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ABSTRACT
BFRs such as hexabromocyclododecane (HBCDD) and polybrominated diphenyl
ethers (PBDEs) were used as flame retardants (FRs) in soft furnishings, building
insulation foams, electronic and electrical goods. Perfluoroalkyl substances (PFASs)
have been used as a water and stain repellent in apparel and textiles such as carpets
and in firefighting foams. PBDEs, HBCDDs and some PFASs are listed as POPs under
the Stockholm Convention leading to increased demand for replacement FRs such as
decabromodiphenyl ethane (DBDPE). To fully characterise human exposure to these
contaminants, an Irish human bio-monitoring (HBM) study, coupled with
environmental surveys of indoor air, dust and drinking water in Irish
microenvironments, has been completed.
Indoor air and dust samples collected from Irish homes, cars, offices and schools were
collected and analysed for PBDEs, DBDPE, HBCDD and PFASs (n=30 per
microenvironment category). Drinking water samples collected from homes, offices
(n=85) and retail outlets (n=31) were analysed for PFASs. The same contaminants
were measured in 16 pooled samples of human milk collected from 92 Irish primiparas
attending two Irish hospitals.
DBDPE concentrations in indoor air and dust exceed concentrations reported in
previous international studies. Non-dietary sources for PBDEs, HBCDDs and PFASs
are within current EFSA or USEPA comparison guidelines, where available. Modelled
adult exposures for PFOA exceeded provisional EFSA TWI in high exposure
scenarios.
Human bioburdens of congeners associated with the use of HBCDDs and Penta- and
Octa-BDEs are significantly lower (p<0.05) than those reported in the last Irish HBM
study, suggesting that legislative restrictions for these chemicals have had a positive
impact on human exposure; however concentrations of a replacement FR (DBDPE)
are now present at a higher detection frequency, consistent with results from the
environmental surveys. Further studies on the health implications of DBDPE
exposure, and studies of dietary and dermal exposure to BFRs and PFASs are now
required.
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GLOSSARY OF TERMS
List of Abbreviations and Acronyms
S.I. (Système International d’Unitès) abbreviations for units and standard notations for
chemical elements, formulae, and chemical abbreviations are used in this work. Other
abbreviations are listed below.
ABS

Acrylonitrile Butadiene Styrene

AFFFs

Aqueous Fire Fighting Foams

BAF

Bioaccumulation Factor

BATs

Best Available Techniques

BCF

Bioconcentration Factor

bfR

German Federal Institute for Risk Assessment

BMD

Benchmark Dose

BMDL

Benchmark Dose Level

BFR

Brominated Flame Retardant

C&D

Construction and Demolition

CoP

Council of Parties

CRM

Certified Reference Material

CRT

Cathode Ray Tube

DBDPE

Decabromodiphenyl Ethane

DCM

Dichloromethane

DDT

Dichlorodiphenyltrichloroethane

Deca-BDE

Decabromodiphenyl Ether

EC

European Commission

ECF

Electro-Chemical Fluorination

EEE

Electrical and Electronic Equipment

EFSA

European Food Safety Authority

ELV

End of Life Vehicle

EPA

Environmental Protection Agency

EPS

Expanded Polystyrene

FSAI

Food Safety Authority of Ireland

GC-MS

Gas Chromatography-Mass Spectrometry
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GEF

Global Environment Facility

GFF

Glass Fibre Filter

GAPS

Global Atmospheric Passive Air Sampling programme

GMP

Global Monitoring Plan

HBCDD

Hexabromocyclododecane

HBLVs

Health based limit values

HBM

Human Biomonitoring

Hepta-BDE Heptabromodiphenyl Ether
Hexa-BDE

Hexabromodiphenyl Ether

HFR

Halogenated Flame Retardant

HIPS

High Impact Polystyrene

INC

International Negotiating Committee

LC-MS/MS

Liquid Chromatography-Tandem Mass Spectrometry

LOD

Limit of Detection

LOQ

Limit of Quantification

ME

Micro Environment

MOE

Margin of Exposure

Monet

MONnitoring NETwork

NBFR

Novel Brominated Flame Retardant

Nona-BDE

Nonabromodiphenyl Ether

Octa-BDE

Octabromodiphenyl Ether

PBDE

Polybrominated Diphenyl Ether

Penta-BDE

Pentabromodiphenyl Ether

PFAS

Perfluoroalkyl Substance

PFOA

Perfluorooctanoic acid

PFOS

Perfluorooctane sulfonate

PFOSF

Perfluorooctanesulfonyl fluoride

PK

Pharmacokinetic

POP

Persistent Organic Pollutant

pTDI

provisional Tolerable Daily Intake

PUF

Polyurethane Foam

RDS

Recovery Determination Standard
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REACH

Registration, Evaluation, Authorisation, and Restriction of Chemicals

RoHS

Restriction of Hazardous Substances

RF

Response Factor

RfD

Reference Dose

RRF

Relative Response Factor

RSD

Relative Standard Deviation

SDA

Small Domestic Appliance

TCDD

Tetrachlorodibenzo-p-dioxin

TDI

Tolerable Daily Intake

TWI

Tolerable Weekly Intake

Tetra-BDE

Tetrabromodiphenyl Ether

UNEP

United Nations Environment Programme

UTC

Unintentional Trace Contaminant

WEEE

Waste Electrical and Electronic Equipment

WHO

World Health Organisation

XPS

Extruded Polystyrene
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List of Terms
The following list describes universally-used terms through this thesis. All such terms
have definitions as follows, unless otherwise stated in-combination with the use of
stated term. (Note: Any text in italics in this section is defined somewhere else in the
Glossary of Terms).
Deca-BDE/deca-BDE – Deca-BDE (capitalised “D”) applies to the commercial
mixture of polybrominated diphenyl ethers which usually consists of the deca-BDE
(lowercase “d”, also known as BDE-209) PBDE congener and additionally small
amounts of the octa-BDE and nona-BDE congeners.
Hazardous BFR – All those BFRs which have concentration regulations for use in
consumer plastics set by EU legislation (although not essentially listed as a persistent
organic pollutant by UNEP), i.e. PBDEs and HBCDD.
HBCDD/Hexabromocyclododecane – Applies to the commercial mixture of
Hexabromocyclododecane containing of the numerous HBCDD stereoisomers.
HBCDD Stereoisomer – Applies to a specific hexabromocyclododecane
stereoisomer appearing in the commercial hexabromocyclododecane mixture.
Octa-BDE/octa-BDE – Octa-BDE (capitalised “O”) applies to the commercial
mixture of polybrominated diphenyl ethers which is generally consistent of heptaBDE, as well as small amounts of the hexa-BDE, and octa-BDE (lowercase “o”) and
nona-BDE congeners.
Penta-BDE/penta-BDE – Penta-BDE (capitalised “P”) applies to the commercial
mixture of polybrominated diphenyl ethers which is generally consistent of the tetraBDE, the penta-BDE (lowercase “p”), and small amounts of the hexa-BDE congeners.
Persistent Organic Pollutant – A chemical compound which presents the properties
of persistence, longevity, bioaccumulation, and environmental & anthropogenic
toxicity, such as to be registered in the UNEP Stockholm Convention, i.e. PBDEs, and
HBCDD.
Polybrominated Diphenyl Ether – Family of chemicals comprised of a diphenyl
ether base with diverse degrees of bromination, the number and orientation of bromine
atoms specifying the congener.
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Stockholm Convention – A United Nations treaty which obliges member nations to
generate appropriate legislation to decrease or eliminate the use and environmental
bearing of specific chemicals, i.e. persistent organic pollutants.
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CHAPTER 1 – THESIS INTRODUCTION

CHAPTER 1 – INTRODUCTION
1.1 The development of industrial chemicals
Over the last century, the chemical industry has experienced a great boom and the
general public has profited greatly from this development. However, the rise in
prevalence of industrial chemicals has come at a cost: some have had a detrimental
effect on the environment and human health, mainly caused by incorrect storage, use
and disposal. This harm was further impacted by the lack of regulation; for example,
use of dichlorodiphenyltrichloroethane (DDT) became popular during World War II
as an effective way to protect soldiers and civilians from malaria, typhus and other
diseases dispersed by insects. After the war, its use was continued for spraying
agricultural crops, especially cotton, until a range of negative side-effects linked to
acute and chronic exposure to the chemical were discovered. DDT was one of the most
famous/infamous industrial chemicals, many others such as Mirex, polychlorinated
biphenyls (PCB), and polychlorinated dibenzo-p-dioxins (PCDD), although very
powerful and effective for their original planned uses, had significant negative impacts
on the environment and in some cases human health (Secretariat of the Stockholm
Convention, 2009).
In 1962 Rachel Carson linked the use of pesticides to negative effects on
environmental ecosystems in her ground-breaking publication “Silent Spring”
(Carson, 1962) but it took a further 10 years until international actions were
implemented to address issues associated with the mismanagement and use of
chemicals. Public awareness rose notably following certain industrial accidents, such
as the Seveso Incident in 1976, when an explosion at a trichlorphenol (TCP) producing
chemical plant resulted in the unintentional release of large quantities of
tetrachlorodibenzo-p-dioxin (TCDD) (Umberto Fortunati, 1985). This accident
contaminated 1,800 hectares of land and injured 220,000 people, many of whom were
consequently scarred for life from the onset of chloracne (Baccarelli et al., 2005).
Consequently, the term “persistent organic pollutant” (POP) was defined, which
represent a group of toxic chemicals that are not easily degraded or metabolised
leading to their bioaccumulation and persistence in the environment for long periods
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of time. Some POPs were produced for industrial-use or generated as by-products of
industrial activities. Their stable nature makes them of particular concern with regards
to long-range transportation via oceanic and air currents as they can travel, chemically
unaltered, to the most remote parts of the world, such as the Arctic. Additionally, their
lipophilic tendencies allow them to bioaccumulate in fat-rich tissue, and they have the
potential to bioaccumulate to toxic concentrations from chronic exposure, even at a
low doses (Ritter et al., 1996; US EPA, 2009; Harrad and Abdallah, 2014; IPEN,
2017).
Greater public awareness into the environmental impacts and health effects following
exposure to chemical pollution now exists, with more and more governments
worldwide implementing legislation to reduce negative environmental impact from the
use of industrial chemicals. The United Nations Environment Programme (UNEP)
introduced a program to protect human health and the environment from chemicals
called the Stockholm Convention in 2001. However, due to the long-term resilience of
POPs and continued market-demand for their use, they will likely remain an issue for
years to come. Legislative and monitoring bodies, such as European Chemicals
Agency (ECHA), the Stockholm Convention and the USEPA, continually require new
scientific knowledge to promote the safe manufacture and use of new and legacy
chemicals.
Unfortunately, once a chemical has been restricted or banned, past experience shows
that industry tends to respond by introducing a new chemical, often structurally very
similar and potentially as harmful as what it is aiming to replace, often referred to in
public health as “regrettable substitutions” (for example some brominated flame
retardants (FRs) use has been increased after the ban of a similar compound; such as
Deca-BDE, as replacement for previously banned FRs Octa-BDEs (Wang et al., 2019).
However, many years later, BDE-209 has now been classified as a POP and later
banned in 2017 (Secretariat of the Stockholm Convention, 2015). This process leads
to the ongoing need to produce reliable scientific evidence about adverse effects, such
as human toxicological and epidemiological data, persistence in the environment and
human body; this is a lengthy process, requiring the development of novel analytical
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technologies to investigate how these adverse effects may impact humans and the
environment.

1.2 Persistent Organic Pollutants- a global issue
Persistent Organic Pollutants (POPs) are harmful chemicals that have the ability to
adversely impact human health and the environment all over the world. POPs have
been measured in the most remote of regions of the globe; often there are no known
local industrial uses in the region (US EPA, 2009).
Volatile POPs have the ability to travel very efficiently to different regions of the
world and can accumulate in comparatively cooler regions, such as the Arctic and
Antarctic (US EPA, 2009; Worldbank, 2009). This movement from the low latitudes
to the poles is often referred to as the ‘Grasshopper Effect’. A rise in temperature in
one part of the globe (near the equator or lower latitudes) can cause POPs to evaporate
and be transported via atmospheric air currents to more remote cooler regions (Figure
1.2.0-1). When the air masses containing the POPs from warmer regions move to
higher latitudes the air mass cools and POPs can then deposit or condense into the
cooler region resulting in the long range transport “grasshopping” of these chemicals.
They remain in these remote environments for long periods, due to the cold
temperatures, where they can be ingested by local wildlife and due to their lipophilic
nature can bioaccumulate and be transmitted up through the food chain.

Figure 1.2.0-1.‘Grasshopper effect’ of global dispersion of POPs (ResearchGate, n.d.).
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1.2.1 The Stockholm Convention
A POPs International Negotiating Committee (INC) was formed by United Nations
Environment Programme (UNEP) in the late 1990’s to address global concerns
regarding persistent organic pollution, but it was not until May of 2001 that the
Stockholm Convention on POPs was formed. The Stockholm Convention came into
force on the 17th of May 2004 and is a global treaty ratified by the international
community which calls for the elimination and/or phasing out of POPs. Initially just
12 chemicals were covered by the convention, colloquially known as the “dirty
dozen”, scientifically recognised as POPs (Table 1.2.1-1) (UNEP, 2008). The initial
twelve chemicals included POPs such as DDT.
Table 1.2.1-1. The 12 initial Persistent Organic Pollutants listed under the Stockholm
Convention in 2004.
Compound

Pesticides

Aldrin
Chlordane
DDT
Endrin
Heptachlor
Mirex
Toxaphene
Hexachlorobenzene (HCB)
Polychlorinated biphenyl
(PCBs)
Chlorinated dioxins
Chlorinated furans
Dieldrin

X
X
X
X
X
X
X
X

Industrial
chemicals

X
X

By-products

Annex

X
X

A
A
B
A
A
A
A
A
A

X
X
X

C
C
A

In May 2009, the Stockholm Convention started to add more chemicals to the Treaty
and new chemicals can be proposed to be listed at every 5-year meeting. Since 2004,
over 20 chemicals have been added to the list (Table 1.2.1-2) (UNEP, 2008, 2010; US
EPA, 2009; United Nations, 2014; UNIDO, 2017). The 12 initial POPs are often

A

Annex A - Intentionally produced chemicals that need to be eliminated;
Annex B - Intentionally produced chemicals with restrictions;
C
Annex C - Unintentionally produced chemicals (UNEP, 2008).
B
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referred to as 1st generation POPs, and POPs listed after the first 12 are often referred
to as 2nd generation POPs.
Table 1.2.1-2.Chemicals added to the Stockholm Convention since 2004.
Compound

Pesticides

⍺ -hexachlorocyclohexane
β-hexachlorocyclohexane
ɣ-hexachlorocyclohexane
(lindane)
Chlordecone
Hexabromodiphenyl
Commercial pentabromodiphenyl
ether (Penta-BDE)
Commercial octabromodiphenyl
ether (Octa-BDE)
Hexachlorobutadiene
Hexabromocyclododecane
Pentachlorophenol
Technical endosulfan
Perfluorooctane sulfonate (PFOS)
Pentachlorobenzene
Polychlorinated naphthalenes

X
X
X

Industrial
chemicals

Byproducts
X
X

X

A
A
A

X
X

A
A
A

X

A

X
X

A
A
A
A
B
AC
AC

X
X
X
XX
XX

XX

Annex

XX
XX

Currently a total of 183 countries have signed the Convention, including Ireland.
Working on the issue of reducing the prevalence of POPs is a global concern and every
country needs to address the issue, especially now when global import and export of
consumer products and food is greater than ever.
Signatories of the treaty are obliged to eliminate and/or reduce the use of persistent
organic pollutants (POPs) in their respective jurisdictions. It is the responsibility of all
parties to the treaty to fulfil the agreements of the Convention, ensuring elimination or
restriction of the production of POPs, prohibition and prevention of the use or import
of POPs, performing research related to impacts on human health, environment, or
economic hazards associated with POPs, and providing financial aid and

A

Annex A - Intentionally produced chemicals that need to be eliminated;
Annex B - Intentionally produced chemicals with restrictions;
C
Annex C - Unintentionally produced chemicals (UNEP, 2008).
B
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encouragement to other parties or groups making changes within the purview of the
Convention.
Manufacture and use of intentionally produced POPs, listed under the Convention,
should be eliminated or restricted by signed parties. Although some substances are
subject to exemptions there are set conditions in place for their use; DDT, for example,
is listed under Annex B but is allowed to be manufactured and used for disease-vector
control in malaria effected countries. A public registry of DDT users and
manufacturers has been established by the treaty to ensure no mistreatment of the
Convention occurs and all use of restricted chemicals is carefully monitored.
Any POPs that have been eliminated (list in Annex A no longer permitted to
manufacture or use) are in most cases also forbidden to be traded on the global market.
These substances are largely only allowed to be exported for disposal purposes.
Exemptions have been made for countries that commit to manufacture or use of certain
POPs for agreed purposes. They are permitted to export these POPs to other
participating parties that have received an exemption/exception by the Convention and
to non-member countries that commit to reduce or avoid environmental releases and
dispose or destroy POPs in an environmentally friendly way.
Certain actions must be taken by Parties of the Convention to minimise the release of
unintentionally manufactured POPs with the primary aim of permanent reduction and,
if possible, complete elimination. Each participating country is expected to establish
national implementation plans to tackle the discharge of POPs, endorse the promotion
of preventative actions, and employ the best available techniques (BATs) for specific
new pollution sources inside 4 years after a new chemical has been added to the list of
POPs. Participating countries also must disseminate BAT and best environmental
practices for more novel and recent sources.
It is each party’s responsibility to create suitable policies for classifying:
•

POPs contaminated land sites;

•

Stockpiles comprised of intentionally produced POPs;
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•

Any items and products in waste or still in use comprised or polluted with
POPs.

Additionally, it is compulsory to take actions in order to control the destruction and/or
disposal of wastes in an environmentally friendly way.

Different monitoring programmes and guidelines to promote and improve the
detection of POPs have been established by UNEP over the last couple of years. Some
examples are:
•

Global Atmospheric Passive Air Sampling programme (GAPS);

•

MONnitoring NETwork (Monet);

•

Global Monitoring Plan (GMP);

•

South East Asian POPs Monitoring Programme;

•

UNEP-coordinated Survey of Human Milk for Persistent Organic Pollutants.

(World Bank and CIDA, 2001; UNEP, 2008, 2010; US EPA, 2009; United Nations,
2014; UNIDO, 2017; UNEP 2017)
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1.2.3 Definition of a Persistent Organic Pollutant under the Stockholm
Convention
For a chemical to be categorised as a POP under the Convention it must show criteria
such as persistence, bioaccumulation, potential for long range transport and adverse
effects. Each chemical is assessed under the following criteria:
i. The half-life of the chemical in soils or sediments needs to be greater than six
months, or in water greater than two months. Otherwise, evidence needs to be
presented of the chemical’s persistence.
ii. (a) In aquatic species the bioaccumulation factor (BAF)A or bioconcentration
factor (BCF)B must exceed 5000, or have a log KOWC above 5 or (b) there must be
proof that the substance portrays other reasons for concern for example high
toxicity or ecotoxicity, or high bioaccumulation in another species. Otherwise (c)
bio-accumulation ability of the substance needs to be signified by monitoring data
in biota.
iii. Confirmation of the following is necessary: (a) the chemical has been detected in
remote locations far from its origin; (b) evidence of long-range transport of the
chemical, with the possibility of transfer to another environmental compartment
(such as air, water or migratory species); or (c) proof of ability of a substance to
undergo long range environmental transport through air, water or migratory
species, with the possibility of being received in remote regions from the original
source can be indicated by model results and/or environmental fate properties.
The half-life of a chemical that has been transferred through the air should be
more than two days.
iv. The following aspects need to exist in order to be considered under the scope of
the Convention: (a) verification of adverse effects to the environment or human
health; or (b) ecotoxicity or toxicity data that suggests the possibility for harm to
A

BAF is the proportion of the contaminant level of a particular organism compared to its
accumulation in the ambient environment, determined at a steady state (Harrad and Abdallah, 2014).
B
BCF is the proportion of the accumulation of a chemical in a biological tissue compared to the
accumulation of the identical chemical in that tissue surrounded by water, in general determined under
laboratory conditions (Harrad and Abdallah, 2014).
C
KOW is the octanol-water partition coefficient.
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the environment or human health.

The POPs of interest to this research are brominated flame retardants (BFRs), in
particular hexabromocyclododecane (HBCDDs) and polybrominated diphenyl ethers
(PBDEs), and per- and poly-fluoroalkyl substances (PFASs). As well as a novel
replacement decabromodiphenyl ethane (DBDPE). The remainder of the literature
review will focus on these chemicals.
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1.3 Brominated Flame Retardants
Brominated Flame retardants (BFRs) have been added to a wide range of consumer
products for decades to, in the event of a fire, prevent the flame spreading, reduce the
burning rate, reduce smoke generation and increase the ignition temperature of
polymers (Morose, 2006).
Bromine is the key ingredient of brominated flame retardants (BFRs) and an estimate
25% of all flame retardants (FR) include bromine (Andersson, Öberg and Örn, 2006).
BFRs can be found as over 80 varying aromatic, aliphatic, cyclo-aliphatic and
polymeric compounds (Alaee et al., 2003). To be used as BFR, an organobromine
compound must not interfere with the polymer’s appearance and physical properties
and be stable during the lifespan of the product (Wilkie and Morgan, 2010). Polymers
are hydrophobic and most of them originate from petroleum material. These
hydrophobic compounds have the predisposition to bioaccumulate in the food chain
(Alaee and Wenning, 2002; Darnerud, 2003). A consequence of a BFR’s ability to
function throughout the whole lifespan of the product is its persistence in the
environment which often extends beyond the life cycle of the product (WHO, 1994,
1997; de Boer et al., 2000; Darnerud, 2003; Watanabe, 2003). Additive, reactive and
polymeric are the subgroups of the BFRs and vary on their form of polymer integration
(Kirk and Othmer, 2007).
Hexabromocyclododecane (HBCDDs), decabromodiphenyl ethane (DBDPE) and
polybrominated diphenyl ethers (PBDEs) are additive BFRs, which are mixed into
polymers but are not chemically attached to the plastic or textiles, often added in
concentrations between 5-30 % by weight (EFSA, 2011).
It is estimated that before 2000, Europe alone dispersed approximately 43 tonnes of
penta-BDE (a PBDE congener) into the ecosystem by volatilisation from polyurethane
foam on an annual basis (ECB, 2001).
With regard to flammability standards, there is no legal requirement for soft
furnishings to be ignition resistant in the European Union. However, Irish and UK
legislation on the flammability of upholstered furniture has historically been more
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stringent that other EU countries, requiring that upholstered covers and filling
materials have to be resilient to different sources of ignition (Alliance for FR free
Furniture in Europe, 2017; Hagen et al., 2017; Fire Safety Advice Centre, 2011; Irish
Statute Book, 2015). The benefits, in the event of a fire, of the presence of these
chemicals in consumer goods, especially for televisions and furniture, are often
misunderstood (Babrauskas et al., 2011). Over the past few years there has been much
debate among scientists and industry as to whether the benefits of including BFRs
actually outweigh the damage to the environment and human health. FRs are added to
consumer products to decrease their flammability, however research in fire safety has
shown that in the event of a fire the addition of FRs significantly increases the toxicity
of the smoke and is often the main cause of death and injury (McKenna et al., 2018).
Results from toxicological studies, coupled with evidence on their environmental
persistence and bioaccumulation potential, has resulted in the listing of some PBDEs
and HBCDD under the UNEP Stockholm Convention on Persistent Organic Pollutants
(POPs) (Secretariat of the Stockholm Convention, 2010) and consequent restrictions
on their manufacture and use. The Octa- and Penta-BDE commercial mixtures (both
comprised of PBDEs) were banned within the EU in 2009, while the use of Deca-BDE
(also comprised of PBDEs) was discontinued in electric and electronic goods in the
EU 2009 (European Union, 2009) and later listed as a POP in 2017 (Secretariat of the
Stockholm Convention, 2015). HBCDD was banned in all commercial goods since
2013, with derogations in Europe for certain building insulation materials until August
2017 (European Comission, 2016). These legislative restrictions on PBDEs and
HBCDD, have created a market demand for replacement flame retardants, such as
decabromodiphenyl ethane (DBDPE). It is considered a 3rd generation POP which has
been marketed since the early 1990s as a replacement for Deca-BDE (Arias, 2001;
Wang et al., 2019). Though there are limited toxicological data on emerging
pollutants, such as DBDPE, it is structurally very similar to BDE-209 and is therefore
expected to exhibit comparable toxic effects to the environment and to humans (Hardy
et al., 2002).
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1.3.1 Polybrominated Diphenyl Ethers (PBDEs)
There are 209 possible PBDE congeners; their basic structure is represented in Figure

ehaviour of 1.3.1-1,
Persistent
Organic
Pollutants
421
and consists
of ten
hydrogen atoms, which are interchangeable with bromine.

Figure 1.3.1-1. PBDE structure (Harrad and Abdallah, 1992).

es of PBDEs.Commercial PBDE mixtures, also called technical PBDEs (Kirk and Othmer, 2007),
have varying degrees of bromination and are produced by brominating diphenyl ether

minated Diphenyl Ethers (PBDEs)

under catalytic conditions (Kirk and Othmer, 2007): Penta-BDE (24-37% tetra-BDEs,

DEs are illustrated
in Figureand
18.3.
Note
that theOcta-BDE
numbering
system
employed
50-60% penta-BDE,
4-8%
hexa-BDE),
(10-12%
hexa-BDE,
44%
0
0
PBDEs is identical to that of PCBs, i.e. 3, 3 , 4, 4 -tetrabromodiphenylether is
hepta-BDE, 31-35% octa-BDE, 10-11% nona-BDE and <1% deca-BDE), and Deca. 77.
BDE (>97% deca-BDE (BDE-209) with the remaining 3% consisting of primarily
nona-BDE (and a very small quantity of octa-BDE) formulations were the three major

mocyclododecanes (HBCDs)

commercial technical PBDE products used as flame retardants (FRs) (WHO (World

CD is a hexabrominated
aliphatic
giving
rise to 16 possible
Health Organisation),
1997).compound
A summary of
the physiochemical
properties isomers.
of Pentatechnical mixture is composed mainly of three diastereomers denoted as alpha
BDE, Octa-BDE, and Deca-BDE formulations are shown in Table 1.3.1-1.
mma (g). Each of these three diastereomers are chiral (see also section 18.3.2.4)
Table 1.3.1-1.
PBDEs and
their physiochemical
properties (Mw= denoted
Molecular Weight,
two closely-related
chemical
forms
known as enantiomers
respectively
Mp=Melting
point,
Dp=
Deposition
point)
(WHO,
1994;
de
Boer
et
al.,
2000).
tructures of these enantiomers of a-, b-, and g-HBCD are illustrated in Figure
Mm
Mp
Water
Solubility Log Kowa
Dp HBCD
(°C)
ollective termAcronym
that coversFormula
all the isomeric
forms
of
is stereoisomers.

EFFECTS

(g/mol)

(°C)

(µg/L; 25°C)

Tetra-BDE

C12H6Br5O

485.8

82.3

-

14.7

5.87-6.16

Penta-BDE

C12H5Br5O

564.7

81.0

>200

4.4

6.64-6.97

nt of the toxicology and ecotoxicology of POPs is beyond the scope of this
801.5
200
8.35-8.90
Octa-BDE
C12H2Br8O
brief summary of the adverse
effects of each compound class is presented.
290>320
20-30
9.97
Penta-BDE
C12Br10O
tion in relation
to the toxic
effects959.2
of compounds
present
at extremely
low
306
e environment, is the difficulty in ascribing health or reproductive abnormaln by a specific
chemical alone, in the presence of other similarly potentially
a
A positive value for log Kow means a higher concentration will be found in the lipid phase than the
en at muchwater
higher
concentrations.
In lipophilic
particular,
one
cannot
discount the
phase, with
higher values being more
compounds
(Bhal,
n.d.).
z
stic and/or antagonistic toxicological effects arising from contamination by a
ants like PCBs and PCDD/Fs, all of which are known to evoke similar bio12
This area, which has important health implications,
is now receiving much
tiny. In addition to these difficulties, there are considerable problems with

CHAPTER 1 – THESIS INTRODUCTION

PBDEs are or were used in the manufacturing of polymer casings for electronics (e.g.
acrylonitrile butadiene styrene – ABS – or high impact polystyrene – HIPS). BDE-209
was the main PBDE congener used in the commercially available flame retardants
Saytex 102E and Bromkal 820DE (96.8% and 91.6% respectively). Deca-BDE
formulations were widely used as a flame retardant in soft furnishings such as
upholstery, mattresses and textiles (Weil and Levchik, 2008) and it is estimated that
they contributed up to 83.3% of the worldwide market for PBDEs in 2001 (La Guardia
et al., 2006). BDE-47 and BDE-99 are the major components of the commercial flame
retardant Bromkal 7-5DE, a European Penta-BDE-based formulation, making up 42.8
% and 44.8 % of the total mixture respectively, and Penta-BDE was used in
polyurethane foams (European Chemicals Bureau, 2003). BDE-183 is the main
component (3.2%) of the Octa-BDE technical mixture found in the commercial flame
retardants Bromkal 79-8DE or DE-79 (La Guardia et al., 2006), used in the treatment
of plastic for electrical equipment (UNEP, 2010; European Comission, 2011).

The use of PBDEs in several consumer products has resulted in measurable human
exposure to several PBDE congeners and the need for human toxicological studies to
develop guidelines on human exposure.
Animal studies have shown PBDEs to be associated with neurodevelopmental and
behavioural outcomes as well as hepatic abnormality, endocrine disruption and
possibly cancer (Birnbaum and Staskal, 2004; Darnerud, 2008; Hakk, 2010; Wikoff
and Birnbaum, 2011). The most common neurodevelopmental effect seen in rodents
is hyperactivity (Branchi et al., 2003; Kuriyama et al., 2004). Exposure to BFRs has
also been linked to the inhibition of enzymes involved in steroid hormone metabolism
(Lai and Cai, 2012). Human epidemiological studies have shown adverse effects on
male reproductive hormones (Palace et al., 2010; Johnson et al., 2013), thyroid
hormone homeostasis (Turyk et al., 2008), cryptorchidism (Main et al., 2007), semen
quality (Akutsu et al., 2008), behavioural factors in pregnant women (Buttke et al.,
2013) and a decreased birth weight and body length on new born babies (Chao et al.,
2007; Lignell et al., 2013). Prenatal and childhood exposures of PBDEs reportedly
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lead to attention deficit disorders, reduced motor coordination and cognition, and
lower scores at mental and physical development tests (Roze et al., 2009; Herbstman
et al., 2010; Eskenazi et al., 2012; Gascon et al., 2012). Studies by Darnerud et al.
(2001) suggested octa-BDE is a teratogen (prenatal developmental toxin).
The oral LD50 for penta-BDE (Saytex 115 and DE-71) is less than 5 g/kg and 6.2 g/kg
and shows a low acute toxicity (Agency for Toxic Substances and Disease Registry,
2015). The estimated half-life of PBDEs in humans range from 1.6-6.5 years
depending on the congener (Geyer et al., 2004), with the half-life increasing with
decreasing PBDE bromination (von Meyerinck et al., 1990; Bakker et al., 2008).
There is a lack of data on the human health effects of PBDEs, hence limited data is
available to set population exposure limits. Some regulatory agencies have set
guidelines in the past but recent population exposure estimates have not been
incorporated into these guidelines. In 2008 the US EPA published recommended
reference dose (RfD) values for the daily oral exposure for humans as 0.1, 0.1, 0.2 and
7.0 µg/kg/day for BDE-47, -99, -153 and -209 respectively (USEPA, 2008). The same
values have been published in the toxicological profile for PBDEs in 2017, however
no new population exposure data have been incorporated (Agency for Toxic
Substances and Disease Registry, 2017). The European Food Safety Authority (EFSA)
have recommended benchmark dose levels (BMDLs) for several PBDEs as they
concluded that there was insufficient evidence to derive health based guidance values.
Adult BMDL10 values have been set at 172, 4.2 and 9.6 ng/kg b.w. for BDE-47, -99
and -153 respectively. For BDE-209 the BMDL10 is slightly higher at 1.7 mg/kg b.w..
EFSA have concluded that the dietary exposure within the EU to BDEs-47, -153 and
-209 is below the relevant BMDL10s, however exposure data for BDE-99 indicates a
potential health concern. EFSA has set a MOE for BDE-99 for toddlers at 1.4 mg/kg
b.w. for average exposure and 0.7 mg/kg b.w. for high exposure Unfortunately,
additional exposures (such as inhalation or dermal exposure) were not included in the
assessments (EFSA, 2011a, 2011b).
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EFSA has indicated that their guidelines for PBDEs will be reviewed by 2022 in their
‘Update of the Scientific Opinion on Polybrominated diphenyl ethers (PBDEs) in
Food’ (EFSA, 2019a).
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1.3.2 Hexabromocyclododecanes (HBCDD)
Addition of bromine to cis-trans-trans-1,5,9-cyclododecatriene results in technical
1,2,5,6,9,10-HBCDD. This is an aliphatic compound with 16 isomers (six pairs of
enantiomers and four mesoforms). Alpha (a), beta (b) and gamma (g) are the main
denoted three diastereomers in the technical HBCDD mixture. The three isomers exist
as two closely linked chemical forms due to their chirality, they are identified as
enantiomers represented as (-) and (+) (Henderson and Heinecke, 2003; Harrad and
Abdallah, 2014). An illustration of the structures of the enantiomers is shown in Figure
1.3.2-1. These enantiomers have the same physiochemical characteristics and abiotic
degradation rates but potentially have varying biotransformation rates and
toxicological and biological properties. These enantiomers can cause the industrially
synthesised racemate enantiomers to be converted into nonracemic mixtures
422

Chapter isomer
18
(Hühnerfuss, 2000; Karel Janák et al., 2005; Marvin et al., 2007). The leading

Figure
1.3.2-1.The
three mostofcommon
HBCDD
diastereomers,
showing structure
Figure 18.4
Structure
and nomenclature
the three most
abundant
HBCD diastereomers.
and nomenclature (Harrad and Abdallah, 1992).

traced. The episode occurred on July 10th, 1976 at the ICMESA chemical plant in Seveso, near
Milan, Italy. The alkaline hydrolysis of 1,2,4,5-tetrachlorobenzene to produce 2,4,5-trichlorophenol
(2,4,5-TCP) – an intermediate in the production of the bactericide, hexachlorophene – went out of
16
control, and the resultant explosion distributed large quantities
of 2,3,7,8-TCDD (formed via the selfcondensation of 2,4,5-TCP) over the surrounding area. Although the exact environmental impact of
the incident has yet to be fully evaluated – whilst widespread animal mortality occurred, the only
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in the commercial mixtures is g-HBCDD 75-89%, whereas a-HBCDD makes up 1013% and b-HBCDD 1-12% (Tomy et al., 2005).
Table 1.3.2-1 presents the physicochemical properties of the three isomers (herein
referred to as HBCDD). In biota the a-isomer predominates, while the g-isomer is
most abundant in sediments and commercial mixtures (Morris et al., 2004; Covaci et
al., 2006).
Table 1.3.2-1.HBCDD and its physiochemical properties (Mw= Molecular Weight,
Mp=Melting point) (Tomy et al., 2005; Nordic Cooperation, 2008; Mariussen et al., 2010).
Acronym

Formula

Mm

Mp (°C)

(g/mol)
a-HBCDD

(µg/L; 25°C)
48.8

4.45

b-HBCDD

170-172

14.7

4.18

g-HBCDD

207-209

2.1

4.40

175-195

6.56

5.63

mixture

641.7

Solubility Log Kowa

179-181

Industrial

C12H18Br6

Water

HBCDD has primarily been used as a flame retardant in expanded and extruded
polystyrene (EPS/XPS), which is used mainly in building insulation foam, and
polyurethane foam was used in some applications in textiles. In 2001, Europe was
responsible for 57% of the yearly worldwide demand of HBCDD (BSEF, 2003).
Use of HBCDDs has led to human exposure and subsequently some adverse health
effects. Oral exposure of HBCDD in rats induced hepatic cytochrome P450 enzymes
and altered the normal uptake of neurotransmitters. In humans it has been found to
trigger cancer through non-mutagenic mechanisms and disruption of the thyroid
hormone system (Law et al., 2005; Covaci et al., 2006; Darnerud, 2008). Neonatal
exposure resulted in developmental neurotoxic effects, like abnormalities in
spontaneous behaviour, learning and memory function (Eriksson et al., 2004; Law et
al., 2005). HBCDD inhibits the glutamine and dopamine uptake mechanism in rat
a

A positive value for log Kow means a higher concentration will be found in the lipid phase than the
water phase, with higher values being more lipophilic compounds (Bhal, n.d.).
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brains and changes the uptake of neurotransmitters (Dingemans et al., 2010). Adverse
effects at a cellular level show a connection between oxidative stress and initiation of
apoptotic cell death (Marvin et al., 2011).
Unlike some other BFRs, EFSA conclude that the acute toxicity of HBCDDs is low
and the MOEs do not raise a health concern. Due to uncertainties and limitations in
the present database only a BMDL10 was set of 0.79 mg/kg bw (EFSA, 2011a, 2011b).
This is in line with other studies where direct and acute toxicity of HBCDD seems to
be low (Law et al., 2005). The USEPA has set a Reference Dose values (RfDs) for
total HBCDD exposure at 200000 ng/kg bw/day (National Research Council (US)),
and is currently reviewing their risk evaluation for HBCDD (US EPA, 2019). EFSA
has, similar to PBDEs, agreed to review their guidelines for HBCDD before 2020 in
their ‘update of the Scientific Opinion on Hexabromocyclododecanes (HBCDDs) in
Food’ (EFSA, 2019b). There is currently insufficient long term data to conduct studies
on chronic exposure.
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1.3.3 Decabromodiphenyl Ethane
In the early 1990s Albermale Corporation (Richmond, USA) introduced DBDPE as a
substitute to the commercial Deca-BDE mixture (Kierkegaard et al. 2004). Though
there is limited toxicological data on this compound, it is structurally very similar to
BDE-209 and is therefore feared to have comparable toxic effects to the environment
and to humans (Hardy et al., 2002) (Figure 1.3.3-1, Table 1.3.3-1).

Figure 1.3.3-1. Chemical structures of deca-BDE and DBDPE (Wang et al., 2012).

Table 1.3.3-1.Physiochemical properties of DBDPE (Mw= Molecular Weight; Mp=Melting
point, Bp= Boiling point) (Government of Canada, 2016).
Formula

Mw

Mp (°C) Bp (°C)

(g/mol)
C14H4Br10

971.23

259.7

600.9

Water Solubility (mg/L;

Log

25°C)

Kowa

7.34 x 10-10 - 2.15 x 10-2

7.86 13.64

DBDPE is manufactured by the direct bromination of diphenylethane (Weil and
Levchik 2009) and has been sold commercially under different trade names such as
SAYTEX 8010 (Albermale Corp., USA) and Firemaster 2100 (Great Lakes Chemical
Corp., USA) since the mid-1980s (de la Torre et al. 2012; Kruse et al. 2000). The
commercial grade usually consists of 96-98.5 % of pure DBDPE and the remainder
contains <2% of nonabromodiphenyl ethane congeners and <1% octabromodiphenyl
ethane congeners (Chaemfa et al., 2010, Environment Agency 2007, Albermarle 2008,
Albermarle 2013).

a

A positive value for log Kow means a higher concentration will be found in the lipid phase than the
water phase, with higher values being more lipophilic compounds (Bhal, n.d.).
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This particular BFR is used with various polymers for plastic and rubber materials,
such as: thermoplastic parts and coating, thermoset coating and parts; electrical and
electronic appliances; cable and wire coatings for several industries; adhesives and
sealants, and for basic organic chemical manufacturing (ECCC, 2013-2014).
Similar to PBDEs and HBCDD, DBDPE is an additive BFR and used in several
polymeric materials, especially in electronic equipment. China produced an estimated
12,000 tons in 2006 and have an estimated increased usage of 85% per year since (Hu
et al., 2008). In Europe, an estimate of a few thousand tonnes of Saytex 8010 was
imported in 2001, primarily for the use in Germany (Arias, 2001).
DBDPE is more expensive to purchase and thus is not as commonly used as deca-BDE
(Eljarrat et al., 2005). It is estimated, especially following the restrictions placed on
Deca-BDE, that DBDPE will become one of the key BFRs used by the thermoplastic
industry (Konstantinov et al., 2006). Additionally, it meets the German Dioxin
Ordinances as it does not produce polybrominated dibenzo-p-dioxins and only a small
amount of 2,3,7,8-tetrabromodibenzo furan and therefore makes it less prone to
produce dioxins and furans under pyrolysis conditions (Pettigrew, 1993).
The environmental behaviours and fate of DBDPE have not been sufficiently
examined but some studies suggest that DBDPE is bioavailable to biota (Hu et al.,
2008, Zhang et al., 2009). It has been suggested that the leaching behaviour of DBDPE
in consumer products is similar to that of BDE-209 (10-15%); it is released to air and
dust by volatilisation or wear and tear of the product (Environmental Agency, 2007).
To date, research suggests that DBDPE is of anthropogenic origin with no natural
source. Even though DBDPE has a low volatility, many studies have detected
concentrations in air and airborne particulates downstream from industrial sources
(Health Canada, 2016; Wei et al., 2012; Ricklund et al., 2010; Venier and Hites, 2008).
The Canadian government published a risk report for DBDPE and evaluated several
toxicological studies whether they should set some guidance values for this compound.
They concluded that acute oral toxicity of DBDPE is considered low. However, there
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were limitations to this assessment due to the lack of human toxicological data (Health
Canada, 2016).
Studies in rats revealed elevated glucose levels and oxidative stress. Bacterial assays
showed no genotoxicity (ToxNet, 2018).
Further animal studies conducted on rats and rabbits indicated no developmental or
maternal toxicity or teratogenicity (Hardy et al., 2010). However, there are limitations
to all these assessments due to the lack of recent and more informative data. No full
toxicological profile for DBDPE exists, which makes the human assessment even
more difficult.
No BMDL10 values have been set for DBDPE, but the USEPA has set an oral reference
dose of 1 mg/kg bw/day, but has little confidence in this value given the lack of human,
animal and toxicity studies on DBDPE. As seen for the other BFRs, there is a lack of
recent data to establish new intake values; the document stating this value is from
1984, and more than outdated at this stage (US EPA, 1998).
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1.4 Per- and polyfluoroalkyl substances
Per- and poly-fluoroalkyl substances are a group of chemicals with distinct
physiochemical properties (PFASs). These are tremendously environmentally
persistent and have surfactant characteristics as a result of a hydrophylic head and their
stable carbon-fluorine bonds of the hydrophobic part of the molecule (US EPA, 2014).
PFASs consist of a carbon backbone with either a carboxylate or a sulfonate attached.
These chemical characteristics make them ideal stain and water repellents. Common
usages are in packaging material, textiles and aqueous film forming foams (AFFFs)
(Buck et al., 2011). AFFFs are considered to be the main source responsible for
widespread environmental dispersal as they are frequently used during oil drilling,
military firefighting practice and to extinguish fires in a domestic or public
environment (Paul et al., 2009). Historically, companies such as 3M and Dupont were
the leading manufacturers of PFASs chemicals for industrial and commercial products
(Lindstrom et al., 2011).
The above contaminants have been detected in humans, wildlife, soils, water and
plants (Giesey and Kannan 2001; Ahrens et al., 2009; Filipovic et al., 2015; Brauning
et al., 2017; Yoo et al., 2011; Glynn et al., 2012; Martin et al., 2004). High water
solubility and widespread environmental distribution are characteristic of the shortchained PFASs, perfluoroalkanesulfonates (PFSAs) (perfluorocarbon chain length of
<C6) and perfluoroalkyl carboxylates (PFCAs) (perfluorocarbon chain length of <C7)
(Buck et al., 2011). Inhalation of small dust particles and ingestion of contaminated
food (especially fish and seafood) can result in exposure to humans (Moriwaki et al.,
2003, Domingo, 2012). Several adverse effects have been established for PFASs such
as increased risk of cancer and disorders linked to immune- and hepatotoxicity (Lau
et al., 2007). Well-studied substances in this category are perfluorooctane sulfonate
(PFOS) and perfluorooctanoic acid (PFOA).

In 2009 the Stockholm Convention added PFOS and its salts to Annex B (restriction
on production and use) due to strong evidence of these chemicals being able to undergo
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long-range environmental transport and bioaccumulation (Secretariat of the
Stockholm Convention, 2008; Chaemfa et al., 2010).
PFOA will be added to Annex A of the Stockholm convention early in 2020 with some
restrictions in place. These include five-year exceptions for firefighting foams, textiles
for oil and water repellence where necessary, some medical devices, and in some
manufacturing processes (ChemicalWatch, 2019; Secretariat of the Stockholm
Convention, 2019).

1.4.1 Perfluorooctanoic Acid (PFOA)
Perfluorooctanoic acid (PFOA) and its salts are fluorinated organic compounds and a
family member of the perfluoroalkyl acids (PFAAs).

Figure 1.4.1-1. Perfluorooctanoic acid (PFOA) (US EPA, 2016).

PFASs, such as PFOA, have been produced since the 1940s (Kissa, 2001). Limited
number of open production volumes for PFOA are available. An estimation of a
worldwide production of 3,600-5,700 tonnes of ammonium perfluorooctanoate (PFO),
the salt of PFOA, has been made by Prevedouros et al. (2006). The main producers
were the USA and Belgium, whereas Japan and Italy had comparably small production
areas and Germany produced the remaining 10-20% of this compound from 1975
onwards. Only a small number of manufacturing sites in Europe and Asia were left in
2002 after the major manufacturer stopped production and exports (OECD, 2004).
Industrial production of PFOA is by the Simons electrochemical fluorination (ECF) or
by telomerization. Carbon fluoride bonds replace the carbon-hydrogen bonds by
passing an electric current through a solution containing hydrogen fluoride and organic
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feedstock. The ECF method forms branched chain isomers, 20% branched and 80%
linear (Loveless et al., 2008), whereas the telomerization procedure creates linear
chains (Beesoon et al., 2011). The processing aid, ammonium perfluorooctanoate
(APFO), is the salt of PFOA and needed during the emulsion polymerisation of
tetrafluoroethylene and is not used up during this polymerisation step (US EPA, 2016).
The chemical structure of PFOA is presented in Figure 1.4.1-1. PFOA is reasonably
water soluble and its salt APFO is even more soluble; it is a very stable compound due
to the strong carbon fluoride bonds. The physiochemical properties are shown in Table
1.4.1-1.
Table 1.4.1-1. Physiochemical properties of PFOA (Mw= Molecular Weight; Mp=Melting
point; Y=OH, metal or other salt, amide, halide and other derivatives including polymers)
(US EPA, 2016).
Formula

Mw (g/mol)

Mp (°C)

pKa

Water

Solubility Log Kowa

(mg/L; 25°C)
C8HF15O2

414.09

54.3

2.80

9.50 x103

Not
measurable

This compound is not readily eliminated from primates or humans, and its half-life
(T1/2) is estimated at 2.3 years (US EPA, 2009). This accumulation in the body led to
concerns of chronic exposure as some studies show adverse effects on the human body.
Human epidemiological studies established links between PFOA exposure and
increased liver enzymes, high cholesterol, pregnancy-induced hypertension and
preeclampsia, decreased vaccination response, thyroid disorders, and cancer (testicular
and kidney) (US EPA, 2016). Additionally studies revealed “changes in the regulation
of the cell cycle” (Andersen et al., 2008). PFOA exposure can result in immune
suppression in humans including prenatal exposure which may show effects during
adolescence (Grandejan et al., 2012; Granum et al., 2013)
THE U.S. EPA derived an oral non-cancer reference dose value (RfDs) of 0.00002
mg/kg/day for PFOA. In May 2016, USEPA established drinking water health
a

A positive value for log Kow means a higher concentration will be found in the lipid phase than the
water phase, with higher values being more lipophilic compounds (Bhal, n.d.).
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advisories of 70 parts per trillion (0.07 micrograms per litre (μg/L)) for the combined
concentrations of PFOS and PFOA (USEPA, 2012). Some states established different
guidelines for drinking and ground water. Sweden established an action limit for
drinking water for PFASs of 90 ng/L. The tolerable daily intake (TDI) for PFASs in
Sweden is currently set at above 900 ng/L (National Food Agency Sweden, 2018).
UK government bodies (England and Wales only) gave a guidance value of a tolerable
maximum 10000 ng/L of PFOA in drinking water (DWI, 2007). The EU has registered
perfluorooctanoic acid (PFOA), perfluorononanoic acid (PFNA), and perfluorohexane
sulfonate (PFHxS) as substances of very high concern (ECHA, 2019) and the
European Food Safety Authority (EFSA) has recently published provisional tolerable
weekly intake (TWI) values for PFOA 6 ng/kg bw/week (EFSA, 2018).
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1.4.2 Perfluorooctane Sulfonate (PFOS)
Perfluorooctane sulfonate (PFOS) and its salts are fluorinated organic compounds and
a family member of the perfluoroalkyl acids (PFAAs).
An EPA report from 2004 states that approximately 122 tonnes of PFOS-based
materials are used as firefighting supply in the EU, 20% in the UK alone (EPA England
and Wales, 2004). In 2004, there was an estimated request for 12,200 kg/year of PFOSrelated chemicals for several industry sectors in the EU (metal plating 10,000 kg/year;
photographic industry 1,000 kg/year; hydraulic fluids 730 and photolithographic and
semi-conductors 471 kg/year) (EPA England and Wales, 2004).
Commercial PFOS is made from perfluorooctanesulfonyl fluoride (PFOSF), which is
primarily used as an intermediate for the synthesis of other fluorochemicals. The
Simons Electro-Chemical Fluorination (ECF) is the method in which PFOS is
produced (Figure 1.4.2-1). An electric current is passed through a solution of
anhydrous hydrogen fluoride in this progress, and an organic feedback of 1octanesulfonyl fluoride results in the replacement of carbon-hydrogen bonds on the
molecule by carbon-fluoride bonds (Organisation for Economic Co-operation and
Development (OECD), 2002). Due to the fragmentation in the fluorination step of the
chain, the product will contain linear and non-linear chains, mainly C8 but several other
lengths can be found. The final product will contain an estimate of 30% branched
impurities containing odd and even chain lengths and 70% n-PFOS (Hekster et al.,
2002). Another possibility is a mixture 90% of C8 compounds, comprised of 25%
branched molecules, along with 5-10% C6 compounds and the rest (2-5%) are C7 and
C5 molecules (EFSA, 2008). Degradation of other POSF-derived fluorochemicals can
also lead to the development of PFOS.
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Figure 1.4.2-2. Chemical structure of PFOS (EFSA, 2008).
The EFSA Journal (2008) 653, 18-131

Table 1.4.2-1. Physiochemical properties of PFOS (Mw= Molecular Weight; Mp=Melting
point; Y=OH, metal or other salt, amide, halide and other derivatives including polymers)
(Brookeet al., 2004).
Formula

C8F17SO2Y

Mw

Mp

(g/mol)

(°C)

500

>400

pKa

Water

Solubility

Log Kowa

(mg/L; 25°C)
-3.27

680

Potassium

6.28

a

A positive value for log Kow means a higher concentration will be found in the lipid phase than the
water phase, with higher values being more lipophilic compounds (Bhal, n.d.).
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The T1/2 of PFOS is 5.4 years (US EPA, 2009) and several studies have been
investigating the exposure to PFOS in human subjects and animal studies.
PFOS exposure in rodents showed an increase in liver weight, a decrease in overall
body weight, and a steep dose-response curve for mortality (Seacat et al., 2003). A
different study showed follicular cell adenomas and increased hepatocellular adenoma
at high exposure levels (Thomford PJ., 2002). Expected adverse outcomes are
developmental

toxicity,

immunotoxicity,

carcinogenicity

and

hepatotoxicity

(Andersson et al., 2006). Thyroid disease and elevated cholesterol levels have been
linked with some PFASs (Nelson et al., 2009; Melzer et al., 2010). Several
epidemiology studies have found a connection between PFOS exposure and bladder
cancer, but more research in this area is needed (Alexander and Olsen, 2007; Lau et
al., 2007). PFASs may induce small effects on reactive oxygen and DNA damage in
cells of the human liver (Eriksen et al., 2010; Reistad, Fonnum and Mariussen, 2013).
Human epidemiological studies have found associations between PFOS exposure and
high cholesterol and adverse reproductive and developmental effects (EPA 2016).
PFOS showed a strong negative correlation with its presence in maternal pregnancy
serum and antibody concentrations at age 5 years in a study investigating vaccine
antibody concentrations in children (Grandejan et al., 2012). This study revealed that
pre- and postnatal exposure to PFOS suggests a decreased effect of vaccination in
children.
Several attempts to develop chronic exposure guidelines have been made by different
organisations, however, the toxicological data on PFASs is limited. The USEPA
reports from studies of retired workers who had worked with PFOS daily and
determined a half-life of 4.37 years. However, these half-life’s differ between studies.
The USEPA derived an oral non-cancer reference doses (RfDs) of 0.00002 mg/kg/day
for PFOS. In May 2016, USEPA established drinking water health advisories of 70
parts per trillion (0.07 micrograms per litre (μg/L)) for the combined concentrations
of PFOS and PFOA (USEPA, 2012); some states established different guidelines for
drinking and ground water. Sweden established an action limit for drinking water of
90 ng/L. The tolerable daily intake (TDI) PFOS in Sweden is currently set at above
900 ng/L (National Food Agency Sweden, 2018). The USEPA published a provisional

28

CHAPTER 1 – THESIS INTRODUCTION

short-term advisory for PFOS in drinking water of 200 ng/L. UK government bodies
(England and Wales only) gave a guidance value of a tolerable maximum 300 ng/L of
PFOS in drinking water (DWI, 2007). The Biomonitoring Commission of the Federal
Environment Agency used two German studies (Midasch et al., 2006; Fromme et al.,
2007) to determine recommendations for PFOA and PFOS in plasma of adults and
children: 20 µg/L for adult females, 25 µg/L for adult males and 10 µg/L for children
(Wilhelm et al., 2009). With these studies taken into consideration, EFSA recently
proposed a pTWI at 13ng/kg bw/week instead of the previous pTDI of 13 ng/kg
bw/day (EFSA, 2018).
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and understanding some of the mechanistic aspects of toxicity associated with different
compounds (see Figure 1).
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(Figure 1.5.0-1).
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to higher level exposures, subsistence-oriented aboriginal peoples in the Arctic are at risk because of their heavy
reliance on aquatic food resources.

Long range transportation processes can lead to POPs being detected in remote regions
of the Effects
globe observed
and in humans
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thatinclude
are part
of these food effects
chainsof(AMAP,
in high-trophic
level wildlife
the eggshell-thinning
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1998).
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hasrelationship
been provided
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world (Hickey
and Anderson,
1968; range
Wiemeyer
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betweenby
PCBs
studies, POPs have been detected in remote regions such as the Arctic and even higher
3
concentrations have been detected in remote
but populated areas, indicating local

sources (domestic appliances) as well as long range transport (deWit et al., 2010).
Several studies have been conducted to establish the origin of POPs found in remote
areas. A study performing chemical analysis of POPs detected in a region of the
Antarctic revealed that melting glaciers are a significant secondary source of POPs,
originating from distant sources (Khairy et al., 2016). The POPs found at polar regions
are transferred by long range transport through the atmosphere. Melting ice and snow
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can re-emit these contaminants to the air as secondary emission in addition to
absorption from the atmosphere (European Commission, 2017).
Humans are exposed to POPs by eating contaminated food from wild animals and
seafood, which accumulated these chemicals by being eaten by other animals
(including grizzly bears and whales) and the POPs bioaccumulate in the food web
(Figure 1.5.0-2) (Christensen et al., 2005; Cullon et al., 2009; Ross et al., 2000). A
Greenlandic study of Inuit
women living in Greenland
showed

that

elevated

contaminant concentrations
in the blood of pregnant
Inuit women was linked to
greater

consumption

of

marine mammals (Long et
al., 2015).
Figure 1.5.0-2.Biomagnification of POPs. Transport of
POPS through the food chain (National Park Service, 2013).
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1.5.2 Human Exposure
Results from human biomonitoring (HBM) studies suggest different external exposure
pathways for POPs (inhalation, ingestion of dust, dermal exposure, diet, and water).
International HBM data indicates that non occupational human exposure to HBCDDs
and PBDEs takes place primarily by a combination of exposure to indoor dust (dermal
or ingestion), inhalation (outdoor and indoor air concentrations) and diet (Lorber,
2008; Abdallah and Harrad, 2011, 2014; Trudel et al., 2011; De Boer et al., 2016).
PFASs exposure occurs mainly through dietary intake, such as food and water, but
dust and air exposure play a vital role as well (Fromme et al., 2009; Trudel et al.,
2008).
As mentioned previously, inhalation is an important exposure route, which occurs
when the POPs are bound to other smaller particles such as dust which are
subsequently inhaled by humans. Several POPs are particularly prevalent in indoor
environments in both air and dust for example, polybrominated diphenyl ethers
(PBDEs) have a high molecular weight and a lower vapour pressure and can therefore
bind to indoor dust on floors and other areas (Harrad and Abdallah, 2014). Sahlstroem
et al. (2015) showed that dust is the primary pathway for estimated intakes of
ådecaBDE for adults and toddlers.
Dermal uptake is a not a thoroughly studied pathway and for that reason it is often
overlooked in most exposure models. However, it is likely to play a role in human
exposure, dermal exposure has been shown to occur when in contact with fabrics that
have been treated with FRs. Dermal uptake via contact with dust seems to be low
(Abdallah and Harrad 2018).
Dietary exposure can occur by ingestion of contaminated liquids or solid foods
including human breast milk, but also non-dietary oral exposure routes, such as house
dust, need to be considered. This route is especially important for young children, as
they have a greater intake of dust due to excessive hand to mouth activities (Hammel
et al. 2016; Fromme et al. 2016; Watkins et al., 2012).
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International studies have detected PBDEs, HBCDDs and PFASs in several human
tissues, such as blood serum, placenta, liver, breast milk and adipose tissue (Abdallah
and Harrad, 2011, 2014; Fredericksen et al., 2010, Pratt et al., 2013; Tao et al., 2008).
Direct measurements of the human body burdens of these POPs brought about by
various external exposure pathways (diet, water, dermal exposure, ingestion of dust or
inhalation) have been presented by the above mentioned biomonitoring studies.

1.5.2.1 External exposure
Humans, in general, spend at least 70% of their time indoors; toddlers, the sick and the
elderly may even spend up to 100% of their time inside (Klepeis et al., 2001; US EPA,
2002) therefore understanding indoor exposure pathways for POPs is important. Even
though restrictions are in place and most of the target BFRs are listed under the
Stockholm Convention, the phase out process of these compounds can take several
decades. The turnaround of BFR utilised products depends on their lifespan, one
expects, for example, that insulation foam in a house would take a few decades to be
replaced whereas small electronics may be replaced more frequently. The mechanism
of how POPs migrate from goods to air and dust is not yet fully comprehended.
Numerous flammability standards in different countries and diverse consumer
behaviour in the usage of their goods lead to immense geographical variations in POP
concentrations in indoor air and dust (Fromme et al., 2016).
Measurement studies of BFR concentrations in food products, household dust and air
have been conducted worldwide (Abdallah et al., 2008; Harrad et al., 2008, 2010;
Cunha et al., 2010; Ali, et al., 2012; Kalachova et al., 2012; Coakley et al., 2013;
Abdallah et al., 2015; Venier et al., 2016; Pawar et al., 2017). In the USA and Canada
Penta- and Octa-BDE usage in consumer goods was at its highest in 2004, whereas it
was highest for Deca-BDEs in 2008. The total volume of PBDEs ‘in use’ started to
decline between 2004 and 2013 when products entered the waste cycle and estimation
of a downward trend of 7-15% is estimated from 2013 to 2020 (Abasi et al., 2015).
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BDE-209 is the prominent congener in indoor air in homes and offices in the UK (Tao
et al., 2016), similar to findings from studies across Europe and Asia (Thuresson et
al., 2012; Fromme et al., 2009; Toms et al., 2009; Takigami et al., 2009). This is in
contrast to observations made for air concentrations in homes and offices for the US,
where BDE-47 and BDE-99 predominate (Johnson-Restrepo et al., 2009; Batterman
et al., 2010). This is most likely due to the fact that Penta-BDE was more widely used
in the US as a FR, 94.7 % of the global demand for Penta-BDE was used by the US,
and explains the different pattern in indoor air (BSEF, 2003).
Similar to air, BDE-209 is the predominant PBDE congener in dust for studies
conducted in Europe and Asia as well (Fromme et al., 2009; Toms et al., 2009;
D’Hollander et al., 2010; Harrad et al., 2008). The same pattern as seen in air can be
extended to BDE congeners in dust for North America, where a greater use of PentaBDE results in greater concentrations of BDE-47 and -99 (Wilford et al., 2005; Harrad
et al., 2008). Higher concentrations of BDE-209 in indoor dust have been reported for
the UK when compared to other European countries (Tao et al., 2016), most likely due
to the extensive Deca-BDE use in textiles and upholstery fabrics (UK used 1,000 to
1,200 tonnes per year of 1,500 tonnes used in the EU) to comply with UK Furniture
and Furnishing Fire Safety regulations 1988 (European Chemicals Bureau, 2002).
BDE-209 exposure in other indoor environments such as cars have also been studied.
Some of the highest concentrations for BDE-209 have been in cars, a common trend
across the globe. Cars are a more confined environment with heavy treatment of FRs,
and in general cars are not as frequently cleaned as homes, offices and schools.
Although DBDPE has only been a replacement BFR for BDE-209 since the early
1990s (Kierkegaard et al., 2004), over the last few years DBDPE has been detected in
several matrices, such as sewage sludge, sediment, air and house dust (Wang et al.,
2010; Covaci et al., 2011). In an international survey across all continents (apart from
South America), DBDPE was detected in all of the sludge samples provided, which
suggests that DBDPE is of worldwide concern (Ricklund et al., 2008). International
air and dust studies have detected DBDPE exposure in a range of indoor
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microenvironments. DBDPE has been detected in indoor air in UK homes and offices,
but median concentrations were below the LOD (Tao et al., 2016).
A comparison by Tao et al. (2016) suggests an increase in DBDPE levels in dust in
offices and homes over the last 5 years. DBDPE indoor dust concentrations in UK
offices are comparable to data reported for China, sugesting that similar electronic
goods may be a likely source in this environment (Tao et al., 2016; Cao et al., 2014).
Indoor dust concentration in homes in Europe (other than the UK) are lower compared
to Northern America, suggesting different sources and uses of these compounds
(Dodsen et al., 2012; Sahlström et al., 2015; Fromme et al., 2014; Ali et al., 2011;
Cequier et al., 2014; Stapleton et al., 2008; Shoeib et al., 2012). Highest indoor dust
concentrations to date have been reported for Chinese homes (2,200 ng/g) (Wang et
al., 2010), reflecting the increased usage in Asia as early as 2010, whereas other
countries, such as Australia, only started measuring DBDPE in recent years (McGrath
et al., 2018). DBDPE indoor dust concentration data for Australia are one to two orders
of magnitudes higher than similar studies in Europe and North America (Ali et al.,
2011; Venier et al., 2016; McGrath et al., 2018), but similar to levels reported for
Sweden, USA and China (Sahlstroem et al., 2012; La Guardia and Hale, 2015; Wang
et al., 2010; Cao et al., 2014).
HBCDD has only been banned under the Stockholm Convention in 2013, with
restrictions for EPS/XPS use until 2017. HBCDD has been detected in previous studies
in indoor dust (Abdallah et al., 2008), sewage sludge, sediment (Chu et al., 2005) and
outdoor air (Hoh and Hites, 2005). Reported concentrations vary between and within
reporting countries. The non-geographical difference of varying concentrations may
be explained by the different stereoisomer pattern in the HBCDD containing product;
these patterns vary depending on usage and specific processing conditions. High
concentrations of HBCDD in dust have been observed for the UK in studies conducted
in 2006 (max: 140,000 ng/g) (Abdallah et al. 2008), whereas a more recent study
shows lower concentrations in house and office dust samples (homes median: 610
ng/g, offices median: 1,700 ng/g) (Tao et al., 2016). Lower values for indoor dust from
apartments, offices, stores and two schools in Sweden were reported (17-2900 ng/g)
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(Newton et al., 2015).
Similar to dust, air concentrations of HBCDDs are limited and vary extremely, making
a direct comparison difficult. Tao et al. (2016) indicates a slight decline in HBCDD
air concentrations by comparing data from 2014/2015 with 2010, indicating a potential
positive impact of legislation on indoor concentrations. Research studies from the UK
present the most recent and the broadest range of data for different microenvironments
sampled and also the highest levels of åHBCDD (Tao et al., 2016). Only few studies
have observed correlations between indoor concentrations and contextual information
regarding sampled environments. De Wit et al. (2012) reported positive correlations
between HBCDD concentration in dust and the total floor surface area present in the
room sampled, as well as the number of soft furnishing items present.
In relation to PFASs, the most prominent exposure pathway is thought to be ingestion
of drinking water, whereas air and dust exposure may play a minor but important role
(Ericson et al., 2008; Thompson et al., 2011), as well as indirect exposure by “PFOSprecursor” which are metabolised into PFOS as end product (Mirlales-Marco and
Harrad, 2015). It is difficult due to the lack of exposure data to say whether there are
any geographic differences around the world. Similarly for dust, studies on PFASs
concentrations in air are rare.
Over recent years, several countries have measured PFASs compounds in drinking
water. Due to its high solubility in aqueous solutions, and prominent use in firefighting
foams and textiles, several countries have set guidelines for PFASs exposure in
drinking water. USA reports high levels of PFOA and PFOS in their main water
supplies (4.2 and 1.6 ng/L respectively) (Boone et al., 2019), whereas their neighbour
Canada reported 0.31 and 0.64 ng/L for the same compounds (Kaboré et al., 2018).
No studies have been found investigating private supply levels. However, a small
number of studies investigated levels in bottled water. Central Europe has the highest
levels at a median of 1.6 ng/L for PFOA and 1.5 ng/L for PFOS (Gellrich et al., 2013)
and Canada, once again, show the lowest median levels <0.07 ng/L and <0.03 ng/L
respectively (Schwanz et al., 2016).
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1.5.2.2 Internal Exposure
Human biomonitoring (HBM) is an essential tool for monitoring environmental
exposure to pollutants in a population. HBM allows assessment of whether and to what
extent pollutants have entered the human body and how exposure may change over
time; the chemical or its metabolites are measured in body tissues (hairs, fat, bone and
nails) or fluids (urine, blood and breast milk) (Umweltbundesamt, 2016). Breast milk
is a suitable medium, due to its high fat content, compared to blood, plasma or serum
which is more favourable to analyse PFAS content, as levels of PFASs will be higher
in these biological matrices (Kaerrman et al., 2007). Concentration of PFOS in breast
milk can be 50 times lower when compared to maternal serum (Liu et al., 2011) and
100 times lower for PFASs (32 ng/mL serum compared to 0.34 ng/mL milk)
(Kaerrman et al., 2007). An explanation may be the different smaller volume and
protein composition in milk compared to maternal serum (Mondal et al., 2014). To
elucidate the level to which different external exposure pathways contribute to human
body burdens, the correlation between concentrations of target BFRs in external
matrixes and their concentrations in human milk or serum can be examined. Simple
pharmacokinetic models can also be used, where data on different external exposure
pathways are available, to predict human body burdens.
Correlations between POP concentrations in food or indoor dust and their
concentrations in human milk or serum have been reported in some studies (Coakley
et al., 2013; Roosens et al., 2009b; Wu et al., 2007). However, due to pooling of
samples in many studies such studies are rare.
It is difficult to make a global comparison between the breast milk studies due to local
sources, different sampling strategies and time frames and not every HBM study uses the
same matrix for the target compound (Winkens et al., 2017).
Several international studies detected PBDEs in HBM studies (Tao et al., 2008; Roosens
et al., 2010; Abdallah and Harrad, 2011; Carignan et al., 2012; Antignac et al., 2013; Pratt
et al., 2013; Abdallah and Harrad, 2014). Japanese scientists performed a time trend study
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for PBDEs on samples collected between 1973 and 2000, and they observed a slight
increase in exposure between 1973 (0.01 ng/g lw) and 1988 (1.64 ng/lw) with exposure
remaining low afterwards (Akutsu et al., 2003). Similar outcomes were observed by
Toms et al. (2012), where concentration peaked between 2003/2004 (12.4 ng/g lw) and
then decreased to a mean value of 2.6 ng/g lw by 2009. The same trends were observed
by two Swedish studies. Pooled milk samples were analysed for BDE-47, samples were
collected as early as 1980s to 2004, and BDE-47 concentration peaked around 1995-2000
and decreased in the following years (Lind et al., 2003, Fangstroem et al., 2008). These
limited studies indicate a slow response to legislative and voluntary restrictions in human
body burdens. Hence more recent data is needed to assess the current impact.
Levels of BDE-47, BDE-99 and BDE-153 found in breast milk reported in Canada
and the US are considerably higher than those reported for Asia and Europe. Although
congener patterns show a remarkable regional difference, BDE-47, BDE-99 and BDE153 are the dominant congeners in most international investigations (Dunn et al., 2010;
t’Mannetje et al., 2012; Danerud et al., 2015). In the UK (Tao et al. 2017) higher
concentrations of BDE-153 were found relative to BDE-99 in agreement with other
international studies (Abdallah and Harrad, 2014; Dunn et al., 2010; Fredericksen et
al., 2009; Hassine et al., 2012). Higher concentrations of BDE-153 are most likely due
to its higher bioaccumulation potential in fat rich tissues (half-life of 6.5 years), and/or
debromination of BDE-209 to BDE-153 (Abdallah and Harrad, 2014).
Highest concentrations of BDE-209 have been reported in Belgium, Spain and China
with 5.9, 2.5 and 1.8 ng g-1 lw respectively (Gómara et al., 2007; Roosens et al., 2009;
Shi et al., 2013); highest concentrations of Stri-hexa BDEs have been reported in
North Carolina (USA), Canada, and Texas (USA), with averages of 51, 50.4 and 34
ng g-1 lw (Schecter et al., 2003; She et al., 2007; Daniels et al., 2009). Meanwhile,
China reported the lowest level of these compounds with a value of 0.8 ng g-1 lw (Shi
et al., 2013).
In Ireland, the last HBM survey for BFRs reported BDE-209 concentrations of 4.85
ng g-1 fat for human milk samples collected in 2010 (Pratt et al., 2013). No temporal
downward trends in BDE-209 concentrations have been observed in UK HBM surveys
collected in 2010 and 2014/2015 (Tao et al., 2017), which is in line with a Canadian
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human milk study sampled between 2002-2005 (Ryan and Rawn, 2014) and a Spanish
study from 2002-2007 (Schuhmacher et al., 2009). However, it should be noted that
most of these studies were conducted before the ban of octa- and penta-BDE in 2009.
HBM data is very limited for novel FRs such as DBDPE. Pratt et al. (2013) observed
upper bound median levels of 2.3 ng/g lw of DBDPE, and around the same time, Zhou
et al (2014) detected 9% of samples above the LOD in Canada. Similar results have been
observed in the UK where DBDPE was below the LOD (<0.78 ng/g lw) in 2015 (Tao et
al., 2017).
Only a small number of studies report concentrations of HBCDD in pooled samples
(Fangstroem et al., 2008; Toms et al., 2012). A Swedish study showed that concentrations
have increased between 4 to 5 times from 1980 to 2002, but stabilised in 2003/2004
(Fangstroem et al., 2008). Tao et al. (2017) reported a decline in SHBCDD
concentrations between 2010 and 2015 in the UK (3.83 to 2.9 ng/g lw). Australian,
Chinese, Japanese and European studies reported median SHBCDD breast milk
concentrations between 0.3-3.8 ng/g lw, where the UK has slightly lower median values
of 2.9 ng/g lw (Tao et al., 2017). North American concentrations reported range from
0.2-19 ng/g lw, which indicate a more elevated concentration (Fromme et al., 2016). Only
a few studies have been completed since HBCDD was added to the Stockholm
Convention and therefore concentrations are likely to have reduced since then.
PFOS has been found in human blood and serum, air, dust, drinking water and breast
milk in several countries (Miralles-Marco and Harrad, 2015). PFASs were not detected
in the last HBM study on Irish samples in 2010. Italy reported the highest average of 0.85
ng/mL (Guerranti et al., 2013), followed by Hungary with 0.317 ng/ml (Völkel et al.,
2008) and China, India and Germany (0.049 ng/ml, 0.046 ng/ml and 0.123 ng/ml
respectively) (Tao et al., 2008; Liu et al., 2010; Mosch et al., 2010) having the lowest
reported concentrations.

Correlations between concentrations from environmental surveys and HBM data using
simple one compartment pharmokinetic models have previously been used to predict
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body burdens (Tao et al., 2017; Fromme et al., 2016; Abdallah and Harrad, 2011;
Thompson et al., 2011). Exposure intakes via inhalation, diet and dust ingestion
calculated from indoor dust concentration data have been shown to compare well with
model predicted total body burdens for Stri-hexa BDEs and BDE-209 among UK
adults (Abdallah and Harrad, 2014). Dietary intake is thought to be the major exposure
pathway contributing to the body burden of Stri – hexa BDEs and dust ingestion is a
prominent exposure pathway for both BDE-209 and DBDPE (Harrad et al., 2010;
Abdallah and Harrad, 2014; Venier et al., 2016).

Whereas for PFASs, there are only a limited number of studies available, and drinking
water is believed to be the main contributor to human exposure for PFOS and PFOA
(Thompson et al., 2011). More research is required to better understand the human
toxicology for these chemicals to better predict human body burdens and health
effects.
Until recently, due to the absence of BFR and PFAS dust or air concentration data
for Ireland, the extent to which external exposure pathways contributes to internal
body burden of these chemicals has not been reported for the Irish population.
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1.5.3 Human Exposure in Ireland to HBCDD, PBDEs and PFOS
In Ireland, scientific data is present for concentrations of PBDEs, HBCDD and PFOS
in eels and outdoor air (Table 1.5.3-1). Until now no indoor air or dust exposure data
for BFRs and no drinking water or dust data for PFOS exists in Ireland. The Food
Safety Authority of Ireland (FSAI) monitors the concentrations of POP-BFRs and
PFASs in the Irish diet via the monitoring & surveillance programme (FSAI, 2010 a,
b). The last HBM survey for BFRs was conducted on human breast milk samples
collected in 2010 (Pratt et al., 2013), (Table 1.5.3-2).
Trudel et al. (2010) used Irish dietary data to derive estimates of human dietary
exposure to PBDEs, which at that time were similar to those of Belgium, the UK and
the USA (Table 1.5.3-2). Until now, no dietary estimates of Irish exposure to HBCDD
and PFOS have been performed. European HBCDD dietary data is limited and quite
variable, but one may hypothesise that Irish exposure would lie somewhere in the
range of data reported for Belgium, UK and USA, as it does for PBDEs. The FSAI
reported that the concentration of PFOS in all Irish foodstuffs falls below the detection
limit (FSAI, 2010a) and implies that dietary exposure to PFOS in Ireland would be
closer to the UK range of 30-200 ng/day than the higher estimate for Belgium.
Similarly, HBCDD was found in the range of 0% (bovine and porcine liver) and 83%
(porcine fat) of Irish foodstuffs analysed (FSAI, 2010 b). It is predicted that Irish
exposure to HBCDD is probably nearer to the 1.2-20 ng/day estimated range for
Belgium and the USA, instead of the UK, due to comparably high detection limits.
Table 1.5.3-1. Arithmetic Mean Concentrations (range in parentheses) of POP-BFRs in the
Irish environment.
Matrix/
Compound

BDE47

BDE99

BDE100

BDE153

BDE209

SHBCDD

PFOS

Reference
1

Outdoor Air
(pg m-3)

1.1
(0.161.9)1

0.75
(0.281.9)1

0.20
(0.070.43)1

0.10
(0.040.18)1

-

-

<1.82

Eels (ng g-1
ww)

2.0
(0.525.2)

0.065
(0.017
-0.10)

0.47
(0.161.3)

0.066
(0.052
-0.12)

-

7.0 (1.215)

-
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Table 1.5.3-2. Daily Adult Dietary Exposure (ng/d) to POP-BFRs and PFOS in Ireland and
selected other countries (normalised Irish estimates to 60 kg bw).
Country/
Compound
Irelanda

BDE47

BDE99

BDE100

BDE153

BDE209

SHBCDD

PFOS

Reference

9.666

5.139.6

1.914.4

1.511.4

2.220.4

-

-

Trudel et al. (2010)

1,a

1,a

UK

46

43

8.2

11.7

266

413

3020044,a

US

50b

-

-

-

-

16b

-

Belgium

10
(5.922)5,c

-

95
(50238)5

7.2 (1.220)
(average)6

-

1,a

-

1,a

2

a

3,a

1,450
(average)7

1

Harrad et al (2004)

2

D’Silva et al (2006)

Schecter et al. (2010)
5

Roosens et al. (2009a)

6

Roosens et al. (2009b)

7

Cornelis et al. (2012)

Upper bound estimate
Sum of BDEs-17, 28, 47, 49, 66, 85, 99, 100, 119, 126, 138, 153, 154 156, 183, 196, 197, 206, 207,
and 209

b

c

Sum of BDE 28, 47, 99, 100, 153, 154, and 183
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1.6 Research project objectives for ELEVATE
Few international studies have simultaneously collected and analysed BFRs and
PFASs in multiple indoor microenvironments and compared estimated exposures to
human biomonitoring data from biological samples collected within the same time
period (Abdallah et al., 2008). Moreover, there is a lack of data on concentrations of
BFRs in indoor air especially for recent years (Covaci et al., 2006, 2009; Frederiksen
et al., 2009). No air data exists for DBDPE in schools as well as some PFASs in cars
and schools. There is much interest among the scientific and regulatory community
regarding characterising human exposure to the multitude of PFASs compounds due
to the recent EFSA review for PFOA and PFOS and provisional changes from TDIs
to TWIs. There is very little toxicological information available for many PFASs
(other than PFOA and PFOS) compounds and more research is required to fully
understand individual and combined exposures (Domingo and Nadal, 2019).
Exposure data is required to fully understand total population exposures to historically
used BFRs, PFASs and their replacements, and to elucidate the relative contributions
of different exposure pathways to overall exposure. Irish Fire Safety legislation (S.I.
No. 316/1995) (electronic Irish Statute Book (eISB), 2015) are similar to those in the
UK requiring more stringent levels of flame retardancy in comparison to equivalent
legislation in other European countries. It is therefore hypothesised that concentrations
and the relative abundance of PBDEs, HBCDDs and PFASs in Irish indoor air and
dust will resemble more closely those reported previously for the UK than in other
European countries. It is also hypothesised that DBDPE containing flame retardants
are also in use in Ireland as a substitute for BDE-209 containing products.
To test these hypotheses, the specific aims of this research study are:
•

to measure concentrations of PBDEs, HBCDDs, DBDPE and PFASs in
samples of water, indoor air and dust from Irish cars, primary school
classrooms, homes, and offices;

•

To combine indoor concentration data with data on Irish dietary
exposure to assist in the assessment of relative contribution of these
different exposure pathways to current body burdens of the Irish
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population;
•

to complete a human biomonitoring survey using human breast milk
from Irish primiparas to evaluate human body burdens among Irish
population to PBDEs, HBCDDs, DBDPE and PFASs;

•

to evaluate the HBM data to investigate evidence for temporal reductions
in human body burdens in Ireland in response to legislative restrictions
for Octa-, Penta- and Deca-BDE, HBCDDs and PFOS;

•

to use a simple one compartment pharmacokinetic model to investigate
the contribution of difference exposure pathways to total body burden.
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Concentrations of brominated flame retardants in indoor air and dust from
Ireland reveal elevated exposure to decabromodiphenyl ethane
Brominated flame retardants (BFRs) such as hexabromocyclododecane (HBCDD) and
polybrominated diphenyl ethers (PBDEs) found extensive use worldwide as flame
retardants (FRs). They were used in a wide variety of commercial, domestic, and
industrial applications, including electrical and electronic equipment (EEE - e.g. TVs,
PCs, small domestic appliances (SDAs) etc.) and soft furnishings (e.g. sofas,
mattresses, curtains, pillows etc.). Current understanding is that there are multiple
exposure pathways that contribute to human body burdens of PBDEs and HBCDDs.
BFRs have been measured in the Irish aquatic environment, in outdoor air and in Irish
food samples which subsequently have been used to estimate Irish dietary exposure,
however there have been no previous studies in air or dust in indoor Irish
microenvironments. To establish the link between internal and external exposure it is
important to characterise all exposure pathways to get a better understanding and
knowledge about these chemicals on an international level. Additionally it is important
to monitor the impact of legislative restrictions on exposure among the Irish
population. Many of the chemicals of interest to ELEVATE are now restricted under
the Stockholm convention (apart from the replacement flame retardant (FR) DBDPE).
Guidelines set by the US Environmental Protection Agency (USEPA) and European
Food Safety Authority (EFSA) are considered by some to be outdated, as they are
based on old environmental and toxicological data that may not represent todays
exposure. Currently, there is a lack of recent human toxicological data required for the
human health risk assessment of these compounds. More current scientific data,
including exposure data is needed to establish new exposure guidelines for the general
population.
The study’s objective was to address some of

these gaps, by determining

concentrations of PBDEs and HBCDD in indoor air and dust to permit an assessment
of exposure on the Irish population via indoor exposure pathways.
Project participants, including homes, schools, offices and cars were recruited.
Samples of indoor dust samples were collected and air samplers were deployed to
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collect indoor air samples over a period of 60 days. A variety of wet-chemistry
techniques were applied for the extraction and clean-up of all samples. These included
ultrasonication (dust), solid phase extraction (all samples), pressurised liquid
extraction (PLE, air samples) as well as sulfuric acid washes and other
chromatographic separation. Purified extracts were then measured for target analytes
using the state-of-the-art mass spectrometry techniques, including LC-MS/MS
(HBCDDs) and GC-EI/MS (PBDEs). The methods were validated via replicate
analysis of a combination of certified reference materials (e.g. SRM 25885 house dust)
and spiked matrices. Measured concentrations were found within acceptable range.
This study reports for the first time indoor concentrations of 13 PBDEs, 3 HBCDDs
and DBDPE in Irish indoor air and dust samples. This data was used to calculate
exposure estimates of DBDPE as well as BDE-209, BDE-47, BDE-99, BDE-182 and
HBCDDs for Irish adults, school children and toddlers. BDE-209 concentrations in
dust (7100 ng/g) and air (340 pg/m3) from all microenvironments are at the high end
of those reported internationally. BDE-209 in offices was significantly lower (p<0.05)
(median dust: 3500 ng/g, median air: 240 pg/m3) than in other sampled
microenvironments (homes, cars and schools), most likely due to the faster turnover
of electronics and electrical goods in these environments, compared to private
microenvironments (such as homes).
This study presents the first published data on DBDPE air concentrations in cars and
also presents the highest DBDPE dust concentrations (max: 540000 ng/g collected
from schools) reported for any indoor environments internationally to date.
The first author was responsible for the development of the sampling protocols,
the collection of samples and contextual information, clean-up of samples and
preparation for analysis, data analysis and the writing of the manuscript, in
consultation with collaborators. Additionally, an outreach programme has been
developed, in form of a colouring competition for participating schools.
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Perfluoroalkyl Substances in Drinking Water, Indoor Air and Dust from
Ireland: Implications for Human Exposure
Perfluoroalkyl substances (PFAS) and related chemicals have been used to impart stain
and dirt repellence in apparel, to provide water repellence in clothing and soft
furnishings, to afford oil and grease repellence in paper and packaging, and have been
used in performance chemicals such as hydraulic fluids for aviation, and in aqueous
fire-fighting foams (AFFFs). These chemicals, have been produced and used in
commercial products and industrial processes for many years. PFOS and POSF were
added to the Stockholm Convention in 2009. Whereas PFOA is under consideration
and believed to be added in 2020. Several international studies report high exposure to
PFAS in drinking water across the globe. However, there is a lack of air and dust
exposure data for different indoor environments on an international level. Most of the
previous research studies on PFAS have focused on drinking water exposure, however
in this study concentrations in other matrixes such as dust and air from different
microenvironments are examined. There is currently no indoor air, dust or water PFAS
concentration data for Ireland, therefore it was important to assess the exposure risk
to these chemicals for the Irish population and to put it into international context. PFAS
were not detected in Irish human milk samples collected in 2010, but more recent
studies in western Europe report exposure to PFAS.
This study aimed to evaluate the impact of recent legislative restrictions and bans on
the manufacture and use of PFOS under the Stockholm Convention and EFSA
guidelines on PFOS and PFOA on Irish population exposure. Current interpretation is
that dietary is the major pathway but dust and air may act as minor but significant part
also. To understand the distribution of these compounds, further research is vital for
the international scientific community. Exposure data is needed to progress our
understanding of the human health risk assessment for these chemicals.
This paper addresses these some of these data gaps by conducting the first study of
levels of PFAS in indoor air and dust from common Irish microenvironments (cars,
primary school classrooms, homes, and offices), along with the concentrations of
PFAS in Irish tap water and bottled water.
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This study involved collecting drinking water samples from Irish homes, offices and
retail outlets. Air, water and dust samples were analysed for perfluorooctanoic acid
(PFOA), perfluorooctanoic sulfonate (PFOS), perfluorononanoic acid (PFNA),
perfluorohexanesulfonic

acid

(PFHxS),

perfluorobutane

sulfonate

(PFBS),

perfluorooctane sulfonamide (FOSA), its methyl and ethyl derivatives (MeFOSA and
EtFOSA), as well as methyl and ethyl perfluorooctane sulfonamido ethanols
(MeFOSE and EtFOSE). Samples were collected during the first ELEVATE sampling
campaign conducted in 2016-2017 and additional water samples were collected from
private drinking water wells and additional bottled water samples in May 2018.
Water samples were extracted via solid phase extraction (SPE). Dust and air samples
were extracted and cleaned-up by a range of wet-chemistry techniques, involving
ultrasonication (dust), solid phase extraction (all samples), pressurised liquid
extraction (PLE, air samples) as well as sulfuric acid washes and other
chromatographic separation. Purified extracts were then measured for target analytes
on a Sciex Exion HPLC coupled to a Sciex 5600+ triple TOF MS.
This was the first time that PFASs have been analysed and detected in air and dust
samples collected from Irish microenvironments, and exposure was below estimates
of dietary exposure in other European countries. This study provided the first
international data set on air concentrations of PFOS, PFHxS, PFBS, and PFNA in cars
and school classrooms. Additionally, it was one of the most comprehensive
assessments of non-dietary human exposure to a range of PFASs on an international
level.
The second author was responsible for the development of the sampling
protocols, the collection of samples of dust, air and water and contextual
information. Wemken designed a further element of the study and supervised an
MSc Occupational and Environmental Health Safety student who collected and
prepared private well drinking water samples in 2018. The second author
undertook the intensive wet-lab extraction, concentration, clean-up, using solid
phase extraction and preparation for analysis in the University of Birmingham.
The second author also helped compile the final manuscript, in consultation with
collaborators.
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Emerging and Legacy flame retardants in the breast milk of first time Irish
mothers suggest positive response to restrictions on use of PBDEs
POP BFRs are capable of bioaccumulation in the human body. Human biomonitoring
using breast milk can be used to study human bio-burdens, as some POPs accumulate
in the fatty tissue and human breast milk and is one of the least invasive matrixes to
study bioburdens. The last Irish HBM study for POP BFRs was on human breast milk
samples collected in 2010-2011, and it showed that even though Ireland did not
manufacture these BFRs, they were detected among the Irish population. Globally
there is little data on human body burdens of novel FRs, like DBDPE.
A new Irish HBM study was required to evaluate the impact of recent legislative
restrictions under the Stockholm Convention for penta, octa and deca-BDE and
HBCDDS on human body burdens. This study was also required to check for the
presence of DBDPE, not detected in the last Irish study (Pratt et al 2013). Considering
that Wemken et al. (2019) detected high concentrations of DBDPE in dust and air in
Irish microenvironments, along with the fact that other international research since
2012 now suggests increased human exposure to novel flame retardants it was
important to screen for this chemical.
This study aimed to use Irish air and dust BFR data from several microenvironments
(ref 1st paper) to investigate the relationships between external and internal exposure
of the Irish population to PBDEs and HBCDDs using a simple one compartment
pharmacokinetic model. This included an assessment of the relative influence of
different external exposure pathways (air, dust and diet) on body burdens in the Irish
population.
Monitoring of human exposure in Ireland to POP-BFRs required the procurement of
samples of breast milk from 92 primiparas from infant and maternity hospitals located
in Galway and Dublin. Concentrations of PBDEs, DBDPE and HBCDD were
analysed in 16 pooled samples (each comprising ~3-9 samples from individual
mothers) to permit the assessment of current body burdens in the Irish population.
Pools were freeze dried and extracted via accelerated solvent extraction (ASE) and
cleaned up with a solid phase extraction (SPE) method. Clean extracts were
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concentrated and analysed via GC-EI/MS (PBDEs, DBDPE) and LC-MS/MS
(HBCDDs).
Study results suggest no health concern for Irish nursing infants feeding at
concentrations detected in the study. The one compartment pharmacokinetic model
predicted exposure estimates were in line with observed breast milk concentrations for
target FRs, apart from for BDE-209 and DBDPE. Reductions in the concentrations of
BDE-47, -99 and a-, b-, g-HBCDD, when compared to Pratt et al., 2013 suggested
that legislative restrictions on penta-BDE and HBCDD have reduced Irish human
body burdens for these chemicals. Some evidence of increased body burdens, in the
form of a higher detection frequency compared to the last study and also recently
reported international studies for novel FR, such as DBDPE was found. Wemken et
al. (2019) found high levels of DBDPE in Irish dust, and hypothesises an increase of
body burdens to DBDPE over the next few years.
The first author was responsible for development of the sampling protocols, the
collection of samples and contextual information, collaboration with the midwifes
at each centre, extensive sample extraction and clean up prior analysis, data
analysis and the writing of the manuscript, in consultation with collaborators.
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Concentrations of perfluoroalkyl substances in human milk from Ireland:
Implications for adult and nursing infant exposure
Some perfluoroalkyl substances (PFASs) are able to bioaccumulate in the human
body. There are different options of measuring PFASs levels within the human body
to establish total body burdens within a population; e.g. blood, serum, and breast milk.
Internationally there is little data on PFASs in human breast milk, as serum is a better
matrix for the identification of PFAS. As we collected breastmilk samples, and as it is
less invasive than blood serum (ref paper 3), we decided to analyse these samples for
PFASs. Ireland does not have any human biomonitoring (HBM) data on PFASs and
did not detect PFASs in the last Irish HBM conducted in 2010. In our 2nd paper (Harrad
et al. 2019) we showed that PFASs specifically PFOA, FOSA, PFHxS, PFOS, PFBS,
EtFOSE, EtFOSA, PFNA, MeFOSA and MeFOSE were detected in air dust and water
samples collected from Irish microenvironments. EFSA recently (December 2018)
proposed new provisional guidelines for PFOS and PFOA in diet (as tolerable weekly
intake values (TWIs)). This study aimed to compare results to the proposed TWIs by
using predicted body burdens from the proposed single compartment pharmacokinetic
model using diet, air and dust.
PFASs dust and air concentration measurements from Irish indoor microenvironments
(chapter 3) were used to estimate exposure via air, dust and diet in a one compartment
pharmacokinetic model to assess if expected human body burdens are in line with the
observed ones (measured in human milk samples). As Ireland has no recent PFAS
dietary data, UK dietary data was used as a proxy for Irish dietary exposure in the
model. Thompson et al. have previously presented a Pharmacokinetic model using
serum concentrations in an Australian cohort to characterise human intake of PFAS.
Using partition coefficients between breast milk and serum levels for PFAS
compounds published in scientific literature (Knutsen et al., 2018; Haug et al., 2011),
our breast milk concentrations were adjusted to fit in the Thompson et al. model and
applied to estimate daily intake of PFAS in the studied Irish population.
Sampling required to collect human breast milk has already been described in
Wemken et al. 2019 (paper 3). These samples were also analysed for 10 PFASs
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compounds (PFOS, PFOA, PFNA, PFHxS, PFBS, FOSA, MeFOSA, EtFOSA,
MeFOSE and EtFOSE). Pools were extracted via accelerated solvent extraction (ASE)
and cleaned up with a solid phase extraction (SPE) method and additionally filtered.
Clean extracts were concentrated and analysed on a Sciex Exion HPLC coupled to a
Sciex 5600+ triple TOF MS.
Only four (PFOA, PFOS, PFNA, and PFHxS) of the ten PFASs screened were
detected in the human milk samples. Concentrations detected were in line with those
published in international studies. Exposure estimated for PFOS and PFOA are not of
health concern to nursing infants. However, modelled Irish adult intakes via diet, air
and dust for PFOA, using high exposure scenarios (calculated by using the 95th
percentile concentrations) exceed the provisional EFSA TWI. This study recommends
the measurement for Irish exposure via diet and dermal uptake.
The second author responsible for development of the sampling protocols, the
collection of samples and contextual information, collaboration with the midwifes
at each centre, extensive sample extraction and clean up prior analysis.
Additionally, performing the research to find a suitable model and establishing
the estimated body burdens. The second author also helped compile the final
manuscript, in consultation with collaborators.
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CHAPTER 6 – Conclusion and Future Outlook
As a signatory to the Stockholm convention and a member of the EU, Ireland is
obliged to comply with all legislative restrictions and recommendations regarding
persistent organic pollutants. This research project shows that POP- brominated flame
retardants and per- and polyfluoroalkyl substances are ubiquitous in Irish indoor
environments suggesting widespread use in Ireland. To fully characterise human
exposure to these contaminants bio-monitoring studies coupled with environmental
measurements in household dust, air and water (PFASs only) have been conducted. It
provides new data on external and internal exposures to ‘second generation persistent
organic pollutants’, now banned or restricted, such as hexabromocyclododecane
(HBCDD), polybrominated diphenyl ether (PBDEs) and per- and polyfluoroalkyl
substances (PFASs) and also ’third generation’ POPs such as decabromodiphenyl
ethane (DBDPE), which unfortunately have been introduced in recent years as
“regrettable substitutions” for now banned POPs such as BDE-209.

Currently there is a dearth of recent data on exposure to BFRs, PFASs and DBDPE in
indoor air, dust and water, this data is required to evaluate human exposure to these
chemicals and also help identify prominent exposure pathways to evaluate effects of
these chemicals on our environment and human health. Chapter 2 presents new and
the first Irish concentration data for 13 PBDEs, 3 HBCDDs and DBDPE in indoor air
and dust and the first estimates of exposures (inhalation and ingestion of dust) to Irish
adults and toddlers to these chemicals. The first published data on car concentrations
of novel flame retardant DBDPE are also presented. Some regional differences were
observed in the data, but no apparent reasons for these differences could be elucidated
from the contextual information collected.
DBDPE indoor dust concentrations are higher than values reported in the literature,
with highest concentrations found in Irish primary schools (10000 ng/g), followed by
cars (7700 ng/g), offices (6100 ng/g) and homes (4200 ng/g), values exceed those
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reported across Europe, China and Australia (Qi et al., 2014; Persson et al., 2019; Tao
et al., 2016; McGrath et al., 2018). This suggests that this FR has been regularly used
in Ireland, perhaps in soft furnishings to meet Irish fire safety regulations, which along
with the UK are the most stringent in Europe (Hagen et al., 2017; Fire Safety Advice
Center, Irish Statute Book, 1995). DBDPE concentrations in all microenvironments
measured exceeded dust levels reported in previous UK studies for similar
environments sampled in 2003-2005, 2007-2008 and 2015 (Tao et al., 2016; Ali et al.,
201; Harrad et al., 2010). DBDPE air concentrations in homes and offices were
significantly higher than values reported in the UK in 2016 (Tao et al., 2016).
Concentrations are similar to those reported for the US, but are higher than Canadian
and Czech homes (Venier et al., 2016).
In agreement with other studies, BDE-209 was the most abundant PBDE congener in
dust samples and (Kalachova et al., 2012; Harrad et al., 2008; Venier et al., 2016)
exceed those reported for other studies in Europe (Besis et al., 2017; Brommer et al.,
2012; Kalachova et al., 2012). The high concentrations of BDE-209 in the Irish
microenvironments can be explained by the high usage of Deca-BDE in Ireland (10%
of total EU import) between 2000-2005 (ECHA, 2014). BDE-209 dust concentrations
were significantly lower in offices compared to other environments (p<0.05),
suggesting a faster turnaround of electrical goods than other micro environments.
BDE-209 air concentrations in homes are similar to the UK, but office concentrations
are lower than those reported for the UK (Tao et al., 2016). Air concentrations of BDE209 in schools were significantly correlated with the number of electronics present in
the classroom (p<0.05). Until 2008, BDE-209 was commonly used in electrical and
electronic items and elevated concentrations have been previously been detected in IT
waste in Ireland (Drage et al., 2018).
As expected BDE-47 and -99 concentrations are in line with other European countries
and lower than values reported in North American studies (BSEF, 2003). Lowest air
concentrations of åtriocta BDE were observed in schools, which were lower than
previously reported in Norway and South Korea (Cequier, et al., 2014; Lim et al.,
2014). Cars had significantly higher dust concentrations of BDE-99 and BDE-183 than
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offices (p<0.05), as seen by Harrad and Abdallah (2011) and McGrath (2018). Cars
have a smaller air volume, reduced ventilation, increased volume of synthetic surfaces
and increased volatilisation to BFRs due to elevated temperatures within, resulting in
higher PBDE concentration (McGrath et al., 2018).
åHBCDD dust and air concentrations, are lower when compared to UK and France
(dust only) data (Harrad et al., 2010; Tao et al., 2016; Abdallah et al, 2016), which
may suggest a positive response to recent restrictions in 2017 for this chemical. A
positive correlation between concentrations of åHBCDD dust in offices and the
number of electronics present (p<0.01) was found and higher air concentrations of the
same FR were observed in homes containing carpets.
Estimated PBDE exposures for adults, toddlers and school children via indoor air
inhalation and dust ingestion were calculated and found to be much lower than the US
EPA RfD guidelines where available, even for high exposure scenarios of HBCDD,
BDE-209, BDE-47, BDE-99 and BDE-183. However, these guidelines use outdated
literature and need to be updated, to make them relevant to current exposure estimates.
EFSA has committed to revising their scientific opinion on Polybrominated diphenyl
ethers (PBDEs) in food before 2022 and for HBCDD until 2020 (EFSA, 2019a; EFSA,
2019b). This study reports potentially high exposures to DBDPE, and more human
toxicology studies for this chemical are now required so that comparison guidelines to
help with risk communication can be developed.

Chapter 3 discusses results from the analysis of water, dust and air samples for 10
perfluoroalkyl substances. PFOS has been banned under the Stockholm Convention
since 2009, and PFOA will be listed in early 2020 (Secretariat of the Stockholm
Convention, 2019; ChemicalWatch, 2019). Even though the analysed compounds
have never been manufactured in Ireland, results show potential for human exposure
from consumer products containing these chemicals, which are similar in magnitude
to other countries.
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This study presents the first internationally reported data for PFOS, PFHxS, PFBS,
and PFNA in indoor air in cars and school classrooms; most of the international data
available for PFASs is for samples collected in homes. In this current study air
concentrations detected in Irish homes are within internationally reported levels (Haug
et al., 2011; Shoeib et al.,2011; Goosey and Harrad, 2012; Kim et al., 2012; Eriksson
et al., 2015; Fromme et al., 2015; Winkens et al., 2017); except for PFOA (median:
56 pg/m3), where median concentrations are slightly higher (Shoeib et al., 2011;
Goosey and Harrad, 2012; Eriksson et al., 2015; Winkens et al., 2017). Office PFAS
air concentrations are lower than reported in other studies, except for PFNA and PFOA
where Irish concentrations are above average (median:2.5 pg/m3, 96 pg/m3
respectively) (D’Hollander et al., 2010; Goosey and Harrad, 2012). PFOA is, similar
to other microenvironments, higher in classrooms (median: 89 pg/m3) than previously
reported internationally (Fromme et al., 2015; Karásková et al., 2016).
PFAS dust concentrations in Irish homes are at the low end of those reported
internationally (Goosey and Harrad, 2011; Karásková et al., 2016; Tian et al., 2016;
de la Torre et al., 2019). Concentrations in dust from Irish cars, classrooms and offices
rank among the lowest worldwide (Bjoerklund et al., 2009; D’Hollander et al., 2010;
Goosey and Harrad, 2011; Fraser et al., 2013; Giovanoulis et al., 2019). Indoor air
concentrations of PFOA, PFNA and MeFOSE were significantly higher in cars with
child seats than those without (p<0.05), suggesting the use of these PFASs compounds
to stain and waterproof fabrics on child car seats (Kissa, 2001).
The most commonly detected PFASs in drinking water was PFOA (df>83%). Tap
water concentrations are low compared to other international studies (Ericson et al.,
2008; Thompson et al., 2011; Boiteux et al., 2012; Gellrich et al., 2013; Schwanz et
al., 2016; Kaboré et al., 2018; Boone et al., 2019; Brandsma et al, 2019; Endirlik et
al., 2019; Zhang et al., 2019). Bottled water sample concentrations are within the
median values reported internationally (Ericson et. al, 2008; Gellrich et al., 2013;
Schwanz et al., 2016; Kaboré et al., 2018; Endirlik et al., 2019). The US EPA has set
a health-based limit value (70 ng/L) for PFOS and PFOA in water (Max PFOA: 1.76
ng/L, max PFOS: 7.1 ng/L) (USEPA, 2016a; USEPA, 2016b); concentrations in
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private drinking water samples are significantly less than this value. The concentration
of åPFASs in just one sample of bottled water (64 ng/L) did approach this value but
were still below a Swedish Action Level of 90 ng åPFASs/L (National Food Agency
Sweden, 2018). Private drinking water sample concentrations for PFOA were
significantly higher than from municipal sources; PFBS and PFOS in bottled water
samples were significantly higher than from private water supplies and municipal
supplies; MeFOSA concentrations in tap water from private supplies were
significantly higher than tap water from municipal supplies (p<0.05).
Comparisons between indoor environments revealed that air concentrations of PFHxS
in offices were significantly higher than in all other sampled matrixes (p<0.05);
concentration of PFOS in classrooms (median: 9.3 pg/m3) were significantly higher
than in homes (median: <0.4 pg/m3) (p<0.05). PFBS dust concentrations (median: 15
ng/g) in classrooms were significantly higher than reported in cars (median: 3.6 ng/g)
(p<0.05); and PFNA concentration in offices exceeded levels reported in classrooms
(p<0.05). This study showed that for young children and adults, water is the most
important exposure pathway for most of the target PFASs from the different matrixes
whereas for PFOA and PFOS, dust ingestion and inhalation add significantly to total
exposure. Additionally, this study shows that dust ingestion is the major contributor
to non-dietary exposure of children to PFBS.
Estimated non-dietary exposure to PFOA and PFOS are below EFSAs provisional
TWI values (PFOA 857 pg/kg bw/day, PFOS 1857 pg/kg bw/day) (EFSA, 2018), even
for the high-end exposure scenarios of children (PFOA: 329 pg/kg bw/day, PFOA:
227 pg/kg bw/day). However, it is questionable wheter the estimated exposure will
stay below the TWI if the dietary factor is included. The three exposure pathways
studied here constitute <10% of overall exposure under typical exposure scenarios,
when compared to similar studies of other European countries. The highest nondietary exposure estimates in the current study have been found for PFBS. Currently
there is no health-based limit value for this PFAS, and EFSA’s on-going assessment
of the risks to human health from PFBS and other PFASs is vital to help with risk
communication. The leaching into the environment, be it from inadequate disposal,
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recycling or continued usage of some of these compounds in consumer products,
indicated that even though it is known that these are harmful and restricted or banned,
daily exposure continues.

In Chapter 4 results from the ELEVATE human biomonitoring study are presented.
Data shows the presence of a human body burden to HBCDD, PBDEs and DBDPE
measured in samples of human breast milk collected from Irish primiparas. Even
though most of the assessed compounds have been banned (octa-BDE, penta-BDE,
deca-BDE and HBCDDs), some like deca-BDE are not completely phased out and
they are still likely present in consumer products.
Concentrations of BDE-209 in human milk samples were elevated compared to other
European studies (median: 1.4 ng/g lw) (Fromme et al. 2016, Antignac et al., 2016).
They were above median levels collected for the UK in 2010 and 2014/2015 (0.25
ng/g lw and <0.22ng/g lw respectively) (Abdallah and Harrad, 2014; Tao et al., 2017).
One pool was visibly elevated at 24 ng/g lw; which may be due to high dust ingestion
reported in Chapter 2 (Wemken et al., 2019).
PBDE28:183 concentrations were low compared to other European studies for sampling
periods of 2010-2014 (average: 1.4 ng/glw) (Abdallah and Harrad, 2014; Antignac et
al., 2016), apart from data reported for France (Antignanc et al., 2016).
Human milk HBCDD concentrations (median: 1.8 ng/g lw) are below UK values
reported in 2015 (2.9 ng/g lw) (Tao et al., 2017) but are higher than other European
data (Antignac et al., 2016).
When compared with results from the last Irish HBM study (Pratt et al., 2013) for
human milk samples collected in 2010, exposure to some PBDEs (BDE-47, BDE-153,
BDE-100 and BDE-99) and HBCDD (p<0.05) have significantly reduced, reflecting
a positive impact of legislative restrictions similar to that reported by Garcia Lopez
(2018) in the last Irish food survey for PBDEs.
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This is the most recent HBM study, internationally to report human body burdens to
new novel flame retardant, DBDPE. The detection frequency (df) for DBDPE in this
study (df>19%) increased compared to that reported in Pratt et al. in 2013 (df: 0%). A
similar trend has been observed in the UK where reported df’s rose from 4% to 10%
for samples collected in 2010 and 2014/2015 respectively (Tao et al., 2017).
Concentrations of DBDPE (2.5 ng/g lw) are similar to other international studies
(Mannetje et al., 2013; Zhou et al., 2014; Shi et al., 2016; Tao et al., 2017), indicating
a greater use of DBDPE in consumer products, leading to an increase in human body
burdens. Since pooled samples instead of individual samples were used in this study,
the detection frequency may in fact be higher if a different sampling strategy (i.e.
analysing individual samples) was used. No noticeable decrease was observed in
BDE-209 concentration (when compared with Pratt et al. (2013)), implying
restrictions on Deca-BDE formulations have still to impact on Irish human body
burdens.
Comparisons with the USEPA reference dose values (USEPA, 2002), suggest that
nursing infant exposure to HBCDD, BDE-209, BDE-47 and BDE-99 are of no health
concern. Compared to other reference doses values set by the Dutch Food and
Consumer Product Safety Authority, BDE-99 infant exposures (median: 0.59 ng/kg
bw/day) are above the suggested lower exposure level of 0.26 ng/kg bw/day (De
Winter-Sorkina et al., 2005). However, both guidelines are based on adult exposures
and so direct comparison is not appropriate.
Using human bioburden data, a one compartment pharmacokinetic model was used to
evaluate the importance of external exposure pathways (calculated using the indoor
air and dust data presented in Chapters 2 and 3 and dietary data) to internal body
burdens. Model predications suggest that dietary exposure is the primary exposure
pathway for most of the BFRs studied in this research (lower brominated PBDEs and
HBCDDs); however, for the higher brominated compounds, such as DBDPE and
BDE-209, dust ingestion predominates. Even though there was acceptable consistency
between predicted and observed body burdens for tri-octa BDEs and HBCDD; for
BDE-209 and DBDPE, predicted body burdens were noticeably lower than measured
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concentrations in human breast milk, which, perhaps may be explained by limitations
in the model input data and parameters. For example, inaccuracies in the
bioavailability and human half-life data used for the BFRs, and also the model does
not include a dermal pathway (Wong et al., 2013; Abdallah and Harrad, 2018).

Human milk samples collected in ELEVATE were also analysed for (presented in
Chapter 5) 10 measured PFAS compounds, only four were detected (PFOA, PFOS,
PFHxS and PFNA) and concentrations are within the range reported globally (median:
0.10, <0.04, 0.053 and 0.016 ng/mL respectively) (Liu et al., 2011; Sundstroem et al.,
2011; Croes et al., 2012; Barbarossa et al., 2013; Lankova et al., 2013; Fang et al.,
2015; Guzman et al., 2016; Kang et al., 2016; Lee et al., 2018). In the last Irish HBM
study in 2010, PFASs compounds were below the detection limits (in addition LODs
were higher than in this study) (Pratt et al., 2013). Concentrations were compared to
those used in modelled ‘breastfeeding scenarios’ published by EFSA; so direct
comparisons can be made with serum concentrations of PFOS thought to be associated
with the health end point for PFOS (reduced antibody response post vaccination in 5
year old children) (Knutsen et al., 2018). Breast milk concentrations measured in this
current study are lower than the values used in the breast feeding scenarios and
therefore exposure to breastfeeding infants is not a concern for PFOS. The health end
point identified by EFSA for PFOA is in adults, and so a direct comparison between
nursing infant exposures and the EFSA TWI is not possible.
A one compartment pharmacokinetic exposure model was used to assess the
importance of the external exposure pathways and diet to total exposure to PFOS and
PFOA. Non-dietary exposure estimates (Chapter 3) (Harrad et al., 2019), are well
within present health-based limit values for PFASs set by EFSA. However, when
adding exposure via diet, adult exposure estimates of PFOA (1478 pg/kg bw/day)
exceed the provisional EFSA TWI (857 pg/kg bw/day) for high exposure scenarios
(EFSA, 2018). Modelled adult intakes of PFOS (728 pg/kg bw/day) are well below
provisional set EFSA TWI (1857 pg/kg bw/day). However, there are limitations in
model estimates, such as, uncertainties in human half-life data, absorption efficiencies
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and partitioning ratios between breast milk and serum for PFASs. Future monitoring
of Irish exposure via dermal uptake and diet is advised to further elucidate the potential
exposure.

This research study provides new evidence that human burdens of some ‘second
generation’ POPs are declining, indicating a positive impact on legislative bans and
restrictions. Nevertheless, the study also provides evidence that ‘third generation’
POPs are being introduced which need to be monitored to evaluate the impact on
environment and human health. Advances in analytical instrumentation continues to
evolve and allows detection of new and emerging pollutants at lower concentrations.
However, advances in human toxicology unfortunately are moving at a slower pace
and there is often a struggle to interpret the importance and consequences of exposure
risks. The lack of comparison health guidelines for many of the persistent organic
pollutants impacts on one’s ability to communicate the risks associated with exposure
to the general population but also to works in industry. Several countries, such as
Canada, have developed successful risk communication strategies and use working
groups of non-scientific members. More targeted education about POPs and potential
exposure pathways and the impact of exposure is required. If people are more
informed on exposure risk, hopefully, they will reduce their exposure and hence their
body burdens through greater awareness of treated materials.
Despite the information on the toxicity of many of the now banned FRs, the production
of environmentally unfriendly and potentially hazardous flame retardants continues.
Flame retardants may play an important role in products such as airplanes, cars
electronics and insulation, but their role is questionable in furniture, soft fabrics and
children’s products. In the event of a fire, the advantages of using halogenated flame
retardants has to be contemplated alongside the risks associated with the toxicity of
the other harmful pollutants produced in the event of a fire (Jayakody et al., 2000).
Safe and environmental friendly alternatives are available and many products do not
require the use of flame retardants but flame retardant use in consumer products is on
the rise (Babrauskas et al., 2011). A frequent misinterpretation or flawed
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understanding of flammability standards is presented by industry lobbyists
recommending a greater need for flame retardants (Jonkers et al., 2016). The use of
these compounds needs to be critically assessed in order to decide if they are actually
needed and if there are less harmful alternatives. The data provided in this study
provides a new impetus for the revision of the Irish fire legislation, last revised in 1982
and considered by many to be outdated and requiring a critical review (Irish Statute
Book (eISB), 2015)
With regard to the science, further research is required to help improve understanding
of exposure data such as that presented in this study. Additional research on the health
effects of DBDPE is of importance. As much of the research on human exposure to
FRs now shifts to understanding new and emerging FRs, further research is also
required on historically used FRs. Although banned, because of their persistence
exposure will continue for decades. More studies are required to understand human
toxicology in particular human half-lives and human bioavailability including dermal
exposure pathways for many of these chemicals (Fromme et al., 2016,Wong et al.,
2013). Humans are exposed to multiple chemicals indoors and via a range of pathways.
It is important to consider human exposure to the multiple chemicals present in the
environment and their different uptakes and to understand if the adverse effects of
multiple substances are cumulative (Kortenkamp and Faust, 2018). Currently, human
exposure seems to be the weakest link in regulatory chemical risk assessment, due to
a shortage of human exposure data, uncertainty regarding the risk health levels and
lack of guidance in developing new risk assessments and absence of legal
implementation to follow through with newly established limits (Louro et al., 2019).
This project shows the importance of human biomonitoring studies to evaluate the
positive impacts of legislative restrictions on human exposure.
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