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ABSTRACT
Brominated flame retardants (BFRs) are a diverse group of chemicals, which are used to slow down or inhibit
the development of fires. BFRs are incorporated into a wide range of consumer products that are considered as
potential fire hazards, such as TV-sets, household appliances, computers, and textiles. The production and use of
BFRs is extensive and consists of mainly tetrabromobisphenol A (TBBPA), polybrominated diphenyl ethers
(PBDEs) and hexabromocyclododecan (HBCD). BFRs in general, but in particular the PBDEs, have led to both
scientific and public concern since they have been found to bioaccumulate in humans and wildlife. The general
population is targeted by the PBDEs due to their applications and via the food web. Occupational exposure
occurs not only during direct handling of BFRs, but also during handling, repair and dismantling of flame
retarded goods.

This thesis is aimed to assess occupational exposure to BFRs. It is mainly focused PBDEs and especially the
PBDEs with high bromine content, such as decabromodiphenyl ether (BDE-209). The work has been
accomplished by analysis of BFRs in indoor air at industries handling BFRs or flame retarded goods, and by
analysis of blood drawn from workers with potential exposure to BFRs. A referent group, abattoir workers with
no occupational exposure to PBDEs, was also investigated. Data from these cross-sectional investigations and
from serum sampling during vacation in PBDE-exposed workers have been used for calculation of apparent half-
lives of hepta- to decaBDE in serum.

The results clearly show that the workers were exposed to PBDEs when handling PBDE containing products or
goods. The serum PBDE levels in computer technicians were found to correlate to the estimated cumulative
work hours with computers. Exceptionally high concentrations of BDE-209, almost up to 300 pmol/g lipid
weight (l.w.) were observed in serum from rubber workers manufacturing or handling rubber compound that was
flame retarded with a technical mixture of decabromodiphenyl ether (DecaBDE). Elevated concentrations of
PBDEs with eight or nine bromine substituents were also observed. In an electronics dismantling plant, where
elevated levels of PBDEs previously had been observed, reduced serum levels of some, but not all PBDE
congeners were observed after industrial hygiene improvements. Notably, it was observed that the BDE-209
concentrations in referents with no occupational exposure were similar to the concentrations of 2,2’,4,4’-
tetrabromodiphenyl ether (BDE-47), often referred to as the most abundant PBDE congener in humans and
wildlife. Additionally, PBDEs with high bromine content were found to have a fast rate of elimination or
transformation in humans, based on serum analysis. BDE-209 had an apparent half-life in serum of only 15 days.

The possibility of quantifying BFRs, such as PBDEs, in human serum at low levels of detection has been
achieved by reducing the contamination of the samples and procedural blanks. Major efforts have been done to
develop routines and clean up methodology to enable an almost contamination-free environment at the
laboratory. The use of a clean room has decreased PBDE levels in the blanks to acceptable limits. The
modifications of the original analytical method have made it possible to quantify almost all PBDE congeners of
interest in one GC/MS run.

Occupational and general background exposure of BFRs to humans will continue as long as these chemicals are
a part of our daily life and present as environmental contaminants. The present scientific knowledge of the
potential health risks of these BFRs still needs to be further developed. It should be stressed that health effects to
PBDEs have not been assessed in this work. It is the author's wish that this thesis should add another piece of
knowledge to the puzzle of BFRs and BFR exposure to humans and that these data will be used in future risk
assessments of PBDEs in particular.

© Kaj Thuresson
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1 ABOUT THIS THESIS

The main goal with this thesis is to assess work related human exposure to
brominated flame retardants (BFRs), particularly polybrominated diphenyl
ethers (PBDEs), in different work settings in Sweden. Also, a short review on
BFRs in general, human exposure to BFRs and a presentation of analytical
methodology of analysis of BFRs, is given. The work is mainly oriented towards
PBDEs with the highest degree of bromine substitution, determined in air and in
human serum.

This thesis is built on five separate scientific articles investigating the concept of
occupational exposure to BFRs, and some additional and not yet published
work. The first article (Paper I) describes the exposure of BFRs and
organophosphate esters (OPEs) in indoor air at a factory recycling electronics.
Results from this study showed that the indoor air at the investigated plant
contained BFRs and OPEs in concentrations higher than in several referent work
environments.

The second article (Paper II) is a follow-up study on PBDE exposure to workers
at the same recycling plant studied previously in Paper I, and reported by Sjödin
et al. [1]), after structural changes in plant lay-out and improved industrial
hygiene work routines had been implemented. Exposure was assessed by
analysing PBDEs in serum from the workers. Serum concentrations were found
to have declined for PBDEs in general, especially for the highest brominated
congener, the decabromodiphenyl ether (BDE-209).

The third article (Paper III) is an investigation of BFR exposure to workers,
handling and repairing electronic equipment, computers and computer servers.
The computer technicians were found to have significantly higher serum
concentrations of some selected PBDEs than a previously reported referent
population [1]. Serum concentrations of some selected PBDEs were also found
to correlate with the employment time as computer technicians.

The fourth article (Paper IV) is an exposure assessment of commercial
decabromodiphenyl ether (DecaBDE) in workers producing flame retarded
rubber compound. The flame retarded rubber compound was further used for
rubber coated electrical cable production at another factory. Workers producing
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and handling these cables were also investigated. In connection to this
assessment, a new group of male referents with no known work related exposure
to PBDEs was sampled and analysed. Serum concentrations of BDE-209 in
rubber workers at both industries were high. Some workers showed serum levels
of BDE-209 up to 300 pmol/g lipid weight (l.w.), which is, to the author's
knowledge, the highest concentration ever yet reported for BDE-209, in humans.

In the last article (Paper V), the question of how serum levels of PBDEs change
over time when work related exposure are stopped, e.g. as during vacation time,
is addressed. The apparent half-life in human serum of PBDEs with high
bromine content, in particular BDE-209 was studied. Clearly this compound had
the shortest apparent half-life in human serum, compared to the other PBDE-
congeners investigated. The apparent half-life was calculated to be
approximately two weeks for BDE-209.

In addition to the work presented in Paper I-V there are data presented from an
investigation of the BFR exposure to workers at a copper smelter where
discarded electronic goods, primarily printed circuit boards, are destroyed, and
metals such as copper, silver and gold are recovered [2]. There are also data
presented on air concentrations of BDE-209 from the same rubber industry as
discussed in Paper IV.

1.1 AIMS AND HYPOTHESIS

The focus in this thesis has been on one of the most commonly used BFRs,
today, the PBDEs. DecaBDE, including PBDEs with high bromine content, such
as octa- and nonaBDEs, have been of special interest. However, the occurrence
of other BFRs have also been addressed, including compounds such as
tetrabromobisphenol A (TBBPA), derivatives of TBBPA, hexabromo-
cyclododecan (HBCD) and bis(2,4,6-tribromophenoxy) ethane (BTBPE).

The hypothesis: Workers handling BFRs or BFR treated goods undergoes risk of
higher exposures to these chemicals than humans in general. Further, it was
hypothesised that these chemicals could be detected in air at the work sites and
that it was possible to measure the concentrations of the BFRs in the workers
blood. It was also hypothesised that changes of BFR concentrations can be
assessed during periods of no work-related exposures to these compounds. Such
measurements can be used to determine apparent half-lives of BFRs in human
serum, if the PBDEs are reasonably short lived, in vivo.
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The aim of this thesis has been to investigate the current exposure to some
selected BFRs to Swedish workers at industries where BFRs either were used in
production, or where flame retarded goods or products were handled. Hence
serum concentrations of BFRs were compared to levels in non-occupationally
exposed humans (hereafter called referents). The exposure assessments are
valuable for understanding possible pathways of BFR exposure to humans. The
exposure assessments can also be used to suggest actions of occupational
exposure reduction in industrial settings. Exposure assessments are a key for
estimating potential health hazard and in a longer perspective to promote
decisions regarding the use of chemicals.

Another aim has been to describe the apparent half-life of PBDEs in human
serum. Both work related and general background exposure have to be
considered to resolve this task. If we assume that the occupational exposure
ceases during vacation, we can determine the apparent half-lives of compounds
with reasonably short half-lives by applying model calculations.

The aim has also been to put the five attached scientific articles, describing the
exposure in Sweden, in perspective to other internationally reported data. This
will hopefully contribute to a more complete picture of PBDE exposure to
humans. The potential toxicological effects from occupational and
environmental exposure to BFRs on humans is beyond the scope of this thesis
and are consequently not discussed.

2 FLAME RETARDANTS

Flame retardants (FRs) are chemicals that are incorporated to materials by
blending or reacting, in order to prevent ignition or to slow down the initial
phase of a fire. It is less likely that flame retardants (FRs) have an influence on
fires after the initial phase of their development [3]. The idea of using chemicals
as FRs is not new. Historically alum was used to reduce the flammability of
wood by Egyptians as early as 450 BC and by Romans in 200 years BC. During
later history, in the 17th to 19th century, inorganic salts, such as ferrous sulphate
and ammonium phosphate, were used as FRs [4]. It is known that e.g. the French
king, Louis XIV or Roi-soleil, applied ammonium salts for protection of textiles
in his castles. The modern use of FRs started to increase in the 20th century, in
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proportion to an increased use of synthetic polymers. As plastics with its high
hydrogen-carbon content are more flammable than e.g. metal, wood, and natural
fibres, and burn more vigorously, the demand for better fire safety has increased.
Also, the increased use of electrical appliances, such as television sets,
computers and other electronics, has increased the demand for FRs in our
modern technological society.

FRs consists of a heterogeneous group of structurally and physico-chemically
different chemicals. More than 175 different commercial FRs are available on
the market [5], and those include both inorganic and organic substances.
Inorganic FRs are salts, such as aluminium trihydrate, ammonium phosphate and
magnesium hydroxide, borates or boric acid, just to name a few [6]. Inorganic
FRs stands for about 50% of the total amount of FRs produced [6]. Inorganic
chemicals are also used in combination with organic FRs, in order to enhance
the flame retarding capacity of the material. Antimony trioxide (SbO3), for
example, is often used together with BFRs [6,7]. Organic FRs are either
halogenated substances, corresponding to approximately 25% of the total FRs
produced, or phosphorus and/or nitrogen containing organic substances, which
are estimated to 20% of the demand of FRs [6]. Examples of phosphorus
containing organic FRs are the OPEs which are used both as FRs and for their
plasticizing properties. Several non-halogenated OPEs are in use but there are
also those substituted with chlorines or bromines [6,8]. The halogenated organic
FRs are either chlorinated, as the polychlorinated alkanes used in thermoplastics,
or brominated as further discussed in the chapter on BFRs (Chapter 3).

Because of the large variety of physical and chemical properties of the FRs, they
function with different flame retarding mechanisms [6,9], some of them with
more than one mechanism. A flame retardant may for example function by
decomposing through endothermic processes, which cool down the burning
material to temperatures below what is required for pyrolysis. A different
mechanism uses the ability of the chemical to form a protective coating of either
liquid or solid state over the surface of the combusting material, which prevents
oxygen and volatile combustion products to reach the flame. The halogenated
FRs, on the other hand, are mainly functioning with a third type of flame
retarding mechanism which inhibit the fire from propagating [10]. When a
material is burning, free radicals are produced in the flame and they are involved
in the combustion process. Halogenated FRs function as radical scavengers, and
eliminate and reduce the heat transfer to the combusting material. BFRs and
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chlorinated FRs function with this chemical interaction mechanism, while
fluorine and iodine are not suitable as FRs [9,11].

3 BROMINATED FLAME RETARDANTS

BFRs are considered to be highly efficient as FRs and economically
advantageous both regarding production and consumption [11]. BFRs are a
highly differentiated group of chemicals, some of them are aliphatic and others
cycloaliphatic or aromatic compounds. These chemicals can be incorporated into
the material to be protected in two different ways, either covalently bonded or
only added to the material [6]. At present, five types of BFRs dominate the
market; Three different types of technical PBDE products (PentaBDE, OctaBDE
and DecaBDE), HBCD and TBBPA. The PBDEs and HBCD are used as
additives while TBBPA mainly is used as a reactive BFR. Even though these
five BFRs dominate the market, other BFRs are in use. Examples of BFRs used
in smaller quantities are; BTBPE, TBBPA 2,3-dibromopropyl ether (TBBPA-
DBPE), decabromodiphenyl ethane, TBBPA diallyl ether and pentabromo-1,4-
diphenoxybenzene [12]. It has previously been stated that there are more than 75
different chemicals being proposed as BFRs [5]. However, a recent assessment
of the three major BFR producers suggests that the number of different
substances or classes of polybrominated chemicals are likely to be just above 20
[12], counting Penta-, Octa- and DecaBDE as three products and overlooking
the fact that they contain a large number of isomers and homologues. It seems
that the number of BFRs in use have been overestimated in the past.
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The total annual quantity of BFRs produced in 2001 was approximately 200,000
tons [11]. The BFR production has been reasonably stable in different parts of
the world, even though Asia and the EU-region have increased their production
of BFRs relative the US production between 1997 and 2001 [11] (Figure 3.1). 

During the last decade, the BFR production have grown with a volume increase
of more than a 100% [5], but the total world production of the five major
technical BFR products has not changed to any appreciable extent in the last few
years [11] (Figure 3.2). TBBPA is the major BFR produced, followed by
DecaBDE and HBCD. The production of BFRs differ by region (Figure 3.3),
TBBPA is mostly produced in Asia. The EU-region produces most of the
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HBCD, while DecaBDE is produced to a large extent in both the US and Asia.
Interestingly, PentaBDE is produced nearly exclusively in the US [11].

There is no domestic production of BFRs in Sweden. Accordingly, all BFRs in
use are imported, either as the chemical itself or as part of flame retarded
products and goods.

3.1 POLYBROMINATED DIPHENYL ETHERS

PBDEs are a class of chemicals with the general structure shown in Figure 3.1.1.
As the number and position of the bromine substituents are variable, the group
of PBDEs theoretically consists of 209 different substances. These 209
congeners may be abbreviated according to a similar system already existing for
Polychlorinated biphenyls (PCBs) [13], instead of using the standard IUPAC
nomenclature. PBDEs are sometimes referred to as polybrominated diphenyl
oxides in the literature.

PBDEs are lipophilic substances with log KOW of approximately 4 to 9, [14]. For
example, the tetrabrominated congener, 2,2´,4,4´-tetrabromodiphenyl ether
(BDE-47) has an estimated log KOW of 6.8, while 2,2´,4,4´,5,5´-
hexabromodiphenyl ether (BDE-153) has a value of 7.9 and 2,2´,3,4,4´,5´,6-
heptabromodiphenyl ether (BDE-183), have a measured log KOW of 8.3 [15].
The decabrominated congener, BDE-209, has a log KOW as high as 8.8 [15]. The
estimated water solubility of BDE-209 has been suggested to 20-30 µg/l [14].
PBDEs also have low vapour pressures at room temperature, changing in
relation to the bromine content of the congener with lower values for the more
brominated congeners. Vapour pressure for BDE-47 has been measured to be
2.5 x 10-4 Pa [16], while BDE-183 has a vapour pressure of 4.7 x 10-7 Pa [17].
These chemical properties of the PBDEs have consequences considering

Figure 3.1.1. Schematic structure of polybrominated diphenyl ethers (PBDEs).
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sampling and analysis. The chemical characteristics of PBDEs influence their
behaviour in the abiotic environment and in biota.

When PBDEs are commercially produced, this is done by direct bromination of
diphenyl ether in the presence of aluminium tribromide or iron as catalysts
[9,14]. The bromination process is stopped at three levels for production of the
commercial mixtures PentaBDE, OctaBDE and DecaBDE, respectively. These
three products contain several homologues and isomers. In contrast to the
commercial PCBs produced, [18,19], the technical PBDEs consists of fewer
congeners. A total of 70 congeners have recently been identified in technical
PBDE products [20].

The three technical products of PBDEs are named after the major congeners in
each type of mixture. PentaBDE consist up to 62% of congeners with five
bromine substituents and up to 38% of tetra-substituted congeners. Residues of
PBDE congeners with three or six bromine are also present [14]. The major
individual congeners in PentaBDE are BDE-47 and BDE-99, as presented as
early as in 1976 by foresighted scientists identifying PBDEs as a potential future
environmental problem [21]. PentaBDE can be exemplified by the technical
product Bromkal 70-5DE, with BDE-47 and BDE-99 as the major congeners,
which has been investigated thoroughly [22]. Today, PentaBDE formulations
are mostly used in the US, while the Japanese industry voluntarily has
withdrawn this product from the market [23]. EU has banned the usage of
PentaBDE from 2004 [24].

The OctaBDE product consists predominately of congeners with seven and eight
bromine atoms, up to 44% and 35%, respectively. The OctaBDE product also
contains approximately 20% of hexaBDEs and nonaBDEs, with traces of BDE-
209 [14]. The major PBDE-congener present in OctaBDE is BDE-183, even
though differences have been observed between different products [25]. EU has
banned the usage of OctaBDEs from 2004 [24].

The DecaBDE, on the other hand, consist to 98% of one PBDE congener, the
fully brominated BDE-209. Small amounts (<1%) of nonaBDE are also present
in DecaBDE [14]. Differences between producers have been shown to be small
[25]. In Paper IV, it is indicated that the DecaBDE used in production of flame
retarded rubber also contains residue amounts of octaBDEs, but samples from
that particular batch of DecaBDE could have been exposed to light at the
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industry and transformed to lower congeners, as described in laboratory settings
by Eriksson et al. [26]. There is today no legislative measure taken for
production or use of DecaBDE [27].

PentaBDE is used in applications such as polyurethanes, flexible polyurethanes
and rubbers. OctaBDE is to a large extent used in acrylonitrile butadien styrene
plastics (ABS). The largest proportion of the PBDEs in use is DecaBDE (83%)
and this technical mixture also has the most variable applications, such as in
high impact polystyrene (HIPS), textiles, polyethylene, polypropylene,
polybutylene terephtalate, unsaturated polyesters, epoxy resins and nylon [11].
In these different types of resins, polymers and substrates, the PBDE content
ranges from 5 up to 30%, on weight basis. These different types of flame
retarded polymer products are present in consumer products, such as TV-sets,
computers, household appliances and electronics. PBDEs are also incorporated
into such different products as paints, circuit boards, wire and cables, floor mats
and carpets and furniture [14].

PBDEs are used as additive FRs, which means that they are blended into the
polymer or resin and are not chemically bound to the material. Thus, PBDEs
may migrate from a product, either during production, use or at the end of the
product's life cycle, e.g. at recycling. Hale et al. have investigated the possible
release of PentaBDE from flame retarded polyurethane foam and concludes that
"After four weeks of exposure to ambient outdoor conditions, the surface of
flame-retarded polyurethane foam became brittle and began to disintegrate.
Subsequent dispersal of these penta-containing foam fragments may be one
mechanism by which these BDEs reach the environment" [28]. The fact that
PBDEs are used as additives contributes to the potential for environmental and
occupational exposure.

3.2 OTHER BROMINATED FLAME RETARDANTS

TBBPA consists of two brominated and hydroxylated aromatic phenyl rings,
each bound to a propyl group as shown in Figure 3.2.1. TBBPA is industrially
produced by bromination of bisphenol A in the presence of a solvent [9,29].
TBBPA differs from the other major BFRs by its two hydroxyl groups, which
makes it a weak acid, which have an influence on the log KOW of the substance.
TBBPA has proposed log KOW of 4.5-5.3, and are thus more soluble in water,
(4.2 mg/l) than both PBDEs and HBCD [29]. Due to its phenol structure,
TBBPA is used as a reactive intermediate in the manufacturing of epoxy and
polycarbonate resins. It is blended together with the product before
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polymerisation and gets chemically bound to the material in the polymerisation
process. Approximately 90% of all TBBPA produced is used as a reactive BFR,
principally in epoxy resins used for circuit board laminates. The TBBPA content
in such a product may be up to 20%, on a weight basis [29]. TBBPA is to a
lesser extent used as an additive BFR, as in ABS resins, such as thermoplastics,
polystyrene or HIPS. These resins are found in such a variety of consumer
products as refrigerators, telephones or packing materials [29].

TBBPA is also used as an intermediate for the production of different TBBPA
derivatives [12]. The phenol groups are easily used for derivatisation and
subsequent modifications to form ethers like TBBPA diallyl ether, diglycidyl
ether and 2,3-dibromopropyl ether (Figure 3.2.1). This makes TBBPA
adjustable for special purpose applications [29]. TBBPA derivatives are also
incorporated in brominated epoxy oligomers and carbonate oligomers [29].

Figure 3.2.1. Structure of A: Tetrabromobisphenol A (TBBPA) and
B: Tetrabromobisphenol A 2,3-dibromopropyl ether (TBBPA-DBPE).
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HBCD differs from the other major BFRs, as it is a brominated cycloaliphatic
chemical that consists of three stereo isomers (α-, β-, and γ-HBCD). The
structure of HBCD is shown in Figure 3.2.2. HBCD have chemical properties as
follows; Log KOW (5.6-7.7), vapour pressure (6.3 x 10-5 Pa) and water solubility
(3.4 µg/l) [30]. HBCD is used in expandable polystyrene foam and extruded
polystyrene foam, but it is also used in textiles [11]. These foam products and
textiles are used as thermal insulation in buildings, packing materials and
furniture upholstery. The commercial production of HBCD is performed by
bromination of cis-trans-trans-1,5,9-cyclododecatriene [30]. The technical
mixture differs between producers. The γ-isomer seem to be the dominating
isomer (>70%), followed by the α- and β-isomers [31]. Stereo-isomeric analysis
of HBCD have been performed only in recent years. Thus, most data reported on
HBCD are the sum of all three isomers. 

BTBPE is not one of the major five BFRs produced. The production volume is
not known, but is presumed to be relatively small [12]. According to a Japanese
investigation 900 tons of BTBPE was consumed in 1994 [6]. The structure of
BTBPE is shown in Figure 3.2.3. It is a highly lipophilic compound with poor

Figure 3.2.2. Structure of Hexabromocyclododecan (HBCD).
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Figure 3.2.3. Structure of Bis(2,4,6-tribromophenoxy) ethane (BTBPE).
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water solubility and low vapour pressure. BTBPE is commercially produced
through the reaction of 1,2-dibromoethane and 2,4,6-tribromophenolate [9]. It is
mostly used as an additive BFR in ABS resins [9], incorporated in products such
as computers, TV-sets and mobile phones [11]. In contrast to the assumed small
amounts produced by industry, BTBPE have been shown to be one of the major
contaminants in indoor air at an electronics recycling facility (Paper I).

3.3 HUMAN EXPOSURE TO BROMINATED FLAME RETARDANTS

BFRs have a number of different routes of exposure, to humans. Similar to
traditional persistant organic pollutants (POPs) [19,32,33] such as PCB [34],
exposure through food, and in particular via contaminated fatty fish, is likely to
play an important role, especially for PBDEs . An estimation of the total daily
intake of PBDEs by food have been reported to be 44 ng/day in Canada [35] and
97 ng/day in Spain [36]. In 2001, Sjödin et al. [37] published data supporting
that high serum levels of BDE-47 were correlated to a high consumption of fatty
fish from the Baltic Sea. Similar results are reported from Japan, with a
significant positive relationship between the frequency of fish consumption and
PBDE-concentrations in breast milk [38]. PBDEs has also been found in poultry
and beef [38-40], but at lower concentrations than in fish. Hitherto, no data has
yet emerged considering concentrations of TBBPA in foodstuffs [41].

Concentrations of HBCD on the other hand, have been found in fish from
contaminated rivers in Sweden [42,43]. More recent findings show that HBCD
are present as a contaminant in various marine species [44,45], which suggests
that dietary exposure can be an explanation of HBCD detected in humans
[46,47]. Exposure data on BTBPE are scarce in literature, and this compound
has hitherto not been detected in humans. BTBPE has been reported as a
contaminant in air in the vicinity of a manufacturer [48].

Though food is a source of exposure to humans for some BFRs, it is not the only
possible route of exposure. It is also evident that BFRs present in a large variety
of building materials, furniture and electronic goods can be a source of
exposure, through inhalation of contaminated air and dust [49-52]. The release
of BFRs from flame retarded consumer products, either by intensive use or by
more indirect usage could then be an important route of exposure to humans.
Another potential indirect route of exposure to humans might be the use of
biosolids in agricultural areas [41]. Dermal exposure of BFRs, in general, is
considered as a less likely route of exposure to humans [41]. On the other hand, 
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it can not be excluded that dermal uptake may be a factor in heavily
contaminated environments, as in occupational settings.

PBDEs were detected in serum from Swedish blood donors and in human milk
and reported in 1997 and 1998, respectively [53,54]. Since then a cascade of
results showing PBDE concentrations in humans have been reported from
different parts of the world as recently summerized [41,55]. A summary of
PBDE congener concentrations in human blood is shown in Figure 3.3.1. The
concentrations of BDE-47 in US citizens are more than two orders of magnitude
higher than concentrations in blood from Scandinavians [1,56-58]. There is no
evidence today that BDE-209 is higher in US population than in Europeans. An
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Figure 3.3.1. Serum concentrations (pmol/g l.w.) in humans from the US and
Europe. USA samples are median and range from seven pools of serum (every
pool contained between 6 - 200 individuals) sampled between 2000 and 2002
[56]. The Norwegian sample is a pool of 29 individuals, sampled in 1999 [57]. The
concentrations of 20 and 17 individual samples in 1997 (Sweden 1) [1] and in
2000 (Sweden 2) (Paper I) is also shown.
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explanation for the apparent higher concentrations of BDE-47 in people from
North America may be that the actual use of PentaBDE is greater in this part of
the world, as hypothesised by Sjödin et al. [41]. Hites et al. concludes, on basis
of other literature data, that the current total concentration of PBDEs in people
from the US are approximately 35 ng/g l.w., in contrast to Europe population of
approx. 2 ng/g l.w. [55]. These conclusions do not take into consideration the
potential exposure to any of the higher brominated PBDEs, such as BDE-209,
which have been reported to be present at similar levels as BDE-47 and BDE-
153 in referent populations in Sweden (Figure 3.3.1) (Paper IV, Sjödin et al.
[1].)

Data on occupational exposure to PBDEs are scarce in literature. In Figure 3.3.2
a comparison between four different electronics recycling facilities from
Scandinavia are presented in Chapter 5.2 and by others [1,59,60]. Serum

Figure 3.3.2 Comparison of human exposure at four different electronic recycling
industries, in Norway and Sweden. Mediana (and range) serumb concentrations
(pmol/g l.w.) of four PBDEs in serum from workers at the plants. Sweden 1 [59];
electronic dismantlers and office personnel (n = 9). Sweden 2; personnel at a test
facility (n = 5) (Chapter 5.2). Norway [60]; electronic dimantlers (n = 5). Sweden
3 [1]; electronics dismantlers (n = 19).
a The average concentration in Norwegian samples
b Plasma was analysed in Norwegian samples
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concentrations in the occupationally exposed workers are rather similar for
BDE-47 while there are larger differences for BDE-183. This is indicating
different work-related exposures at the sites. BDE-209 was only analysed at two
of the industries. Very recently, exposure data from yet another electronic
recycling facility in Sweden was published [61]. In that study, workers at the
plant were repeatedly sampled during 1.5 year period and the first sampling of
blood was drawn from workers at the beginning of their employment. Median
plasma (and range) concentrations (pmol/g l.w.) in potentially exposed
dismantlers, were 3.7 (0.22-30), 1.7 (<0.05-8.9) and 1.2 (<0.19-5.5), of BDE-47,
BDE-153 and BDE-183, respectively [61]. These data are lower than previously
reported (Figure 3.3.2), but within the same range.

Time trends studies in general populations in Europe regarding lower
brominated PBDEs have been performed. Some studies have used human milk
as sample matrix [62,63] and others human blood [57,64]. All trends show an
increase of BDE-47 in humans until 1997. While blood levels continuously
increase in Norway and Germany, concentrations in human milk have started to
decrease in Sweden during the last years. In these time trend studies, higher
brominated PBDEs, such as octa-, nona- and decaBDE, were not reported.

Finally it has to be said that humans are a part of the whole ecological system
and if humans are exposed, so is our environment. Recently a few major review
articles have been published, describing levels and trends of BFRs in the
environment [23,55,65,66]

3.4 METABOLISM AND TOXICOLOGICAL EFFECTS

Metabolism: The metabolism of BFRs was recently reviewed by Hakk and
Letcher 2003 [67]. Congener specific PBDE uptake and metabolism has been
investigated for several PBDE congeners, in the rat and mouse. The uptake of
14C-labelled BDE-47 is similar to PCBs in the rodents and the compounds are
retained in the body as observed after five days [68,69]. The uptake of BDE-99
in orally dosed rats is also extensive, and comparable to that of BDE-47 [70].
The lower brominated PBDEs, BDE-47 and BDE-99, are distributed to lipid rich
tissues as expected [69,70]. BDE-209 that is orally dosed to rats has shown to be
absorbed to at least 10% [71], while previous studies have indicated poor uptake
[72,73]. The previously low reported absorption of BDE-209 following an oral
exposure may display a dosing vehicle dependency [67]. 
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From an exposure point of view it is interesting to see how PBDEs are
transformed in animal experiments in vivo. Six metabolites of BDE-47 have
been identified in rat and mouse excreta after orally dosing. Most of these
metabolites were hydroxylated PBDEs and it was shown that mice are
metabolizing BDE-47 rather fast, which is in contrast to rats [69]. The
metabolism of BDE-209 was studied by Mörck and coworkers indicating the
formation of a large number of metabolites [71]. Another metabolism study was
performed on a mixture of PBDE congeners in order to determine whether
PBDEs may form OH-PBDEs that are retained in rat blood [74,75].

The results obtained in Paper V are also a visualisation of metabolism of a
PBDE congener, BDE-209. Further work is required but the results as presented
in Paper IV indicate reductive debromination, something that need to be
confirmed (c.f. below). However, reductive debromination of BDE-209 has been
shown to occur in fish [76,77].

The uptake and metabolism of other BFRs have also been investigated by
others. Hakk et al. have shown that TBBPA, in orally dosed rats, are readily
absorbed from the gastrointestinal tract, metabolised and conjugated in the liver
and excreted in the bile. In the gut, TBBPA were then deconjugated and
excreted as parent compound [78]. The half-life of TBBPA in human serum is
relatively short (2.2 days), as shown by Hagmar et al. [79]. Less is known about
the metabolism of HBCD [67], but the uptake and metabolism of BTBPE have
been investigated as recently reviewed by Hakk et al. The conclusion of studies
performed on orally dosed rats showed that BTBPE was poorly absorbed from
the gastrointestinal tract [67,80].

BFR toxicity: Polybrominated biphenyls (PBBs) were the first BFRs to become
a serious environmental threat as a feed additive of magnesium oxide to animal
feeds were accidentally exchanged for the PBB product FireMaster FF-1®

[81,82]. The general structure of PBBs is shown in Figure 3.4.1. The use of

Figure 3.4.1. Schematic structure of polybrominated biphenyls (PBBs).
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contaminated feed at farms in Michigan caused a widespread contamination of
different dairy products in the state, but more serious was the acute intoxication
of cattle, pigs and hens. When the dairy farmers from Michigan was compared
to farmers from a neighbouring state (Wisconsin) they showed increased serum
concentrations of PBBs [83]. The dairy farmers showed symptoms related to
chemical exposure, such as weight loss, pain and swelling of joints and
abdominal pain [84]. Clinical studies also showed that liver functions were
effected [85], in these farmers. In 1985 the PBB episode in Michigan was
thoroughly reviewed [81]. The Michigan accident led to public and political
awareness against PBBs and the production of the technical hexabromobiphenyl
product was ceased in the US in 1974, shortly after the accident [86].

Fortunately, no other serious industrial accident, such as for PBB, has yet
happened regarding human or environmental exposure to any other BFR that the
author is aware of. In consequence to this, less is known about the exposure to
humans and the human toxicity of these chemicals. However, the present
knowledge of PBDE toxicity was recently summarised by Gill and coworkers
[87] and by Birnbaum and Staskal [88]. Some previous reviews including PBDE
toxicity have also been published [89-91]. PBDEs have toxic effects at relevant
concentrations to consider in the risk assessment work. Among those are the
endocrine effects, relating both to thyroidogenic and estrogenic effects [92].
Developmental neurotoxicity has been shown for a number of PBDEs, including
BDE-209 [93-98] and the latter compound has been indicated to cause cancer
[72]. PBDEs are non-dioxin like compounds even though contradicting results
have been presented but that was probably due to contamination of
polybrominated dibenzofurans in the technical PBDE products.

4 METHODOLOGY

The five original articles in this thesis all concern occupational exposure to
BFRs, even if Paper V is focused on the apparent half-lives of these substances
in human serum. When performing exposure assessments in working
environments, by analysing BFRs in air samples and human serum, there are
numerous methodological issues to address. This is to be discussed in this
chapter. Accordingly, it is important to consider the hypothesis of each study.
Why should the analysis be performed, what answers are supposedly expected
and what are the possible outcomes of performing the analysis? Herein are also
the ethical considerations embedded when performing exposure assessments and
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how the possible results are to be communicated to concerned authorities,
companies investigated and, most important, the exposed workers being
assessed. Risk communication is an aspect that needs considerable consideration
when disseminating result to the public.

The technical procedures for analysing BFRs in air samples or human serum
consist of several equally important steps. In general, the technical analytical
methodology can be broken down into i: sampling, ii: extraction and clean up,
iii: chromatography and iv: identification and quantification. Also, the issue of
quality control and quality assurance (QC/QA) need to be addressed.

4.1 SAMPLES

Sampling is the first step in the analytical procedure and vital for the outcome of
the study. Internal exposure measurements are performed by analysis of e.g.
blood for quantification of lipophilic contaminants and/or blood protein binding
compounds. Urine is not applicable and mothers milk limits the group of
possible donors, including the limitation of sex. Analysis of human samples are,
depending on analyte selection, preferred but rather costly and time consuming.

External exposure to humans include dietary products (fish, meat, dairy-
products, vegetables, fruit etc.), water, air (for inhalation) and skin absorption.
All these, but in particular the food intake is of significance as an external
source for BFRs and other chemicals. Sampling of food stuffs and assessments
of BFRs exposure through diet have hitherto been performed and reported in
several types of food products around the world [36,40,50,89,99,100].
Concentrations of BFRs have also been reported in chickens and other food
stuffs, by Huwe et al. [39,101]. A work that was pursued as a collaborative
effort to determine BFR concentrations in some selected US foods.

In work or home environments it is possible to screen for contaminants by
analysis of dust. Sampling has been performed by e.g. vacuum cleaners [49,51],
by dust wipes or wet surface cleaning [102]. In order to make quantitative
assessments these kind of methods were not used in the present studies. To make
quantitative air sampling, it is possible to apply either passive or active
samplers. Passive sampling depends on diffusion rates of chemicals and the
technique is cheep and reliable and sampling can be performed during long time
periods. Passive air samplers are small and light, which makes them particularly
useful. A drawback with passive air sampling is that only relatively high air
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concentration can be measured within shorter time spans. The passive air
samplers also discriminate between particle bound chemicals and those present
in the gaseous phase. Since PBDEs are commonly adsorbed to particles this
technique was not applied as part of this thesis. Active air sampling, on the other
hand, proved useful and was applied in the studies presented in Papers I and IV.

Stationary air sampling is performed when high volume samplers are used or
when worker influence or enable personally carried sampling equipment due to
work tasks. Stationary air sampling is more rigid and excellent for determining
concentration gradients in an indoor facility. It may however be difficult to
sample indoor a plant, due to the lay out, with hidden corners, changes in air
flows and ventilation. Stationary air sampling was applied at the copper smelter
plant (c.f. Chapter 5.2) and at the cable manufacturer (c.f. Chapter 5.1).

In Paper I, air concentration measurements were performed by sampling with
stationary low-volume air sampling equipment. The sampling equipment used
was a small pump with sample holders of anodized aluminium prepared with
glass fibre filters (25 mm) and adsorbents (two plugs of polyurethane foam)
(Figure 4.1.1). This equipment has previously been evaluated by Carlson et al.
[103] and later by Björklund et al. [104]. The glass fibre filter has a collection
efficiency of 99.98% at 0.3 µm, as determined by test on dioctyl phthalate [105].
In Paper I, it was observed that PBDEs with only a few bromines were partly
released through the filter and collected on the Polyurethane foam (PUF) plugs.
This observation was confirmed by Strandberg et al. [106]. PBDEs with a high
degree of bromination, e.g. octa- to decaBDE, were only collected on the filter.
This is expected due to the very low volatility of these compounds.

Air flow

Filter
Adsorbents

Air flow

Figure 4.1.1. Schematic figure of the sampler used for indoor air sampling.
Volatile and semi-volatile components which may pass the filter are adsorb by the
first adsorbent, a polyurethane foam (PUF) plug. The second PUF plug is a back
up, in case of brake trough of analytes.
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Stationary sampling was performed in order to investigate the source of
exposure within the electronics recycling plant (Paper I). As can be observed in
Figure 4.1.2, the dismantling plant had an open lay-out in 1997. A total of 16 air
samples were collected at different sites during several days, in order to cover
the exposure situation for the workers. The concentrations of PBDEs were
highest in vicinity of the shredder (Paper I) when bromine containing plastics
was processed. The lowest concentrations were detected in the storage area,
furthest away from the shredder. For identification of BFRs in the air at the
recycling plant, high volume samples were collected at the dismantling area
(Figure 4.1.2, 1997). In Paper I, an air sampling strategy was applied to obtain a
gradient between different work environments and the electronics recycling
plant was compared to other possibly contaminated work environments, and
outdoor air.

When results from air measurements at the electronics recycling plant (Paper I)
and serum concentrations of PBDEs in the workers [1] were reported, the
company took measures in order to reduce the exposure to the dismantlers.
Structural changes of the plant was performed and the main contamination
source, the shredder, was moved outside the dismantling hall. A process-
ventilation system was installed and cleaning routines was up-graded. These
structural changes of the plant are visualized in Figure 4.1.2. In the year 2000,
the electronics recycling industry was again assessed, to establish if changes had
had effect on the exposure situation. This time no air sampling was performed,
only the workers were assessed by serum sampling (Paper II).

When the rubber industry was assessed (Paper IV), personal air sampling was
also performed by the workers manufacturing rubber compound (Chapter 5.1).
Double samples were collected from two rubber mixers, using the same
sampling equipment as described in Paper I. Sampling equipment was carried in
harnesses, with the sample holders, strapped to the shoulders of the worker.
Sampling was performed throughout the full work shift. Stationary air sampling
was also performed at the manufacturer of electric cables using DecaBDE flame
retarded rubber (Paper IV).

To be able to measure the internal exposure to humans there are several ways to
proceed. The sampling of blood, adipose tissue and breast milk are in general
useful. Several studies where human milk has been sampled and analysed for 
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BFRs have been presented [107-110]. BFR analysis of human adipose tissue
samples have also been reported [111-114] and adipose tissue were used for
investigating exposure and toxic effects of BDE-47 [115]. Still, blood sampling
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Figure 4.1.2. Schematic figure of the electronics recycling factory plant  lay-out, in
1997 (left) and 2000 (right), showing the structural changes made within the plant,
between the years. The major change made was moving the Shredder (the main
BFR contamination source) outside the plant. A process-ventilation system was
installed at the dismantling stations and the storage area was reduced. The letters
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is the most common approach for internal exposure assessments of BFRs in
humans [41,55]. The amount of blood or serum required for efficient analysis of
BFRs are 10-25 and 5-15 ml, respectively, as recommended by Päpke et al.
[116]. In Papers II, III and IV, 10 ml blood samples were drawn, generating
approximately 5 g of serum for analysis.

While it may be obvious how to select subjects or settings with work-related
BFR exposure for sampling it can be more difficult to select samples
representing background exposure. In Paper I, the referent environments were
different indoor locations with expected low air concentrations of BFRs,
compared to the investigated electronics recycling industry. An outdoor
suburban environment sampling site was selected for collecting an air reference
sample (Paper I). In Paper III, the investigated male and female computer
technicians were compared with a referent group of previously investigated
female hospital cleaners [1]. In Papers II and IV, a new referent group of male
workers, with no known work related exposure to BFRs was sampled. These
referents were employed as abattoir workers in the southern part of Sweden.
Thus, it was possible to compare PBDE concentrations in mainly male workers
with a referent group of males. In Paper V data from all non-occupationally
exposed workers were used for base-line estimations.

BFRs are in general considered to be persistent and stable substances and
accordingly they will not easily degrade unless subjected to UV light. There are
a few BFRs, such as TBBPA and PBDEs with high bromine content, that have
been shown to be highly sensitive to light. Under laboratory conditions TBBPA
have been shown to undergo photochemical transformation [117] and similarly
PBDE congeners with BDE-209 being the most sensitive, generating PBDEs
with lower bromine content [26]. Samples, both air and serum, are
recommended to be protected from light during clean up and analysis [118], as
well as during storage. It is also recommended to store samples at low freezer
temperatures. This was the case for the samples in this work.

4.2 EXTRACTION AND CLEAN UP

In Paper I, air samples were extracted with dichloromethane (DCM) as
described by Carlsson et al. [103], followed by separation of phenolic and
neutral compounds by partitioning with base [119]. Previously, Soxhlet
extractions have been used for extractions of POPs in ambient air [106,120], but
this is a tedious extraction method more appropriate for larger filters and
adsorbents. Clean up of air samples in Paper I was performed with silica/sulfuric
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acid columns only, as described previously [1], as this was enough to generate
good GC/MS performance. Since air samples usually have a less complicated
matrix than serum, the method of extraction and clean up is fast and reasonably
cheep. As shown by others, solid phase extraction (SPE) columns can be used in
extracting/sampling air [121], which also makes it possible to speed up the
work.

Traditionally, human serum extractions have been performed by partitioning
aqueous serum or plasma with organic solvents [118], to extract the fat and
lipophilic BFRs from the blood. Extracting with organic solvents is both a
tedious and time consuming process, which often requires rather large volumes
of organic solvents. Solid phase extractions has previously been suggested for
analysis of BFRs in human plasma, including both neutral and phenolic BFRs
[122,123]. More recently there have been progress in developing semi-
automated high-throughput methods for extraction and clean up of human serum
samples [124], where extraction and clean up of serum samples have been
performed on automated modular SPE-system and a two-layer disposable silica
and silica/sulfuric acid cartridge. As most BFRs are persistent chemicals,
sulfuric acid treatment are useful to remove extracted lipids from the sample
[118]. Sulfuric acid treatment can be performed either with the acid itself or by
using acid treated silica. Alkali based clean up have also been used for analysis
of environmental samples [125,126] but since e.g. HBCD is labile to base this
method has clear limitations [127].

Extraction and clean up of serum samples, as applied in this work (Papers II-V),
were all based on liquid/liquid extraction, followed by partitioning with base, in
order to isolate neutral from phenolic BFRs [119]. Lipid removal was performed
by sulfuric acid treatment, either by partitioning with sufuric acid, as described
by Sjödin et al. [1] or with silica/sulfuric acid columns. The columns applied in
the clean up of samples were changed during the different investigations, (c.f.
Papers II-IV, for details). In Papers II and IV, a small plug of potassium
hydroxide treated silica gel was employed, to allow DCM as the mobile phase.
An additional clean up step was introduced by using an extra silica gel column
treatment of the neutral fraction just prior to GC/MS analysis. This fractionation
improved the quality of the sample significantly and made it possible to analyse
all neutral BFRs of interest in one GC/MS run. That was not possible for the
analysis presented in Paper III. The complete analytic scheme as used in Papers
II and IV is presented in Appendix A.
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4.3 HUMAN SERUM LIPID DETERMINATION

There are obvious reasons to report contaminant concentrations both in relation
to fresh weight of a sample and based on the lipid weight, as extracted from the
sample. Concentrations based on fresh weight are particularly interesting when
reporting dietary contents and evaluating risks related to consumption of
contaminated food. However, since most BFRs, such as PBDEs and HBCD, are
lipophilic substances they are concentrated in lipids and consequently it is
preferable to report concentrations on the lipid weight basis. In this way the
water content of the fresh tissue can be neglected. Human blood, serum or
plasma, has a low concentration of lipids compared to other tissues and organs.
Hence, lipid determination is a crucial step in the analytical performance of
serum samples.

The most commonly used method for determining lipid content in an
environmental sample is done by gravimetric determination of the solvent
extracted material from a sample. This method is often time consuming and it
requires good laboratory practice to be able to produce repeatable results. It is
notable that the results are strongly related to which type of organic solvent is
used for the extraction [128]. When various methods are used by different
laboratories the variation in lipid determination may be quite large, as shown by
Bignert et al. [129].

When analysing human serum, it is possible to use enzymatic lipid
determination. The lipid content in serum is then established by summarising the
enzymatically determined concentration of phospholipids, triglycerides and
cholesterol. Determination of cholesterol and triglycerides are commonly
performed at hospital laboratories, but phospholipids are not routinely analysed.
However, it has previously been shown that the content of phospholipids are
correlated to cholesterol and triglycerides, and that the total lipid content can be
calculated [130]. In this work calculations of total lipid content has been
performed as described by Rylander et al. [131]. The authors have proposed
models for sex dependent total lipid content based only on triglycerides and
cholesterol measurements. The very small volumes required and the quality of
the determinations are superior to the gravimetric determinations.

The two methods (i.e. enzymatic vs. gravimetric) have shown to correlate well
when investigated for human serum [25]. Gravimetrically determined lipid
weights underestimate the lipids in serum (approximately by 20%) which
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conclusively leads to an overestimation of the concentrations in the serum. The
same results were observed in this work (Chapter 4.6) but to a lesser extent
(12%).

In Papers II and III, serum concentrations of BFRs have been reported in
relation to gravimetric lipid determination, while in Papers IV and V the results
are presented based on enzymatic lipid determination. The human serum
analysed in this work (Papers II-V) had an average lipid content of
approximately 0.64%, which is within the range of the Swedish population, but
some samples were as low as 0.29%. When analysing 5 g samples of serum, the
amount of extracted lipids may be as low as 20 mg. These small amounts of
lipids will cause problems in the gravimetric determination. Small differences in
humidity and temperature may also be of concern.

4.4 GAS CHROMATOGRAPHY

For analysis of BFRs in environmental and biological samples, GC-techniques
are usually used to optimize the analyte separations [6]. Comprehensive GC is a
more recent development for improving analyte separations [132]. Dual GC-
systems may be another alternative for analysis of BFRs, in order to enhance the
chromatographic separation power [133]. Occasionally HPLC techniques are
useful for optimizing the separations but in general this method is not sensitive
enough for environmental applications. In this work (Papers I-V), separations of
different BFRs in general, and more specifically PBDE-congeners, were
performed by GC-technique, with one exception, the TBBPA derivative
TBBPA-DBPE. This special compound could only be analysed if it was
administered to the MS by direct inlet insertion (unpublished).

Several injection techniques are available for optimal GC separations of BFRs,
such as the split/splitless injector, programmable temperature vaporizing (PTV)
injector, septum equipped programmable injector (SPI) or on-column injectors,
where split/splitless and on-column type techniques are most commonly used
[118]. Split/splitless injections are considered reliable and perform well if
samples are dirty, but temperature induced degradation of analytes may occur if
the injector temperature is too high. The technique is known to discriminate
analytes with high molecular weight. The first drawback can be adjusted by
lowering the injector temperature, but this will influence the second obstacle.
The discrimination of heavy analytes may be decreased if a pressure pulse can
be applied [60,123,134]. The split/splitless injectors drawback to discriminate
high molecular weight analytes are particularly problematic when analysing
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BFRs that contain a large number of bromines, such as BDE-209. The PTV-
injector, on the other hand, have been shown to work well for BFR analysis
[135], even for analysis of BDE-209 [127]. The PTV-injector is beneficial since
it can be modified, e.g. the injection parameters can be adjusted to optimise
analysis of BFRs. The temperature- and pressure-programmed injectors has also
the advantage of making it possible to inject large volumes of samples
[134,136,137], but the conditions must be thoroughly optimized and samples
must be clean. On-column types of injection techniques, such as the SPI, have
been found to work well for BFR-analysis, such as PBDEs [138] and in
particular for analysis of PBDEs with a high bromine content, e.g. BDE-209
[1,39]. The drawback with using on-column injection techniques are that the
sample must be highly purified, so no disruptions or background will interfere in
data collection. Björklund et al. have investigated the optimization of different
GC-injectors and made comparisons between injection techniques for analysis
of PBDEs that have been very useful for this work [134]. It may be
advantageous to perform large volume injections on GC/MS using a loop type
injection technique [104].

In Paper III, serum samples were introduced to the GC via both split/splitless
and SPI injection techniques, in order to quantify PBDEs with all degrees of
bromine content. This was necessary when the clean up method used did not
provide samples clean enough for analysis by the SPI technique only. Figure
4.4.1 shows three chromatograms where split/splitless and SPI-injection
techniques were applied. The chromatograms represent two serum samples of
low purity and a sample that has been put through an extra clean up step. The
different injection techniques were well correlated, as shown in Figure 4.4.2 , in
which BDE-153 and BDE-183 were compared (n = 19) by both
chromatographic systems. In Papers II-IV only the SPI insert technique was
required after the serum samples had been purified on an extra silica column. All
analysis of the PCB congener CB-153, in this work was performed using
split/splitless injection techniques.

PBDEs with a low to median degree of bromination, are usually analysed on
single capillary columns such as the DB-1 or DB-5, CP-sil 8 or AT-5. In order
to achieve enough separation between PBDE congeners and other BFRs,
columns of 30 to 50 m with diameters <0.25mm are recommended [118], but
not always necessary (Papers II and IV). This is also the case for analysis of
BTBPE and TBBPA, the latter after methylation (Papers I and III). It is possible 
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to analyse underivatized TBBPA by GC on non-polar columns, but there is a
risk of poor chromatography. Long columns with thick film do not apply well
with PBDEs of a high degree of bromination. When analysing BDE-209 short 

Figure 4.4.1. Three human serum PBDE chromatograms as determined by
GC/MS (ECNI) SIM (m/z: 79 and 81). A; split/splitles injection, on a 30m DB-5
column, where PBDEs with a lower degree of bromination are analyzed. B; SPI-
injection, on a 15m DB-5HT column, where PBDEs with a higher degree of
bromination may be analyzed but with lower ones covered by impurities and lipid
residues. C; SPI-injection, on a 15m DB-5HT column after the sample was
fractionated on a silica column prior to injection. In this case both PBDEs with a
lower and higher degree of bromination are analyzed in one GC-run.
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columns are recommended (preferable 10-15 m) with thin film thickness (0.1-
0.2 µm [134]) in order to reduce the residence time of the temperature sensitive
compound in the column [127]. Coelution is not a problem when analysing
BDE-209 on shorter columns, as BDE-209 elutes late [139]. Björklund et al.
have previously evaluated analysis of PBDEs on six different columns, from two
different producers, and found that the choice of column is essential for the
acquired analysis, especially for PBDEs with a high bromine content [134].
HBCD can be analyzed on the standard GC-systems, but the enantiomeric
specific analysis can not be performed in this way. Technically produced HBCD
is an isomer mixture [140] and because of its stereochemistry HBCD shows as a
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Figure 4.4.2. Comparison of the split/splitless and SPI-injection techniques, of
BDE-153 and BDE-183. GC-separations was performed on a 30 m DB-5 column
when samples were injected with the split/splitless technique. A 15 m DB-5HT
column was used when injection with SPI was performed. Serum samples
analysed (n = 19) and used in the evaluation are from exposed computer
technicians (Paper III).
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rather broader peak in the chromatogram. Hence the response and detection
limits of this compound may be affected negatively. The interest in analysis of
α- β- and γ-HBCD has recently grown and have been performed with
electrospray LC/MS by others [141,142]. However, the sensitivity of this type of
analysis is still not applicable for the residues expected in for example human
serum [141].

In this work (Papers I-V) two types of columns were used, both with acceptable
results. In Paper III, a long (30 m) column with a thick film was applied (DB-5)
to separate and quantify TBBPA and PBDEs with a low degree of bromination.
To be able to quantify octa-, nona-, and decaBDE, a short (15m) DB-5HT
column was used. In Papers I, II and IV, only the shorter DB-5HT was enough
to accomplish the analysis at hand. Two standard types of temperature
programmes were used (Papers I-V), one for each type of column.

4.5 MASS SPECTROMETRY

The most common approach for identification and quantification of BFRs is to
use mass spectrometry (MS) techniques, such as low resolution electron
ionisation (EI) or electron capture negative ionisation (ECNI), or to use high
resolution mass spectrometry (HRMS) [118,143]. Recently, time-of-flight mass
spectrometry (TOF/MS) have been applied for BFR quantification in both serum
and milk samples [132]. MS/EI has the advantage of the possibility to use
labelled standards and its selectivity is very high. But MS/EI have low
sensitivity, which is a huge drawback when trying to analyse trace amounts of
BFRs in e.g. human serum. Still, human tissue samples have been analysed by
Covaci et al. with limit of detection (LOD) close to GC/MS (ECNI), but then in
combination with high volume injections [136]. In Paper I, MS/EI was used in
order to identify the different BFRs in a high volume air sample. In Papers II-V,
technical PBDE-mixes and standards were analysed by MS/EI in order to
identify and establish the retention times of BFRs by the GC/MS-system used.

ECNI technique, on the other hand, is not as selective when standard ions are
monitored with selected ion monitoring (SIM) (m/z: 79 and 81), but the
sensitivity of this technique is high. MS/ECNI is readily applicable since BFRs
generally have a high bromine content. In a comparison, MS/ECNI is one order
of magnitude more sensitive than electron capture detector (ECD) [144]. The
low selectivity of MS/ECNI can cause problems with co-eluting organobromine
substances, as shown in Paper II, where analysis of 2,2',4,4',5,6'-
hexabromodiphenyl ether (BDE-154) with MS/ECNI had to be excluded since it
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is co-eluting with 2,2´,4,4´,5,5´-bromobiphenyl (BB-153). MS/ECNI selectivity
can occasionally be improved as described in the case of BDE-209. BDE-209
have shown two abundant fragments which can be used fore more selective
detection of this compound [145]. Björklund et al. have shown how to use
isotopic dilution in MS/ECNI analysis of BDE-209, monitoring m/z: 484.2 and
486.2 and m/z: 494.2 and 496.2 for 12C-BDE-209 and 13C-BDE-209,
respectively [146]. This isotopic dilution technique was applied in Paper IV
when 13C-BDE-209 was added as surrogate standard.

HRMS in combination with EI and isotope dilution techniques is preferable
when analysing BFRs in biological samples and when monitoring BFRs in
environmental programs [143,147]. The HRMS technique is almost as sensitive
as MS/ECNI and the performance of selectivity is very high. The drawback is
that this technique is expensive and not as readily available as low resolution
MS. Comparisons between MS/ECNI and HRMS showed that the analytical
benefits in analysis of BFRs with HRMS was marginal [148]. Similar results
were found by Thomsen et al. [149]. The use of HRMS was accomplished in
Paper II, for approximately half the human serum samples analysed. The results
were in the same range as the levels observed in samples analysed with
MS/ECNI with SIM for ions m/z: 79 and 81, a result proving the usefulness of
this technique.

4.6 QUALITY OF ANALYTICAL PROCEDURES

The control of analysis, and data assurance has become increasingly important
since the start of environmental analysis in the 1960s’. This is of course driven
by the needs of having comparable data from many different sources and data
not only generated as part of research. Today, extensive quality assurance and
quality control (QA/QC) is a prerequisite for reliable analysis of chemicals in
general and in the context of this thesis, for BFRs in environmental samples.
Even more so when considering that data from this type of results may be
included for administrative measures with economic consequences for
manufacturers and down-stream users, and used in risk assessments of
contaminants [116]. 

Identification and quantification: Since most analysis in this work has been done
by GC/MS (ECNI) in SIM mode, monitoring the ions m/z: 79 and 81, the
identification and quantification has been performed by comparison to authentic
reference standards. All standard curves for quantification of BFRs (Papers I-V)
were generated with at least five points and repeated injection of standards were
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performed during each run, in order to evaluate the condition of the GC/MS
system. In Paper IV, when sample concentrations of BDE-209 differed largely
between samples, it was necessary to run calibration curves with concentrations
ranging from 0.05 ng/ml up to 500 ng/ml, to cover the concentrations of all
samples. It is notable that BDE-209 has a linear correlation over this large
concentration range when analysed by GC/MS (ECNI).

When some octaBDEs and nonaBDEs were identified and quantified, there was
a lack of authentic reference compounds. Only one octaBDE (BDE-203) was
available as a reference standard [150], at a the time when most of the work was
done. The two technical products, Bromkal 79-8DE and Great Lakes DE79,
were used for identification of the structurally unknown congeners by injecting
amounts large enough to enable verification of bromine content of the congeners
by GC/MS (EI), and correlating the retention times to PBDE congeners in the
samples. This is possible to do when the samples are pure enough, generating
chromatograms without interfering brominated substances, i.e. compounds with
a similar high molecular weight present. In order to quantify the other
octaBDEs, the response factor for BDE-203 was used for all these structurally
unknown congeners. To the author’s knowledge, there is today no evidence that
the different octaBDE should have any major variance in their response factors.
Since authentic reference standards for nonaBDEs were not available until
recently, also nonaBDE congener concentrations were estimated on basis of
BDE-203. As a consequence to this, data reported in Papers II-V, are possibly
underestimating the concentrations of nonaBDEs. It is known that the GC/MS
(ECNI) response of PBDEs decrease with increasing number of bromine atoms
in the molecule [25]. At a late stage in this project, authentic reference standards
of BDE-206, -207 and -208, became available through synthesis in house
[151,152], and were then used for identification purposes in Paper IV. Further
studies will thus benefit from the newly synthesised compounds.

In Paper IV, a new type of quantification methodology was performed as
previously reported by Björklund et al. [146]. In order to evaluate the
differences between BDE-209 quantification, using BDE-138 and 13C-BDE-209
as a surrogate standard (SS), fifteen serum samples were analysed with both
quantification methods. The samples used for this evaluation were ten serum
samples drawn from rubber workers in 2002 (Paper IV) and five serum samples
drawn from DecaBDE exposed rubber workers in 2002. The method was then
used to estimate the uptake phase of BDE-209 as described in Paper V. These
fifteen samples were quantified both by using the new surrogate standard (SS)
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 and the original methodology. BDE-209 concentrations quantified using 13C-
BDE-209 were similar to concentrations generated with BDE-138 as a SS, with
an average of 103% (range: 69-170%, SD 31%). The differences between
concentrations in percent normalised to concentrations quantified in relation to
13C-BDE 209 are shown in Figure 4.6.1.

Limits of quantification and detection: When analysing trace amounts of BFRs
in environmental samples, it is common to work on the limit to what is possible
to measure. It is therefore necessary to define the levels of quantification and
detection (LOQ and LOD). Since BFRs, in small amounts, are present in indoor
air at laboratories [121], the LOQ and LOD are related to the extraction and
clean up method, which is validated by procedural blank samples. When there
are no measurable amounts of competing substances in the background blank
samples, the LOQ and LOD are instead related to the instruments performance.
The instrumental LOQ and LOD are not constant and are depended on sample

 Serum conc. of BDE-209, quantified using 13C-BDE-209 as surrogate standard
 Serum conc. of BDE-209, quantified using BDE-138 as surrogate standard
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Figure 4.6.1. BDE-209 concentrations (expressed in pmol/g l.w., left Y-axis) in
fifteen individual serum samples drawn from rubber workers. The concentrations
have been determined in relation to two different surrogate standards; 13C-BDE-
209 and BDE-138. Also shown in the figure is the difference in concentrations (in
%), normalized against 13C-BDE-209 concentrations (left Y-axis).
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matrix. In general, much lower LOQ and LOD can be achieved when analysing
clean mixtures of authentic referent standards dissolved in an organic solvent,
than when actual environmental samples are analysed. When analysing
contaminants in environmental samples, the LOQ and LOD are determined
either in relation to blank sample levels or to general instrumental noise, for the
analytical method. In spectroscopy, in general, LOD are determined in relation
to the blank measures average and variation: The average of blank measures,
adding tree times the SD, is used to generate the LOD [153]. However, since
BFRs are present as sample contamination and detected in the blank samples it
is not possible to apply the same method. For example, Päpke and co-workers.
has proposed that: "Values for samples should only be reported if they exceed
the levels of blanks minimum by a factor of two" [116]. Similar methods have
previously also been used by Sjödin and co-workers [37], while e.g. Sellström
has applied a factor of five [154].

In Paper I, LOQ was defined as 10 times the interference present in the blank
samples, using an average sample size of 1.5 m3. This routine was also applied
in the other air sample measurements in this thesis. For serum, analysis criteria
for setting the LOQ have been applied slightly differently. In Papers II-V, the
LOQ of all analytes were related to the background levels in the blank samples,
and run as part of each set of samples. Analytes with amounts above five times
the average background amounts in the blank samples were quantified and
reported, whereas results below this limit value were not. LOQ was set as either
the lowest quantified value, in the set of samples analysed in each Paper, or the
highest value below LOQ, whichever was lowest.

If no detectable background of an analyte was found in blank samples, the LOQ
and LOD were related to the signal to noise (S/N) ratio for each substance
reported. In Papers II, IV and V, concentrations of analytes were reported if they
were found to have an S/N ratio above five. In Paper III this criterion was
slightly higher and an S/N ratio of ten was used. On the other hand, a LOD value
of three times the S/N ratio was applied in Paper III. LOQ (or LOD when
applicable) was set as either the lowest quantified (or detected) value, in the set
of samples analysed in each Paper, or the highest value below LOQ, whichever
was lowest.

LOQ and LOD of a method change over time, depending on background
contamination changes, or the performance of instruments. This will result in
some particular difficulties when comparing different data sets. In Paper III, two
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sets of samples were run and the background of BDE-209 and TBBPA was
different in the blank samples, in the different sample sets. Consequently, the set
with higher blank levels was excluded from the report. In Paper II, when
analysis was performed at two different laboratories, results were instead
reported separately for each laboratory. When data were merged into one data
set from the two different sample sets (Papers II and V), LOQ was set as the
lowest quantified value in all sets of data, even if this value was lower than the
LOQ for another single data set. This was done in order to rank all quantified
values higher than values below LOQ in statistical calculations.

Contamination of serum samples and procedural solvent blank samples: In the
beginning of this work it was evident that successful analysis of BFRs in
environmental samples is much dependent on how clean the blank samples can
be made. A major effort has been put into producing a contamination-free
laboratory environment by trying to minimize the potential risk of contamination
from solvents, glassware and dust. Laboratory contamination of air samples
from BFR contaminated industrial settings is not a problem since levels are in
general high in these types of samples, but human serum is another more
intricate matter. The analysis of low BFR concentrations in human serum, in
comparison to blank sample levels, have been one of the most challenging tasks
of this thesis.

When the analysis of human serum started in this project, laboratory work was
carried out in facilities not properly designed for this type of analysis. Even
though BFRs, such as PBDEs, were synthesised in the same facility as analyses
were carried out, it was possible to report concentrations of PBDEs in serum
from exposed workers by keeping the activities as far apart as possible (Paper
III). The following analyses of human serum were performed in a different
building, at a laboratory only used for analysis of samples with known low
levels of POPs (Paper IV). It was also possible to isolate all samples and
handling away from direct sunlight by Venetian blinds, as BFRs are sensitive to
light [155]. In connection to this an ionizer [156] was installed at the laboratory
to reduce the amount of airborne particles in the environment. Later in this
project it was possible to use a clean-room as the department moved to a new
facility within the university. All analysis of human serum was moved to this
room (Paper II and complimentary analysis in Paper IV). The clean-room,
operating with overpressure of air, is without windows and built with non-
corrosive steel walls and glazed tile floor for easy cleaning. BFR containing
material, such as electronic equipment, plastics and furniture are kept at a
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minimum. It is equipped with its own chemicals, glassware, dishwasher and
oven. Chemists entering the room must change both shoes and protecting cloths
before entering.

The use of organic solvents in the extraction and clean up, especially methyl
tert-butyl ether (MTBE) and iso-propanol, were found to be contaminated by
PBDEs, predominantly BDE-47. Consequently MTBE and iso-propanol were
distilled prior to use. Water solutions used in the extraction were partitioned
with DCM prior to use, except potassium hydroxide solutions, due to the risk of
carben formation. Glassware and Teflon lined screw caps used in the analysis of
serum samples have exclusively been used for this task. All laboratory glassware
was washed (including Pasteur pipettes) and heated over night at 300-400ºC.
Chemicals, such as silica and silica treated with potassium hydroxide, used for
clean up columns were also heated over night. Prepared columns used in the
clean up steps were also pre-eluted with solvent prior to sample administration,
in order to purify the gels from possible contamination.

Since BFRs are present in laboratory indoor air [121], adsorbed on particles
(Paper I) and dust [157], major steps were taken to reduce the amount of
particles, potentially contaminating the samples. In general, rigorous cleaning of
work place, such as laboratory hood, work benches, cupboards, floors, etc., was
performed. All laboratory equipment, e.g. glassware, etc. was stored in
cupboards and wrapped in aluminium foil.

By applying all these measures and working carefully as described have the
advantage of lowering the BFR contamination in the blank samples and
accordingly improving both LODs and LOQs.

In all sets of samples analysed in this work (Papers II-V), a minimum of one
blank samples for every fifth serum samples were run in mixed order. Generally,
sets of twenty samples (fifteen serum samples and five blanks) were analysed at
a time. Blank samples were treated in exactly the same way as serum during the
whole analytical procedure. In all data reported (Papers I-V), the average blank
sample amount has been subtracted from results presented.
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Presentation of data: In this thesis all concentrations in human serum (Papers II-
V) are expressed in pmol/g l.w. Traditionally, concentrations of POPs are
presented in ng, either in relation to lipid content or on a fresh weight basis. To
present data on weight to weight basis, for example ng/g l.w., is by no means
wrong when the substances that are measured have molecular masses in the
same range, e.g. PCBs and DDT. However, considering bromine substances,
such as PBDEs, the concentration results, if presented on weight to weight basis,
will be misleading. This is due to the potential very different number of
bromines in the compounds to be compared. Since the atomic weight of bromine
is large, compared to chlorine, a molecule with a high bromine content, such as
BDE-209 (molecular weight (MW) 959.2 g/mol), has approximately twice the
mass as a more moderate brominated compound, such as BDE-47 (MW 485.8
g/mol). When comparing the same concentration of BDE-47 to BDE-209 on
weight to weight basis, e.g. ng/g l.w., it turns out that the actual number of
molecules in the samples are approximately twice as many of BDE-47 than of
BDE-209. When results are presented for compounds such as BDE-209 for
comparison to other POPs, the author would like to recommend giving such
results on a molar to weight basis instead, i.e. pmol/g l.w. In exposure
assessments the interest lies in how many molecules a subject is exposed to not
the weight of the contaminant. In Paper I, though, the concentrations in air of
BFRs are given in ng/g m3, in line with tradition for reporting these kinds of
data. 

Recovery of analytes: Recovery of analytes is one of the most basic aspects in
producing high quality data. This is taken care of by using methodology that has
been validated and by applying the most appropriate standards possible for the
procedure. In the case of GC/MS (ECNI) analysis (Papers I-V), recovery of the
analytes are validated with a recovery method, investigating each substances
recovery by adding known amounts of authentic reference standards to samples
and calculating the recovery. On the other hand, with isotope dilution technique
(Paper II), recoveries are evaluated by adding 13C-labelled standards in
combination with GC/HRMS and then there is not a similar requirement since it
is in fact the same compound that is added, only with different isotopes present
in the molecule. While as high recoveries as possible are desirable by using the
former technique, isotope dilution techniques accept lower recoveries, in
general. In this thesis work, all methods have been evaluated with recovery
studies. 
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In Paper I, the recoveries of BFRs were investigated by a recovery study of
clean filters. The recoveries of OPEs were investigated by Carlsson et al. [103].
The method of serum analysis in Papers II and IV was evaluated by two separate
recovery studies, one single-level study (Paper IV) and one larger multiple-level,
hitherto unpublished, study. Results from the second study are presented in
Figure 4.6.2. Paper III applied a method very similar to that of Sjödin et al. [1].
In Paper V, the set of data reported were generated with analytical methods all
described in other articles. In Paper II, the analysis of serum was performed at
two different laboratories. QA/QC of the set of samples analysed with
GC/HRMS in Paper II have previously been addressed elsewhere [116].

Reliability of data: In order to evaluate the correctness of reported data from a
laboratory, inter-calibration studies between laboratories are recommended
[116]. Recently a major interlaboratory study on analysis of BFRs and PBDEs
have been reported [148,158]. In this study most laboratories managed to
quantify PBDEs with an intermediate number of bromines, i.e. tetra- to
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heptaBDE reasonably well. Some problems of quantifying BDE-209, TBBPA
and HBCD were identified. The Department of Environmental Chemistry
participated in this study and results were within good agreement with other
participants, especially for BDE-209. BDE-47, on the other hand was
underestimated (Athanasiadou M. personal communication.). The samples
analysed in this interlaboratory study was fish and bird tissue, not human serum.
Further, in Paper II, the two sets of samples were analysed at two different
laboratories. Although the samples analysed were no double samples, and no
intercalibration with standards were done between the laboratories, the results
were within a similar and narrow range of concentrations. LOQ differed slightly
between laboratories, especially for the congeners BDE-47 and BDE-209.

In order to estimate the accuracy and precision of data, a good standard is to do
analysis of certified reference materials (CRM) [116]. However, CRM in form
of serum, with certified concentrations of BFRs, is not available and
consequently no analysis of CRM-serum has been performed. 

Repeatability: Another approach of evaluating the methodology of analysis is by
analysis of double samples, in order to investigate the repeatability of the
methodology. This will indicate the variation of the whole analytical procedure.
For the methods used in Paper II and IV, analyses were performed on six double
samples. Results from this repeated sampling study are shown in Table 4.6.1.
Repeatability of analysis between different analyses at a laboratory over a longer
period of time can be performed by constructing a reference sample pool and
analysing at least one samples from that pool each time a new batch of samples
are started for clean up and analysis. By preparing such a sample pool variations
between sample sets and time point of analysis can be evaluated. When
continuously analysing samples from a reference pool, contamination and other
analytical errors will be detected. Standard reference materials (SRM) are
preferred and can be purchased and used in this way, when analysing some
specific types of sample matrixes. The use of SRM also allows some possibility
to evaluate analytical results against other laboratories, since concentrations of
BFRs in some SRM are available in literature [159]. In this work no serum SRM
have continuously been analysed.
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Serum lipid determination: Although results in this thesis are reported as either
gravimetric (Papers II and III) or enzymatic (Papers IV and V) lipid weight
determinations, all samples were investigated by both methods. The human
serum analysed in this work (Papers II-V) had an enzymatically determined
median lipid percent of 0.64%, with a range from 0.29 to 1.4%. Gravimetric
determinations (median lipid content of 0.57%, range between 0.27% and 1.1%)
were performed with consideration to humidity and temperature, on scale
calibrated with calibration weights. The lipid determinations in this work are
presented in Figure 4.6.3 were different sets of samples (Papers II to V) are
compared. Results shown that there are variations between the different sets of
samples, but variation is relatively small (<20%). These differences can be
explained by the fact that gravimetric lipid determinations were performed by
different chemists, at different laboratories and at different time points. The least
square regression line (r2 = 0.86) is indicated for the full set of samples (n = 193)
in Figure 4.6.3. 

Table 4.6.1. Repeatability of analysis method. Individual serum concentrations (pmol/g l.w.)
of polybrominated diphenyl ethers (PBDEs) in six double samples (D.S.) from Dutch
citizens. Concentrations have been corrected for background in blank samples (n=3) have
been subtracted. The lipid content (l.c.) in the serum was determined gravimetrically. The
average recovery of extraction and cleanup, for the surrogate standard (SS): 2,2´,3,4,4´,5´-
hexabromodiphenylether (BDE-138) was 92% (STD 7.8%). All octaBDEs and nonaBDEs
have been quantified with the response factor of BDE-203, therefore concentrations of
nonaBDEs should be considered as minimum values.
D.S. l.c. Concentrations. pmol/g l. w.

(%) #47 #153 #183 octa 1 octa 2 octa 3 #203 #206 #207 #208 #209

1: 1 0.53 1.3 2.5 <0.5a <0.1a 0.45 <0.1a 0.22 0.40 0.22 <0.1a <0.9a

1: 2 0.51 1.4 2.4 <0.5a <0.1a 0.41 <0.1a 028 0.38 0.24 <0.1a <0.9a

2: 1 0.79 3.3 4.1 <0.5a 0.14 0.93 0.16 0.16 <0.1a 0.24 <0.1a <0.9a

2: 2 0.79 3.3 4.0 <0.5a 0.17 1.0 <0.1a 0.17 <0.1a 0.24 <0.1a <0.9a

3: 1 0.86 1.0 3.1 1.9 0.10 1.4 0.14 0.26 0.16 0.37 <0.1a <0.9a

3: 2 0.87 1.0 3.0 1.8 0.13 1.4 0.11 0.29 <0.1a 0.37 <0.1a <0.9a

4: 1 0.84 3.6 3.9 <0.5a <0.1a 1.0 0.12 0.24 <0.1a 0.21 <0.1a <0.9a

4: 2 0.82 4.4 4.0 <0.5a <0.1a 0.91 <0.1a 0.24 <0.1a 0.19 <0.1a <0.9a

5: 1 0.71 3.5 3.8 <0.5a <0.1a 0.94 0.19 0.18 <0.1a <0.1a <0.1a <0.9a

5: 2 0.72 3.4 3.7 <0.5a <0.1a 0.96 0.16 0.17 <0.1a 0.15 <0.1a <0.9a

6: 1 0.65 <0.7a 2.3 <0.5a <0.1a 0.21 <0.1a 0.17 0.37 <0.1a <0.1a <0.9a

6: 2 0.71 <0.7a 0.39 <0.5a <0.1a 0.37 <0.1a <0.1a 0.46 <0.1a <0.1a <0.9a

a Concentration below limit of quantification (LOQ), defined as below five times average
value of compound in blank samples (n=3), or defined as below five times signal to noise
(S/N ) ratio of compound in sample
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5 ADDITIONAL STUDIES AND COMPLEMENTARY DATA

5.1 AIR SAMPLES FROM THE RUBBER INDUSTRY

In Paper IV, the internal DecaBDE exposure to personnel at two different
industries were assessed, an industrial plant manufacturing flame retarded
rubber compound and another factory, using this rubber compound, for coated
electrical cables. In connection to the serum sampling at both industries, air
sampling was performed during work shifts when DecaBDE flame retarded
rubber was produced or handled. The same methodology for air sampling,
sample extraction, clean up and analysis was used as described in Paper I. Air

y = 0.88 x + 0.0007 (r2 = 0.86)
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Figure 4.6.3. Correlation between enzymatically and gravimetrically determined
lipid weights (g) in human serum. Gravimetric determinations has been performed
at different laboratories (A and B), by different chemists (1 and 2) and at different
times (Papers II to V). The least square regression (r2) line for all samples (n =
193) is given.
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sampling was performed both at the rubber plant (personal sampling) and at the
cable plant (stationary air sampling). Results from these measurements are
presented in Figure 5.1.1. The air concentrations of BDE-209 at the rubber
manufacturer were high compared to other indoor measurements in
contaminated work environments; c.f. Paper I and Chapter 5.2. It is notable that
the air concentrations differed largely between the two factories, while the blood
concentrations did not (Paper IV). Hence, the possibility cannot be exclude that
a failure in extraction of the air samples (filters) occurred, at the cable
manufacturer. Possibly the extraction of rubber particles with DCM may not
have been as effective as the extraction of more regular indoor dust, collected on
the filters at the rubber manufacturer. A visual analysis of the filters sampled at
the cable manufacturer showed that they were black, containing a fine powder of
rubber dust. This powder was most likely generated by the high speed process of
winding up cables on drums. The number of air samples collected were possibly
too few, and sampling was only performed once at each factory, which means
that the results also could be the result of a normal day by day variation within
the plants. Nevertheless, it is important to point out that even though the
DecaBDE was added to the rubber compound high serum concentrations in
workers at the cable plant were detected (Paper IV).
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Figure 5.1.1. Air concentrations of BDE-209 at rubber manufacturing industry and
at a cable manufacturing industry. Personal sampling was performed of two
workers (Subject 1 & 2), double samples was acquired (left). Stationary sampling
was performed at three workstations (right); A measurements of cable length
station (double sample); B extruder mantle sprayer station (double sample); C
end of vulcanizing tube (single sample).
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5.2 BFR-EXPOSURE AT A SMELTER OF ELECTRONIC GOODS

A BFR exposure study was done at a smelter where copper, silver and gold are
recycled from primarily printed circuit boards. The plant is situated outside a
town, on the coast of the Gulf of Bothnia, in the northern part of Sweden. It is
also one of the world largest plants for the recovery of base metals and precious
metals from recycled materials, such as electronic and metal scrap, residues and
slag. The production capacity of the plant is 230,000 tons per year of copper
[160]. The sampling for this exposure study was carried out in 1999 and the aim
was to assess PBDEs and TBBPA exposure, by sampling and analyzing both air
samples and serum from work stations and potentially exposed workers,
respectively. The results of the study have been presented as an extended
abstract [2] but the results are also given as part of this thesis. Air samples where
collected during a five days period, in direct connection with the time for blood
sampling of the personnel. All serum and air samples were stored at -20°C until
clean up and analysis.

At the smelter, electronic waste, which is not pre-processed, are loaded into a
mill by trucks and shredded into flakes for volume reduction. The flakes are then
stored, together with incoming pre-processed material, in large outdoor hives.
Small amounts of the grained plastic and metal mixture are then tested by
mixing, drying and burning/melting different blends of flakes at a test facility; a
laboratory unit at the plant. The optimal composition of mixtures for recovering
metals at as low energy cost as possible are determined. When the optimal blend
of discarded electronics has been identified, this mixture is introduced to a
furnace and the metals recovered.

When treating the electronic scrap in the furnace, plastics, rubbers and
polymeric material are incinerated and the recovered metals are melted in a
“black copper”. The melt is transferred to the converter aisle where iron, sulfur
and other impurities are removed by oxidation with air. Sulfur is combusted into
oxidized gases and iron, zinc and lead are slagged. The product, blister copper
(approximately 97% copper), is transferred by ladle to an anode furnaces where
liquid blister copper is deoxidised using liquid ammonia. The anode copper
(containing 98% copper) is subsequently converted into copper cathodes. Other
chemical elements, but also impurities settle as anode slimes. The anode slimes
that contain gold, silver, palladium and platinum are melted in the precious
metals furnace (selenium is also recovered). The melt is then cast into silver
anodes were a high intensity electrolytic refining produces high purity silver and
gold slimes. The gold slimes are leached and high purity gold as well as
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palladium/platinum sludge is precipitated. The silver is granulated and the gold
is cast into 12.5 kg bars or granulated. [160].

Electronic goods/flakes were generally transported by trucks within the plant. In
the test facility, smaller quantities were handled manually with baskets and
shovels. Venous blood from six male and three female workers potentially
exposed to BFRs was obtained, and air was sampled at the different work
stations. The analysis of air samples and serum were performed similarly as
described in Paper I, and IV. Both stationary and personal air sampling was
performed in order to evaluate the BFR-exposure.

Outdoor air sampling: Only stationary air sampling (n = 6) was performed
outdoor at the hives. Air samples were collected approximately three to ten
meters downwind from the expected source. The wind speed at the time of
sampling was 2.5 m/s, temperature -2 °C, and the air humidity was low.

The shredder: The shredder is placed at the outskirts of the smelting plant. Two
of the subjects sampled were supervising the shredder from a control booth in
the vicinity of the shredder. The discarded electronics were loaded by truck, not
manually, but they did maintain and clean the shredder, and came thus in contact
with the flame retarded material. The shredder also generated a lot of dust,
originating from the trashed grinded circuit boards and cables. Stationary air
sampling was performed in the control booth during an eight hour work shift.
One double sample was collected, with sampling pumps placed in the booth,
four meters apart, in order not to influence each other.

The test facility: Five blood samples were drawn from personnel working at the
test facility. Their work tasks and work routines were diverse, including
measuring and blending ground electronics when drying and test burning
different blends of processed electronic scraps. The work tasks were performed
in different rooms within the test facility. The layout of the test facility leads to
the requirement of several air sampling sites. A total of seven stationary and five
personal air samples were collected during a five days working period, during
eight hour work shifts. The blood sampling was done at the same occasion.



BDE-47 3.3 (1.6) 0.15-13 2.1 (1.0) 1.8 (0.9) 1.0 (0.48) 0.065-3.3 0.63 (0.30) 0.13-1.6 5.1 (2.5) 1.4-23
BDE-153 0.78 (0.50) 0.025-2.9 0.63 (0.41) 0.55 (0.36) 0.29 (0.19) <0.021-0.39 0.24 (0.15) <0.021-0.38 0.83 (0.54) 0.33-3.5
BDE-154 0.34 (0.22) 0.025-1.1 0.25 (0.16) 0.22 (0.14) 0.094 (0.061) <0.021-0.47 0.078 (0.050) <0.021-0.19 0.44 (0.28) <0.021-1.8
BDE-183 1.2 (0.88) <0.31-6.5 1.8 (1.3) 1.4 (1.0) 0.36 (0.26) <0.31-0.55 0.39 (0.28) <0.31-0.66 1.2 (0.86) 1.0-6.0
BDE-209 13 (13) <0.41-75 33 (31) 30 (29) 0.75 (0.72) <0.41-13 5.0 (4.8) <0.41-5.9 23 (22) 8.1-250

TBBPA 4.5 (2.4) 0.51-29 9.0 (4.9) 7.4 (4.0) 5.3 (2.9) 0.75-14 2.0 (1.1) <0.061-2.7 4.1 (2.2) 2.1-17
BTBPE 9.4 (6.5) 0.34-75 13 (9.2) 13 (9.2) 0.27 (0.18) 0.11-1.5 2.6 (1.8) 0.47-3.4 13 (8.6) 6.2-66

1 Concentration below limit of quantification, defined as five times average value in 
blank samples (n=4) or as ten times signal to noise relation in sample 

Polybrominated diphenyl ethers

Other brominated flame retardants

Median Range Sample 1 Sample 2 Median Range Median Range Median Range

pmol/m3 pmol/m3 pmol/m3 pmol/m3 pmol/m3 pmol/m3 pmol/m3 pmol/m3 pmol/m3 pmol/m3

(ng/m3) (ng/m3) (ng/m3) (ng/m3) (ng/m3) (ng/m3)

Outdoor (n = 6)Test facility (n = 12) Shredder (n = 2) Smelter (n = 6) Truck (n = 4)

Table 5.2.1 Air concentrations (pmol/m3 (ng/m3 in parenthesis)) of brominated flame retardants at a copper smelting plant. Samples are
divided into groups corresponding to work tasks and location within the plant. Outdoor air sample concentrations in the vicinity of the
storage hives of flaked electronic goods are also given.
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The furnace: The oven is placed indoors, but trucks are loading processed
electronics through doors that are constantly open during work hours, which
results in good ventilation of the furnace facility. The workers supervise the
burning of discarded electronics from a control room sealed of from the furnace.
The workers are rarely in the direct vicinity of the melting process, but
occasionally need to mend the furnace by hand. Four stationary air samples,
approximately 3-5 m from the furnace, and two personal air samples, were
collected during eight hour work shifts.

Trucks: Only stationary air sampling (n = 4 collected over two eight hour work
shifts) was performed inside the driver's cab of the trucks, transporting
electronic scraps back and forth. One truck driver was sampled for serum, but
this subject also worked supervising the furnace.

Median Range Sample 1 Sample 2 Sample 1 Sample 2
pmol/g pmol/g pmol/g pmol/g pmol/g pmol/g
(ng/g) (ng/g) (ng/g) (ng/g) (ng/g)

Test Facility (n = 5) Shredder (n = 2) Smelter (n = 2)

BDE-47 5.0 (2.4) 1.8 - 27 8.4 (4.1) 12 (5.8) <0.61 (<0.31) 2.2 (1.1)
BDE-153 2.0 (1.3) 1.2 - 3.1 1.6 (1.0) 3.9 (2.5) 1.7 (1.1) 3.0 (1.9)
BDE-154 0.64 (0.41) <0.61 - 0.78 0.59 (0.38) 1.0 (0.64) 1.0 (0.64) 1.0 (0.66)
BDE-183 <0.71 (<0.51) <0.71 <0.71 (<0.51) 1.7 (1.2) <0.71 (<0.51)<0.71 (<0.51)
BDE-209 3.0 (2.9) 1.5 - 5.8 2.5 (2.4) 5.4 (5.2) <11 (<11) <11 (<11)

TBBPA <0.81 (<0.41) <0.81 - 1.4 <0.81 (<0.41) <0.81 (<0.41) <0.81 (<0.41)<0.81 (<0.41)
BTBPE2 n.d. n.d. n.d. n.d. n.d. n.d.

CB-153  420 (150) 210 - 810 630 (230) 720 (260) 650 (240) 380 (140)

2 Not detected (n.d.); below three times signal to noise ratio in sample

Polybrominated diphenyl ethers

Other brominated flame retardants

Polychlorinated biphenyl

1 Concentration below limit of quantification (LOQ), defined as five times average value
 in blank samples (n=4) or as ten times signal to noise relation in sample 

Table 5.2.2. Serum concentrations (pmol/g lipid weight (ng/g l.w. in parenthesis)) of
brominated flame retardants and CB-153 for comparison, in workers employed at a copper
smelting plant. Test subjects were divided into groups corresponding to their work tasks
and location within the plant.
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The air concentrations of PBDEs, TBBPA and BTBPE at the different sampling
sites are presented in Table 5.2.1. Reported air concentrations are not separated
according to stationary or personal sampling methodology. Air concentrations of
BFRs were at the lowest in the furnace and in the trucks. Not surprisingly, the
highest BFR-concentrations in air were observed at the shredder, but notably
high levels of BFRs were detected also in the outdoor air. The differences in air
concentrations are small considering the relative limited amount of data, and that
the samples were collected at different work days, and in different ways. The
average air concentrations of the different BFRs are generally lower for personal
sampling generated samples, with a difference less than 50%.

The serum concentrations of PBDEs, TBBPA, and BTBPE in the workers at the
copper smelter are presented in Table 5.2.2. For comparison, CB-153 was also
assessed. The concentration of BDE-209 ranged from below LOQ to 5.8 pmol/g
l.w.. TBBPA serum concentrations were below LOQ in all samples, whereas
BTBPE was not detected at all. The investigated workers had CB-153
concentrations in the range of 150-810 pmol/g l.w. indicating an overall PCB
load commonly found in humans from Sweden [37,161-163].

Since a large proportion of the discarded electronics recycled at the smelter were
printed circuit boards, It was assumed that this would be reflected in the
exposure situation at the plant. TBBPA is the major BFR used in printed circuit
boards. Hence, there is a potential risk for release of and exposure to TBBPA at
the facility. Notably, TBBPA was not found in concentrations above LOQ in
serum from the personnel handling the waste electronics.

The highest airborne concentrations of TBBPA (measured at the shredder) were
comparable to the lowest concentrations found at the previously investigated
electronics dismantling facility (Paper I). The limited air exposure to TBBPA
and its short half-life in humans [79] are probable explanations to the low levels
of TBBPA observed in the serum. Instead, relatively high air concentrations of
BDE-209 were detected in some areas of the plant, indicating that the
electronics recycled contained a large portion of BDE-209. The serum
concentrations in the workers did, however, not differ substantially from the
levels in the male referent group (Paper IV), neither for BDE-209 nor for the
lower brominated congeners.
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Notably high levels of BDE-209, TBBPA and BTBPE were detected from the
open air storage sites, located at the shoreline of the Northern Bay of the Baltic
Sea. A risk of an aquatic contamination of BFRs is thus obvious. Further
measurements should be done to monitor BFRs in the aquatic environment
outside the plant.

6 SUMMARY OF STUDIES AND COMPARISONS

The occupational exposures have primarily been assessed for workers expected
to be exposed to PBDEs. The BFR concentrations are compared to non-work
related exposure among referents. The work has covered several different types
of occupational exposure to BFRs, including high and low exposure; activities
leading to exposure of certain selected BFRs (Paper IV) as well as exposures to
a larger range of PBDEs as for computer technicians (Paper III) and recycling
personnel (Paper II). The question of residence time of highly brominated
diphenyl ethers was addressed by using data from the study groups available
from this thesis (Paper V). Apparent half-lives of some PBDEs, with seven to
ten bromines, were calculated.

A major part of the present work, is development and improvement of the
analytical methods regarding analysis of BFRs. Considerable efforts were spent
on the problems concerning background contamination of samples. This is a
very difficult problem since so many of the BFRs are present almost
everywhere, also in common laboratories. The results show however that good
laboratory praxis and the use of a clean room are giving low contamination and
may be stated as necessary for analysis of residues of BFRs, especially for
analysis of BDE-47 and BDE-209.

To the author's knowledge, this thesis presents the highest human serum levels
of BDE-209, nonaBDEs and octaBDEs hitherto reported in literature (Paper IV).
Serum concentrations of BDE-209 almost as high as 300 pmol/g l.w. were found
in exposed rubber workers. This is remarkable considering that industry and
parts of the scientific society, just a few decades ago, claimed that this chemical
is not bioavailable. The results presented within this thesis certainly stress the
bioavilability of BDE-209. Further, the exposure to the technical DecaBDE does
not only result in high serum concentrations of BDE-209, but also elevated
levels of octa- and nonaBDEs. The results indicate that octaBDEs and
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nonaBDEs are metabolically formed from BDE-209, but the results are not yet
conclusive.

Papers I-V in this thesis stress that occupational exposure occur when workers
are handling flame retarded materials; computers, discarded electronics, cables
or rubber. Workers producing flame retarded rubber cables, had almost as high
serum levels of BDE-209 as rubber mixers directly handling DecaBDE. The
procedure of spraying rubber mantle onto cables and winding them on drums
were obviously enough to generate such high exposures. Results also show that
there was a positive correlation between the cumulated work hours with
computers and the levels of some PBDEs in computer technicians (Paper III).
This can be explained by bioaccumulation of these persistent chemicals in
humans.

Measurements of BFRs in air at the investigated occupational settings confirms
that they are present in indoor air at concentrations which suggests that
personnel are exposed via inhalation, and that BFRs, to a large extent are bound
to particles, e.g. dust. Occupational exposure to BFRs may then be assessed by
measuring concentrations of BFRs in air at different work places (Paper I,
Chapters 5.1 and 5.2). Very recently data was presented by Pettersson-Julander
et al. [164] on air concentrations of BFRs in another electronics recycling
facility , similar to the one assessed in Paper I. Their new data for electronics
dismantling (n = 12) reports air concentrations of 9.2, 30 and 22 ng/m3 for BDE-
183, BDE-209 and BTBPE, respectively [164]. These levels are in the same
range as those presented in Paper I. In this work, there has been no attempt to
correlate BFR levels in air and in serum. Air measurements of BFRs in this
work were mainly performed in addition to serum sampling and serum analysis,
to assess the exposure situation in different work environments. In order to
calculate any potential correlation between air exposure and human serum
levels, further research and more sampling are needed. The sample sets
presented in this thesis are too small and the variation in BFR levels over time is
to large to make any correlation studies scientifically motivated. An attempt to
establish a relationship between air concentrations of BFRs in an occupational
setting and levels of PBDEs in workers blood was recently published [61]. Air
and plasma concentrations, at the facility and in the workers, were monitored
over a longer period of time, but no conclusive results of elevated plasma levels
due to inhalation exposure were reported, neither for BDE-47, BDE-183 nor
BDE-209 [61].
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Figure 6.1.1. Chromatograms from a referent, an electronics dismantler and a
rubber worker as determined by GC/MS (ECNI) SIM m/z: 79 and 81. The amount
of the surrogate standard (SS) is approximately the same in all three samples.
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Paper II shows that occupational exposure to BFRs can be reduced by
conventional proper industrial hygiene measures (Paper II). This is yet evidence
that the occupational exposure to BFRs came from inhalation of contaminated
air, with BFRs adsorbed to particles. Certainly food plays an important role in
the exposures to BFRs to people, but this thesis shows that it is not the only
exposure pathway.

There is a profound lack of data on the elimination rate of BFRs, such as
PBDEs, in humans, and only few in vivo animal experiments have been
performed [165,166]. In Paper V an attempt was made to estimate the apparent
half-lives of PBDEs in humans, using serum sampling during the summer
vacation in occupationally exposed workers. The estimated half-lives in human
serum were surprisingly short for PBDEs with nine or ten bromines. BDE-209
had an estimated apparent half-life in serum of only 15 days, whereas nona- and
octaBDEs have somewhat longer apparent half-life (nonaBDEs; 18-28 days and
octaBDEs; 37-91 days). BDE-183, which is a heptaBDE, was the lowest
brominated congener possible to suggest a half-life for (T½=94 days). These
findings are supported by independent results presented in Paper V and by in
vivo animal experiments [165] as well as experimental data from grey seals
[166]. 

In all serum samples analysed in this work, including referent samples, BFRs
such as PBDEs were quantified. Though the levels in referents were
considerably lower than levels in occupationally exposed workers, it is a fact
that all humans are exposed to BFRs. The higher serum levels of BFRs in
occupationally exposed workers, in contrast to referents are visualised in Figure
6.1.1. In the chromatogram octa-, nona- and decaBDE is clearly present in all
serum samples, even the referent abattoir worker. A notable result is that BDE-
209 is present in similar concentrations as BDE-47 and BDE-153 in the abattoir
workers (Paper IV).
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7 FUTURE PERSPECTIVES

BFRs, particularly the PBDEs, are present as contaminants in our environment
and we are constantly exposed to these chemicals. Much is known about their
concentrations in humans, while less is known about the routes of exposure to
populations in general. More research is required for correlating air
concentrations of BFRs to human levels and to determine how important our
indoor air environment actually is in relation to our intake of accumulative
BFRs.

Figure 7.1.1. Serum samples analyzed for phenolic brominated compounds.
Chromatograms as determined by GC/MS (ECNI) SIM (m/z: 79 and 81). A
referent, a worker producing DecaBDE flame retarded rubber compound and a
worker manufacturing rubber coated cable. Clear differences are present between
referent and exposed workers, of unknown substances. The amount of the
surrogate standard (SS) is approximately the same in all three samples.
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This thesis together with the large and rapid increasing scientific literature
shows that humans are exposed to BFRs in our daily life, and though BFRs,
such as PBDEs, are considered to be persistent chemicals in our environment, it
has also been shown that the apparent half-lives of some of them are
considerably short. It is reasonable to raise the question of what BDE-209 is
being transformed to, in humans. Data on BDE-209 metabolism in the rat has
been presented previously [165]. Except for the indicated reductive
debromination of BDE-209 (Paper IV) it is likely that phenolic metabolites are
being formed. Such BDE-209 metabolites may be analysed in exposed humans
after proper work up, partitioning with base, as described by Hovander et al.
[119]). When comparing chromatograms from a referent abattoir worker with
rubber workers exposed to DecaBDE, some very obvious differences are shown
(Figure 7.1.1). Peaks with long retention times are considerably higher in the
serum from the exposed subjects than in the referent. These pattern differences
were present in all investigated exposed rubber workers and unexposed
referents. Due to the lack of standards it is not possible to identify these
substances but due to their partitioning behaviour it can be noted that they are
weakly acidic, likely corresponding to phenolic metabolites. Intensive work in
synthesising potential PBDE metabolites has been ongoing for some time [150],
but none of the available reference standards have a number of bromines to fit
with what is most likely BDE-209 metabolites. Further synthesis of relevant
authentic referent compounds and the use of other techniques, as HRMS, are
needed to further investigate the metabolites of BDE-209. Generally, more
research is needed on the metabolites of different BFRs.
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8 APPENDIX
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ANALYSIS OF BFRs IN HUMAN SERUM (step 1)
Extraction

Human serum (5 g)
in a test tube.

Rock gently, ~80 times.
Centrifuge (5 min).

Transfer the organic phase
to a new test tube.

Add:
Surrogate standards (SS)

HClA (6 M) (1 ml), 
isopropanolB (6 ml),

Hx:MTBEB (1:1) (6 ml).
Vortex in-between.

Organic phase Aqueous phase

Reextract:
centrifuge and transfer

as above

Aqueous phase

To waste
(save)

Organic phase

Rock gently, ~80 times.
Centrifuge (5 min).

Transfer organic phase to
pre-weighted test tube.

Add:
KCl (1 %) (4 ml)
solved in H2OA

Organic phase Aqueous phase

Reextract by rocking,
centrifuge and transfer

as above

Aqueous phase

To waste
(save)

Organic phase

Add:
Hx:MTBEB (1:1) (3 ml )

Reduce solvent and
determine lipid content

gravimetrically

Add:
Hx:MTBEB (1:1) (3 ml )

A HCL (6 M) and KCl (1%): ~5 ml
DCM in bottle

B Pre-distilled

Appendix A
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ANALYSIS OF BFRs IN HUMAN SERUM (step 2)
Separation of neutral and phenolic compounds and lipid removal

Extracted lipid solved in 
Hx (4 ml), in test tube.

Rock gently, ~30 times.
Centrifuge (5 min).

Transfer the organic phase
to a new test tube.

Add:
KOH (0.5 M):

EtOH (1:1) (2 ml)

Add:
Hx (3 ml) 

Organic phase Aqueous phase

Reextract:
centrifuge and transfer

as above

Aqueous phase to step 3Organic phase

Reduce solvent to ~0.3 ml and transfer to a pre-washed (Hx:DCM (1:1)
(8 ml)) Pasteur pipette column packed with SiO2:H2SO4

A (2:1 w/w)
(0.9 g) on top and SiO2

B (6 % KOH w/w) (0.1 g) in bottom.
 Elute column with Hx:DCM (1:1) (8 ml) to new test tube.

Reduce rest of sample solvent to ~0.3 ml
and transfer to a pre-washed (8 ml Hx)

Pasteur pipette column packed with
SiO2

C (0.7 g). Elute with Hx (3 ml), DCM
(8 ml) to new test tubes.

Hx (3 ml)
in test tube

Reduce solvent to ~1 ml. Transfer ~ 10 µl to a GC-vial.

Analysis of CB-153 by GC/ECDAnalysis of BFR by GC/MS

To waste
(save)

Change solvent
to Hx by adding 
and evaporating Add:

volumetric
standard (VS)

 vortexRun sample
on GC-ECDD

Add:
volumetric

standard (VS)
 vortex

DCM (8 ml) in a test tube.
Reduce solvent to ~0,3 ml and

transfer to MS-vial.

Run sample
on GC-MSE

A SiO2 was heated over night (300 ºC) and
mixed with H2SO4 (conc.) over night

B SiO2 was heated over night (300 ºC) and
mixed with KOH (dissolved in MeOH)
over night, then heated again over
night.

C SiO2 was heated over night (300 ºC)
D Split less DB-5, 30 m.
E On-column, DB-5HT, 15 m.

Appendix A  cont.
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ANALYSIS OF BFRs IN HUMAN SERUM (step 3)
Lipid removal and isolation of phenolic compounds

Aqueous phase from step 2 dissolved in
KOH (0.5 M) H2O:EtOH (1:1) (2 ml).

Add:
HClA (6 M) to pH<5

Hx:MTBEB (1:1) (4 ml) 
Rock gently, ~80 times.

Centrifuge for 5 min.
Transfer the organic phase

to a new test tube.

Organic phase Aqueous phase

Reextract:
centrifuge and transfer

as above.

Aqueous phase

To waste
(save)

Add:
Hx:MTBEB (1:1) (3 ml) 

Organic phase
Reduce solvent to 1 ml

Add:
diazomethane (0.3 ml) 

Let phenols react for 3 hours at + 8 OC
in darkness and then reduce solvent
to remove excess of diazomethane

and MTBE

Add:
DCM (0.3 ml) 

Transfer sample to a pre-washed
(8 ml DCM ) Pasteur pipette column

packed with SiO2:H2SO4
A (2:1 w/w) (0.3 g) 

on top and SiO2
B (6 % KOH w/w) (0.1 g) 

in bottom. Elute with DCM (8 ml) 
to new test tube.

Add:
volumetric

standard (VS)
 vortex

Run sample
on GC-MSC

A SiO2 was heated over night (300 ºC) and mixed with
H2SO4 (conc.) over night. HCL (6 M): ~5 ml DCM in
bottle

B SiO2 was heated over night (300 ºC) and mixed with
KOH (dissolved in MeOH) over night then heated
again over night.

C On-column, DB-5HT, 15 m

Appendix A  cont.
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kollegor på miljökemi (en och annan utsocknes på andra institutioner kan också med
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