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Department of Environmental Chemistry, Stockholm University,
SE-10691 Stockholm, Sweden

INTRODUCTION

In 1973, only seven years after the discovery of poly-
chlorinated biphenyls (PCBs) as an environmental contami-
nant, and five years after the PCB intoxication in Japan, the
Yusho tragedy, polybrominated biphenyls (PBBs) were ac-
cidentally distributed to farm animals in Michigan'. This inci-
dent instantly lead to some in-depth studies of this class of
brominated flame retardants (BFRs). A few foresighted sci-
entists tried to enlighten the world about the polybrominat-
ed diphenyl ethers {(PBDEsy* and pentabromotoluene
(PBT)5 as potential environmental issues of concern during
the 1970’s, but with poor success. The health hazard of
tris(2,3-dibromopropyliphosphate (known as Tris and as
TBPP) was identified®” and the compound was phased out.
Actually these authors brought forward most of the bromi-
nated flame retardants (BFRs) that we still discuss. In the
early 1980's came an article reporting on high concentra-
tions of PBDEs in pike from a textile manufacturing area in
the southwestern part of Sweden that sparked the issue of
PBDEs, at least in Sweden®.

During the next decade, the 1980’s, when dioxin was
the main environmental contaminant of concern, a few arti-
cles from Japan and Sweden put the PBDEs on the agen-
da. A picture of the BFRs started to emerge, and in 1989
the First International Workshop on Brominated Flame
Retardants was held in Skokloster, Sweden®. This was an
important meeting since data were shared showing the po-
tential impact and volume of environmental problems that
BFRs could cause. The time trend of PBDEs in human milk,
as presented at the Dioxin ‘98 symposium in Stockholm,

came to be an important
contribution
showing this class of per-
sistent organic pollutants
{POPs) being redoubled
every fifth year in Swedish
women'™®, Another impor-
tant discovery was that
PBDEs cause develop-
mental
mice' . Over the last five
years a huge number of

scientific

KEM

neurotoxicity in

scientific articles have

been published dealing with PBDEs in particular but also of
several other BFRs. In 2004 two types of PBDEs were
banned for future use within EU20 and the production was
ceased in the U.S. of PentaBDE and OctaBDE. But this did
not happen until PBDE concentrations in the most exposed
humans were well above the levels of individual PCB and
DDT compounds. The concentrations of several persistent
PBRs have been allowed to increase in the environment
without proper action being taken by countries around the
world.

THE 1970’s

The literature on BFRs can hardly be dated back to
years before the 1970’s. Still there were a few publications
describing synthesis and characteristics of brominated
compounds, later to be applied as BFRs. Much more inter-
esting are the articles published during the 1970’s that can
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only be characterised as fore-
sighted. Those articles were BDE-183
authored by e.g. Bruce Ames?®,
DeCarlo®, Otto
Hutzinger? and Ake Norstrom?,
excluding what was done on
the PBBs since that literature
was driven by the Michigan in-
cident. The initial publications
were dealing with properties of

Vincent

matograph as the PBBs. The
commercial brand name of the
PBB was Firemaster BP-6.
Symptoms observed among
farm animals were loss of
weight, decreased milk pro-
duction, excessive salivation,
diarrhea and lowered heart
rates among many other
symptoms®. The intoxication

and contamination of farm an-

flame retardants and less fo-
cussing on the actual chemicals. Blum and Ames published
a Science article in 1977 which they end by the sentence
“While waiting for the effects of the large scale human ex-
posure to halogenated carcinogens - polychlorinated
biphenyls (PCBs), vinyl chloride, Strobane-toxaphene,
aldrin-dieldrin, DDT, trichloroethylene, dibrormochioro-
propane, chloroform, ethylene dibromide, kepone-mirex,
heptachlor-chlordane, pentachloronitrobenzene; and so
forth — we might think about the avoidance of a similar situ-
ation with flame retardants™. This is one of the articles
pointing out the hazards with the BFRs at a very early stage.
Others were those dealing with characterisation of major
products in PBBs##’, PBDEs***® and identification of PBT in
sewage sludgeb. In the second half of this decade photo-
chemical methodology proved useful for synthesis of poly-
chlorinated dibenzofurans (PCDFs)*°, and simultaneously
photodegradation of PBBs and of polychlorinated diphenyl
ethers (PCDEs) were studied®**'. The PBB congeners were
shown to debrominate to lower PBB congeners and
PCDEs to lower chlorinated congeners, as well. The PCDEs
formed PCDFs as minor products. Interestingly others did
not reflect over similar uncontrolled reaction of e.g. the
PBDEs. Even though hexachlorobenzene (HCB) and hexa-
bromobenzene (HBB) were discussed as environmental
contaminants, the latter was not in focus as a BFR.

The world became alerted to the risks of BFRs in 1973
when symptoms of intoxication were reported in farm ani-
mals in Michigan®?, The cause of the poisoning was not re-
solved until the spring, 1974. After some major detective
work — and with the aid of a little serendipity — scientists
were able to identify PBBs as the cause of the intoxication’.
The problem was that the analytical chemists were not yet
used to any chemicals eluting as slowly from a gas chro-

imals made it necessary to slaughter aimost 10.000 cattle,
2000 pigs, 400 sheep and 2 million chickens. The reason
behind the intoxication was an accidental mix up of magne-
sium oxide and PBB at a plant handling both products due
to a paper bag shortage at the plant. This led to the distri-
bution of up to 500 kg of PBBs to farmers in Michigan that
had ordered the magnesium oxide product. The time lag
between distribution of the PBBs to the farmers and the
observation of symptoms of intoxication was long enough
to cause PBB contamination of a large number of dairy
products. This led to a significant exposure of people, par-
ticularly of humans living in the state of Michigan, but also
others. An early work by Wolff and coworkers® reports ppm
concentrations of PBBs in workers (median serum levels
were 15 ppm on lipid weight basis) at the PBB manufactur-
ing plant.

Technical PBBs were investigated in the 1970’s and
shown to be much simpler mixtures than the corresponding
chlorinated products, the PCBs. The major constituent in
PBB products was identified as 2,2',4,4',5,5’-hexabromo-
biphenyl (BB-153). The compound was responsible for
54-68% of the total BB congener content. BB-153 is still
found in biota, and not only from Michigan. The contami-
nant is frequently detected in European biota as well. It is
not clear how the general use of PBBs and decaBB may
have influenced the occurrence and distribution of BB-153
in the environment and in humans.

The PBB tragedy in Michigan lead to the cessation of
their production and consequently the exposure of popula-
tion in general has been limited. Still, the major hexaBB
congener is frequently determined in both environmental
and human samples today. DecaBB was produced for



many years afterward and the manufacturing of this BFR in
France was not stopped until 2001. The PBB incident also
initiated research on these chemicals and a slow but con-
tinuous production of articles and reviews have been pre-
sented ever since the accident occurred. Far less has been
done in regard of the decaBB.

The other well known BFR from the 1970' is the
tris(2,3-dibromopropyl) phosphate, the TBPP. The applica-
tion of TBPP to impregnated cloths like children's pyjamas
made the headlines and lead to the removal of this BFR
from the market for this type of application quite rapidly
(Blum-ref). Even known for so long there seem to be major
data gaps also in the knowledge of TBPP as expressed in
the review of the compound as done by IPCS*. The muta-
genic and carcinogenic characteristics of TBPP were driv-
ers for its elimination from at least part of the market®7®.
However, the toxicological effects are not only limited to
those just mentioned as evident from more recent re-
views®%, On the other hand the distribution of TBPP in the
environment and its exposure to humans and wildlife are
not yet well understood. TBPP is metabolised to at least six
products, bis(dibromopropyl) phosphate being the major
metabolite®*,

1980 TO 1995

The first phase of BFR concern, the 1970’s, was main-
ly directed to accidental and obvious exposure to a couple
of BFRs. However the basis for future development of BFR
research was indeed made over this period. The second
phase of BFR research starts around 1980 and includes the
next fifteen years, approximately. PBB articles continue to
emerge but the difference is that the PBDEs are slowly be-
coming an issue of environmental concern. In the first half
of the 1990's an easily accessible document dealing with
BFRs in general was published by IPCS* as well as more
specific IPCS reviews on PBDEs and tetrabromobisphenol
A (TBBPA)®*', Several governmental reports and assess-
ments emerged as well, and media became alerted to
PBDEs in electronics. In 1989 the Swedish Chemicals
Inspectorate organised the first international workshop on
brominated flame retardants®. These actions were all initiat-
ed by the slowly developing reports of PBDEs and PBBs in
the environment, i.e. their occurrence in sediments and

wildlife. Very few reports emerged on PBDEs, or any other
BFRs, and humans.

Even though the PBDEs were discussed to some ex-
tent earlier, the detection of PBDEs in pike downstream
from some textile manufacturing plants in southwestern
Sweden had specific impact?®. This BFR made it to the en-
vironment and fish were contaminated; the levels were in
the ppm range, on a lipid weight basis. A less well known
report also came from Wolf and Rimkus that identified
PBDEs in the German environment®, Stafford possibly
found PBDEs in US and Canadian avian tissue in 1983%,
while PBDEs were reported with certainty in Japanese fish,
shelifish and sediments from both fresh and marine waters
in 1987*. In Europe, a report appeared simultaneously pre-
senting data on PBB and PBDE contamination in seals,
guillemot and white-tailed sea eagle from the Baltic Sea, in
marine waters west of Sweden and in ringed seal from
Spitzbergen®. A couple of years later additional data were
presented on PBDEs in the livers of cod sampled in the
North Sea®. The number of articles on PBDEs in biota in-
creased in the first part of the 1990’s; with e.g. the follow-
ing European papers*. The first confirmed PBDE identifi-
cations of PBDEs reported from North American wildlife, on
dolphins and carp, came in the early 1990's""*2, In 1991
Stanley et al report PBDESs in human adipose tissue but no
concentrations were determined due to the lack of stan-
dards®. This is still not the first time decaBDE is mentioned
as a contaminant in humans since it was mentioned as
early as in 1979,

Thermal degradation of PBDEs was performed, by sev-
eral scientists, in a series of studies during the latter part of
the 1980's*%". Some of the studies were performed in the
presence of polymeric materials and the common BFR ad-
ditive antimony(lll) oxide. The studies showed that both
polybrominated dibenzo-p-dioxins (PBDDs) and PBDFs
were formed. These results were confirmed in large-scale
combustion experiments conducted in the early 2000's%%,
In the latter case the studies included incineration experi-
ments with TBBPA and hexabromocyclododecane (HBCDD),
which was also shown to contribute to the formation of
PBDFs. Abiotic formation of PBDFs was first reported to
occur through photodegradation®™. Several additional stud-
ies have been performed thereafter as presented below.



The toxicologically oriented research on BFRs was
mainly concentrated on PBBs and this literature has been
reviewed'® and more recently by IPCS66 and ATSDR
{http.//www.atsdr.cdc.gov). Very little was done on any of
the other BFRs. A study on uptake, distribution and elimi-
nation of decaBDe was performed by El Dareer et al¥, lead-
ing the authors to the conclusion that the compound was
so rapidly excreted that it may be a useful BFR. A NTP
study was performed reporting on some evidence of car-
cinogenicity of decaBDE®™ but this result has been largely
overlooked since the dose of exposure was high, omitting
the fact that only a very minor proportion of the dose was
taken up. An example of another toxicologically oriented
study was the aryl hydrocarbon hydroxylase induction re-
sponse to thermally degraded PBDEs®. An early ecotoxico-
logically relevant study was performed dosing three-spined
stickleback with organohalogens, including PBDEs™"', The
PBDEs caused a decrease in successful spawns.

The availability of pure reference standards and test
PBDE compounds was a limiting factor at the time. From
early 1990’s a program was initiated for synthesis of PBDE
congeners. The resuits from this work have been published
in a series of articles over the last ten years™™.

The BFR issue was somewhat extended by the intro-
duction of a few articles on TBBPA. The occurrence of this
compound and its methylated counterpart were reported in
sediment and mussels in Japan™. Later on TBBPA and
TBBPA methyl ether were reported in Swedish sediment
and sewage sludge”. The presence of TBBPA in the envi-
ronment was related to its use in printed circuit boards. A
few additional articles were published on HBB as a flame
retardant™ and relating to its metabolism™?®'. Interestingly
HBB is still in use as a BFR, at least in Japan according to
production figures®.

The Swedish interest for BFRs was sparked by the first
international workshop on brominated flame retardants held
in 1989°. The highlights from this workshop included chem-
istry, production and use of BFRs, their occurrence and
(ecojtoxicity. The workshop attempted to approach the
complexity and several BFRs not previously really dis-
cussed were presented at the meeting. A review on PBBs
and PBDEs was published in 1995%,

THE LAST TEN YEARS, 1995-2005

The interest in BFRs, mirrored e.g. by the number of ar-
ticles in the scientific literature, abstracts to the Dioxin
Symposium series and the special workshops, held in
Stockholm 2001 and in Toronto 2004, follows an exponen-
tial curve. Risk assessment work has been in progress for
PBDEs, TBBPA and also HBCDD. This has led to a ban of
PentaBDE and OctaBDE within EU and a voluntary change
in the production in the U.S.** while none of the others
have yet been brought to a final decision. Over these ten
years almost all aspects of abiotic sources, transformations,
transportation, wildlife and human exposure, ecotoxicolog-
ical and toxicological testing have been addressed for the
PBDEs. Also HBCDD has entered the arena of interest, at
least if we look into the last five years. However, (ecojtoxi-
cological testing of HBCDD is still limited. Bis(2,4,6-
tribomophenoxy)ethane (BTBPE) and decabromodiphenyl
ethane (DBDPEt) have also been found in indoor and out-
door environments®®’,

I like to highlight a few of the results from the science
performed over the last ten years, science that has had par-
ticular impact on the field of BFR research and on society.
There are still a large number of interesting articles that un-
fortunately will not be referred to. Unquestionably, the BFRs
have become an environmental and health issue for individ-
ual countries, as well as the EU, OECD and UNEP. The
media attention is more obvious than ever. For those inter-
ested to learn more about the state of the science of BFRs,
as reviewed at different time points over the last five years,
are suggested to consult the articles indicated here®*.
OECD is at present finalising a document on PBDEs. To get
a view of BFRs not really yet discussed as environmental
contaminants may look into a summary presented at the
third international workshop on brominated flame retar-
dants in Toronto, 2004,

Geographical distribution and abiotic degradation:
PBDEs, including decaBDE, have been reported to occur in
gradient concentrations from urban to rural areas®. They
are transported long distances and present in the Arctic
region as determined in lake sediments®, in air®®'*'® gnd in
biota at high trophic levels'*'*. Different wildlife concentra-
tions of BFRs in different Arctic regions have just been



discussed'. The PBDEs are reported in wildliife from all
over the world and are accordingly recognised as POPs.
Environmental contamination of PBDEs have been re-
viewed by several authors®'®'® Now that a number of
photodegradation studies have confirmed the UV degrada-
tion results of decaBDE in 1987% it is clear to all that the
highest brominated dipheny! ethers are indeed undergoing
debromination and also forming PBDFs""*""?, Reductive de-
bromination of decaBDE has been shown to occur as
well"e e,

Human levels and trends: There are geographical
distribution differences in the concentrations of PBDEs in
humans, with the highest concentrations reported so far in
the US and Canada'®'"*""" but a very recent study also

Uptake, distribution and metabolism: Even a mole-
cule with as high a molecular mass as decaBDE is bioavail-
able and accumulating in the body. So far there are no indi-
cations of tissue specificity of the PBDEs. They are retained
in adipose tissue, human milk and in e.g. blood lipids. The
PBDEs are metabolised as reviewed by Hakk and Letcher®.
More recently it was shown that decaBDE seems to gener-
ate lower brominated diphenyl ethers in humans exposed
to the compound'®. The OH-PBDEs, formed from PBDE
congeners, are retained in the blood compartment of ex-
perimental animals'.

Developmental neurotoxicity: A series of studies
have revealed similar developmental neurotoxicity of the
PBDEs as of PCB congeners''®. This is a most important
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result as it is shown as an ef-
fect in vivo and at doses low
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humans if we prove to be sim-
ilarty sensitive to the exposure.
Only exposure at a certain
window is leading to the ob-
served effects. As the PBDEs
are persistent they will be con-
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tinuously present in most hu-
mans.

of about one fourth the US
median levels were reported in women and children from
the Faroe Islands'®®. Australians seem to have intermediate
levels of PBDEs, somewhere between European and North
American concentrations. A most important result on
PBDE concentrations was presented at the “Dioxin sympo-
sium” in Stockholm, 1998, when a redoubling of the PBDE
levels were shown to happen every fifth year'®, a result in di-
rect contrast to the development of DDT and PCB concen-
trations. This became to be one of the most important stud-
ies in the PBDE research since this was something that
made risk assessors concerned. Time trend studies from
the U.S. and from the Faroe Islands are still indicating in-
creasing trends while levels in Sweden (Stockholm area)
seem to be decreasing'®. Most recently there seem to be a
PBDE congener pattern shift, at least in certain populations.
The BDE-153 is becoming a more important congener'?2,
a fact that can not yet be explained.

HBCDD: Research on HBCDD, analysis, environmen-
tal concentrations and effects has taken off very recently.
Analytical methodological issues have been much in focus
since this BFR forms, in practise, three isomers (_-, _- and
_-HBCDD) among which there are several optically active
forms™, Some environmental data have been reviewed by
Remberger et al96 and other recent data are also avail-
able™*, HBCDD concentrations in humans have been re-
ported from a Dutch population and in Mexican women',
Wildlife levels of HBCDD are still scarce and so is {eco)toxi-
cological data.

PERSONAL REMARKS ON THE HISTORY OF BFRs
The present brief review of the BFR history shows that

we have for long been aware of the problems of both per-
sistent and semi-persistent BFRs. We had a chance to



show that humans are intelligent and capable of handling
environmental problems in the late 1970's, but we failed to
recognize the grave seriousness of the risk that brominated
flame retardants pose to the environment and health.
Instead scientists, in increasing numbers, have for a quarter
of a century, added data to establish a very good database
for the PBDEs but less on other BFRs even though lots of
data are available, particularly on PBBs. It must be stressed
that we really cannot discuss the overall BFR situation be-
cause research has really only dealt with PBBs and PBDEs;
to some extent also with TBBPA, HBCDD, HBB and TBPP.
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