 184% 1210%* 136% 510% 606% 119% 

EHTBB 0% 0% 0% 0%   

PBBA 0% 0% 0% 0%   

2PMBDE#68 148% 398%* 124% 223% 152% 68% 

6PMBDE#47 99% 111%* 103% 104% 6,4% 6,1% 

5MBDE#47 39% 20%* 64% 41% 22% 54% 

4PMBDE#49 35% 14%* 58% 36% 22% 62% 

5PMBDE#100 59% 7,6% 93% 53% 43% 81% 

4PMBDE#103 24% 2,4% 65% 31% 32% 105% 

5PMBDE#99 54% 9,4% 85% 49% 3% 77% 

4PMBDE#101 47% 5,0% 68% 40% 32% 80% 

BEHTBP 0% 0% 0% 0%   

BTBPE 87% 90% 79% 86% 6% 6,4% 

OBIND NA NA NA    

BDE#209 NA NA NA    

DBDPE NA NA NA    

13C-PBBZ 55% 47% 60% 54,0% 6,9% 13% 

13C-HBBZ 65% 80% 78% 74% 8,0% 11% 

13C-6PMBDE#47 51% 7,9%* 73% 44% 33% 76% 

13C-6PMBDE#100 83% 64% 73% 73% 9,2% 13% 

13C -BTBPE 69% 19,5% 93% 60% 37% 62% 

13C -BDE#209 NA NA NA    

13C -DBDPE NA NA NA    

RS-13C-PBDE#77 56% 224% 202% 160% 91% 57% 

RS-13C-PBDE#138 45% 173% 160% 126% 71% 56% 

*Excluded from Figure 5 because the low recovery of internal standard 13C-6PMBDE#47. 
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Table A4. Recovery of internal and recovery standard in the reference samples only spiked with 13C-labeled 

compounds.   

COMPOUND PS1 PS2 PS3 AVERAGE S.D RSD% 

13C-PBBZ 38% 62% 58% 53% 13% 25% 
13C-HBBZ 56% 95% 77% 76% 20% 26% 
13C-6PMBDE#47 47% 87% 74% 69% 20% 29% 
13C-6PMBDE#100 63% 99% 79% 80% 18% 22% 
13C -BTBPE 52% 83% 89% 75% 20% 26% 
13C -BDE#209 NA NA NA    
13C -DBDPE NA NA NA    

RS-13C-PBDE#77 211% 137% 147% 165% 40% 24% 

RS-13C-PBDE#138 149% 110% 96% 118% 28% 23% 

 

Table A5. Recovery of internal and recovery standard in the blank.   

COMPOUND BLANK  
13C-PBBZ 58% 
13C-HBBZ 80% 
13C-6PMBDE#47 55% 
13C-6PMBDE#100 64% 
13C -BTBPE 70% 
13C -BDE#209 NA 
13C -DBDPE NA 

RS-13C-PBDE#77 252% 

RS-13C-PBDE#138 198% 

7.3 APPENDIX 3 - QUALITY ASSURANCE 
Table A6. Recovery of internal and recovery standard in the poultry reference samples. PS1-PS3 were in the first 

batch if samples, PS4 in the second batch and PS5 in the third batch. 

RECOVERY PS1 PS2 PS3 PS4 PS5 AVERAGE SD RSD 
13C-PBBZ 38% 62% 58% 51% 53% 53% 9,2% 18% 

13C-HBBZ 56% 95% 77% 72% 84% 77% 15% 19% 

13C-6PMBDE#47 47% 87% 74% 63% 78% 70% 16% 22% 

13C-6PMBDE#100 63% 99% 79% 62% 63% 73% 16% 22% 

13C -BTBPE 52% 83% 89% 73% 66% 73% 14% 20% 

RS-13C-PBDE#77 210% 136% 146% 221% 105% 164% 50% 30% 

RS-13C-PBDE#138 148% 109% 96% 90% 140% 116% 27% 23% 
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7.4 APPENDIX 4 – ANALYSIS OF BIOTA SAMPLES 
Table A7. Recovery of internal and recovery standard in the osprey egg samples. DL1-5 was analyzed in the first 

batch of samples, DL6-8 in the second batch. 

RECOVERY DL1 DL2 DL3 DL4 DL5 DL6 DL7 DL8 

13C-PBBZ 70% 60% 61% 73% 54% 85% 77% 78% 

13C-HBBZ 95% 80% 85% 80% 82% 89% 93% 85% 

13C-6PMBDE#47 61% 56% 3,5% 14% 18% 97% 86% 90% 

13C-6PMBDE#100 74% 58% 55% 55% 68% 49% 43% 56% 

13C -BTBPE 79% 75% 9,3% 37% 45% 92% 87% 87% 

RS-13C-PBDE#77 250% 246% 237% 196% 227% 85% 105% 117% 

RS-13C-PBDE#138 117% 118% 122% 116% 110% 81% 98% 148% 

 

Table A8. Recovery of internal and recovery standard in blanks and reference samples. B2 and PS4 was analyzed in 

the first batch of samples, B3 and PS5 in the second batch. 

RECOVERY  B2 B3 P54 PS5 

13C-PBBZ  48% 57% 51% 53% 
13C-HBBZ  76% 70% 72% 84% 
13C-6PMBDE#47  18% 72% 63% 78% 
13C-6PMBDE#100  49% 36% 62% 63% 
13C -BTBPE  14% 70% 73% 66% 

RS-13C-PBDE#77  275% 121% 221% 105% 

RS-13C-PBDE#138  150% 151% 90% 140% 

 

Table A9. Recovery of internal and recovery standard in the seal blubber samples.  

RECOVERY DL9 DL10 DL13 
13C-PBBZ 41% 52% 45% 
13C-HBBZ 31% 75% 75% 
13C-6PMBDE#47 26% 81% 89% 
13C-6PMBDE#100 181% 69% 73% 
13C -BTBPE 53% 72% 71% 

RS-13C-PBDE#77 139% 111% 119% 

RS-13C-PBDE#138 40% 156% 122% 

 


