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ABSTRACT 

Brominated flame retardants (BFRs) are organohalogen compounds which are applied 

to polymer-based materials in order to meet fire safety standards. Some of the most 

commonly-used of these BFRs in consumer plastic over the last few decades were 

polybrominated diphenyl ethers (PBDEs), hexabromocyclododecane (HBCDD) and 

tetrabromobisphenol-A (TBBP-A), which have been extensively used in: electrical 

and electronic equipment (EEE), household furniture and furnishings; vehicular 

textiles and plastics; and cavity wall insulation panels. However, comprehensive 

studies on these BFRs have resulted in their listing in the Stockholm Convention on 

Persistent Organic Pollutants and also in EU legislation, which define concentration 

limits on their use/presence in consumer articles. Plastics and textiles containing listed 

BFRs in excess of these limits are therefore considered “hazardous” and cannot be 

disposed of via conventional waste management methods. 

Within the Republic of Ireland, there has been a dearth of knowledge regarding the 

prevalence of these BFRs in waste streams, and there is currently no mechanism in 

place for the removal of the resulting hazardous waste from circulation. The present 

research aimed to fill this knowledge-gap, by determining concentrations of the above 

BFRs in consumer plastics and textiles entering the recycling stream, as well as in 

leachate collected from 40 municipal solid waste landfills across the country. 

Accompanying the collection of recyclable waste was an assessment of portable x-ray 

fluorescence (XRF) as a potential tool for the on-site screening of plastics and textiles 

containing BFRs in compliance with legislative limits. Approximately 800 samples 

were collected from eight waste and recycling sites around Ireland, undergoing in-situ 

determination of elemental bromine via XRF analysis. BFR concentrations were then 

quantified in 555 of these samples via established mass-spectrometric techniques in 

order to (i) establish a database of hazardous BFR concentrations in plastics and 

textiles in Irish waste and the resulting implications for recycling practices, and (ii) 

evaluate the efficacy of XRF as a screening tool for legislative compliance. 

Due to the large number of samples collected, a new method for the extraction of BFR 

compounds from plastics and textiles was developed, as existing techniques proved 

too slow and costly in terms of consumable-use. The new method involves the 

dissolution of samples in dichloromethane, followed by vortexing, sonication, and a 
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final clean-up using concentrated sulphuric acid. The method showed equitable 

accuracy, as well as requiring less solvents and fewer consumables, compared to 

similar extraction techniques. This extraction method was then applied to all plastic 

and textiles samples collected as part of this research for the quantification of BFRs. 

The results of said quantification shows that BFRs are found in various types of plastic 

and textile waste, most notably in televisions and display units, small household 

appliances, insulation foams, and household furniture. Using the most recent figures 

available, it’s estimated that approximately 4,000 tonnes of hazardous plastic and 

textiles waste is generated yearly in Ireland. As there is currently no mechanism for 

the removal of this waste from circulation, it is likely that a large proportion of BFR-

treated plastics are being recycled/re-used. In addition to recycled waste, landfills are 

also shown to contain notable amounts of BFR-treated waste, with high concentrations 

of PBDEs in particular (in excess of 350 ng L-1) being found in some leachate samples 

collected. In general, the concentrations of BFRs in leachate were found to be lower 

at older sites which do not have effective leachate control and clean-up operations in 

place (i.e. unlined sites). This suggests that there is considerable contamination of the 

environments surrounding older landfill sites with hazardous BFRs. 

An effective way to ultimately remove BFRs from circulation would be via the 

screening of waste using portable XFR at recycling sites. The methodology developed 

in the present work uses XRF-determined elemental bromine as a surrogate for BFR-

content in plastics and textiles, designating waste as “hazardous” if bromine is detected 

in excess of 710 mg kg-1. This methodology shows an effective screening rate of 

roughly 94 %, successfully segregating the waste as either safe to recycle, or requiring 

specialised treatment as hazardous waste. Further refinements to this methodology – 

separating plastics from electronics in EEE and using elemental antimony as a BFR-

qualifier – can further improve this rate to ca. 97 %. The reliable use of this 

methodology will require continuous monitoring of BFR-use in plastics and textiles 

as novel BFRs may become increasingly used in place of the now restricted 

compounds.  

  



  
VII 

GLOSSARY OF TERMS 

List of Abbreviations 

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 

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 

Deca-BDE Decabromodiphenyl Ether 

EC  European Commission 

EEE  Electrical and Electronic Equipment  

ELV  End of Life Vehicle 

EPA  Environmental Protection Agency 

EPS  Expanded Polystyrene 

GC-MS Gas Chromatography-Mass Spectrometry 

GFF  Glass Fibre Filter 

GOLDD Geometrically Optimised Large-Drift Detector 

HBCDD Hexabromocyclododecane 

Hepta-BDE Heptabromodiphenyl Ether 

Hexa-BDE Hexabromodiphenyl Ether 

HFR  Halogenated Flame Retardant 

HIPS  High Impact Polystyrene 

LC-MS/MS Liquid Chromatography-Tandem Mass Spectrometry 

LCD  Liquid Crystal Display 

LHA  Large Household Appliance 

LOD  Limit of Detection 



 
VII

I 

LOQ  Limit of Quantification 

LPCL  Low POP Concentration Limit 

NBFR  Novel Brominated Flame Retardant 

MEA  Multilateral Environmental Agreement 

MSW  Municipal Solid Waste 

Nona-BDE Nonabromodiphenyl Ether 

Octa-BDE Octabromodiphenyl Ether 

PBDE  Polybrominated Diphenyl Ether 

Penta-BDE Pentabromodiphenyl Ether 

PFAS  Perfluoroalkyl Substance 

POP  Persistent Organic Pollutant 

PUF  Polyurethane Foam 

RDS  Recovery Determination Standard 

REACH  Registration, Evaluation, Authorisation, and Restriction of Chemicals 

REIO  Regional Economic Integration Organisation 

RF  Response Factor 

RoHS  Restriction of Hazardous Substances 

RRF  Relative Response Factor 

RSD  Relative Standard Deviation 

SDA  Small Domestic Appliance 

TBBPA Tetrabromobisphenol-A 

Tetra-BDE Tetrabromodiphenyl Ether 

UNEP  United Nations Environment Programme 

UTC  Unintentional Trace Contaminant 

WEEE Waste Electrical and Electronic Equipment  

XPS  Extruded Polystyrene 

XRF  X-Ray Fluorescence 

 

  

VIII 



  
IX 

List of Terms 

The following list defines commonly-used terms throughout the text of this thesis. All 

such terms have definitions as follows, unless otherwise specified in-conjunction with 

the use of said term. (Note: Any text in italics in this section is defined elsewhere in 

the Glossary of Terms).  

Deca-BDE/deca-BDE – Deca-BDE (capitalised “D”) refers to the commercial 

mixture of polybrominated diphenyl ethers which generally comprises of the deca-

BDE (lowercase “d”, also known as BDE-209) PBDE congener and also traces of the 

octa-BDE and nona-BDE congeners. 

Hazardous BFR – All those BFRs which have concentration limits for use in 

consumer plastics applied to them by EU legislation (though not necessarily listed as 

a persistent organic pollutant by UNEP), i.e. PBDEs, HBCDD, and TBBP-A. 

HBCDD/Hexabromocyclododecane – Refers to the commercial mixture of 

Hexabromocyclododecane consisting of the various HBCDD stereoisomers. 

HBCDD Stereoisomer – Refers to a specific hexabromocyclododecane stereoisomer 

present in the commercial hexabromocyclododecane mixture. 

Large Household Appliance (LHA) – A large non-portable household appliance for 

routine housekeeping, e.g. washing machine, dishwasher, dryer, etc. 

Octa-BDE/octa-BDE – Octa-BDE (capitalised “O”) refers to the commercial mixture 

of polybrominated diphenyl ethers which is mainly comprised of hepta-BDE, as well 

as traces of the hexa-BDE, and octa-BDE (lowercase “o”) and nona-BDE congeners. 

Penta-BDE/penta-BDE – Penta-BDE (capitalised “P”) refers to the commercial 

mixture of polybrominated diphenyl ethers which is typically comprised of the tetra-

BDE, the penta-BDE (lowercase “p”), and traces of the hexa-BDE congeners. 

Persistent Organic Pollutant – A chemical compound which displays the properties 

of persistence, bioaccumulation, longevity, and environmental & anthropogenic 

toxicity, such as to be listed in the UNEP Stockholm Convention, i.e. PBDEs, and 

HBCDD.  
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Polybrominated Diphenyl Ether – Family of chemicals consisting of a diphenyl 

ether base with various degrees of bromination, the number and orientation of bromine 

atoms indicating the congener. 

Sample Group – Refers to the specific application of the plastic for a consumer 

article, e.g. SDA, LHA, textile, EPS, TVs/display unit, etc. 

Small Domestic Appliance (SDA) – A semi-portable electrical item typically used 

on a table-top/counter-top, e.g. toaster, kettle, microwave, blender, etc. 

Stockholm Convention – A United Nations treaty which requires member 

nations/REIOs to create suitable legislation to reduce or eliminate the use and 

environmental impact of certain chemicals, i.e. persistent organic pollutants. 

Waste Site – The landfill, recycling, construction, domestic, or commercial 

environment from which the relevant end-of-life consumer product was sourced. 

Waste Stream – Where a consumer product ends up upon reaching the end of its 

useful lifetime and is disposed of, i.e. recycling, landfilling, or incineration. 
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THESIS STRUCTURE 

This thesis begins with a general Introduction to the various aspects of this research, 

beginning with: a brief overview of the compounds and chemicals of interest; on to a 

discussion of the environmental levels and trends of these chemicals; to the pressures 

and policies regarding their use in the consumer market; some methods for the removal 

of said chemicals from circulation; and, finally, a summary of the primary research 

objectives purview of this thesis. 

The “results and discussion” of this research are divided into two chapters: Research 

Publications, which is a chronological listing of the peer-reviewed publications 

(within the scope of this research) in which the researcher was involved; and Further 

Research Findings, which are unpublished findings that extends from currently 

published works or supplements findings related to the primary research objectives. 

Finally, the Conclusions and Future Outlook section summarises the findings from the 

published and unpublished works, and discusses the still-present knowledge-gaps 

where future research in this field is needed.  
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CHAPTER 1 – INTRODUCTION 

1.1 Brominated Flame Retardants in Consumer Articles 

In order to meet flame retardancy standards, brominated flame retardants 

(BFRs) were typically added to various plastics in consumer articles in 

order to slow or prevent the propagation of fire in domestic environments. 

The brominated flame retardants in consumer articles which are the 

purview of this research are those which have upper concentration limits 

for their use in consumer plastics defined by European Union legislation, 

thus requiring oversight within Ireland. Common domestic articles treated 

with these particular chemicals include the hard plastic casings for 

electrical equipment and appliances, household and vehicular textiles, and 

certain types of building insulation foams, many examples of which can be 

found in homes, offices, vehicles, and public spaces throughout the 

country. It is important, therefore, to establish why these compounds 

became so ubiquitous in the environment, to what extent they are present 

in various media, which chemicals are expected to be found in a given 

domestic environment, and what are the legal limitations applied to the 

various compounds. 

1.1.1 Brominated Flame Retardants: A Brief History 

Mass-production of plastics began ca. the early 1940s and, due to their versatility and 

cost-effective production methods, quickly rose in prominence as a replacement for a 

huge range of materials including wood, metals, cotton, silk, and ceramics (Thompson 

et al., 2009). However, these innovative materials introduced a new risk to consumer 

safety due to their inherent flammability, thus posing a significant risk to fire-

propagation in closed-off domestic and public environments (Junod, 1976).  In order 

to combat the increased fire hazards posed, the polymers themselves were required to 

be chemically treated in such a way as to inhibit the combustion process. A wide 

variety of chemicals were – and in many cases still are – used for this application, 

including inorganic metal hydroxides, treated organophosphate plasticizers, other 

phosphorous-based compounds, nitrogen-based compounds, and halogenated 
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compounds (van Esch, 1997). The most common of these chemicals used in polymer 

products were the phosphorous-based and halogen-based flame retardants (Liepins 

and Pearce, 1976, van Esch, 1997); however, the former were more typically used in 

textile coatings and in polyurethane foams, while the latter halogenated flame 

retardants (HFRs) were widely used in the plastics of consumer electronics as well as 

in soft furnishings, insulation foams, and some other minor applications (van Esch, 

1997, La Guardia and Hale, 2015). 

The halogens produced from the decomposition of HFRs interrupt one of the key steps 

in the combustion process. During the process, free radicals are produced from 

decomposing molecules which are vital for flame propagation. Halogens produced 

from decomposing HFRs will, however, react with and “trap” these free radicals, 

rendering them effectively inert (van Esch, 1997, Eljarrat and Barceló, 2011). The 

halogen of choice for HFRs is also an important factor for the given application: 

iodine, for example, has a higher radical trapping efficiency than its lower-mass 

halogen-counterparts, but suitable iodine-based molecules are not very stable and 

degrade at only slightly elevated temperatures; fluorine, meanwhile, has the lowest 

trapping efficiency of the halogenated compounds, but fluorinated FRs tend to 

decompose at temperatures much higher than polymers typically burn at. Both 

brominated and chlorinated flame retardants were consequently more suitable for use; 

however, bromine is much more commonly used due in part to its comparatively 

higher trapping efficiency and lower decomposition temperature (van Esch, 1997). 

These brominated flame retardants (BFRs) are further sub-divided into two categories: 

“reactive” BFRs, which are covalently bonded to the matrices of the parent polymers 

and thus making them relatively stable and much less likely to leach out (Covaci et 

al., 2009); and “additive” BFRs, which are simply mixed into the already structured 

polymer during moulding, and are therefore much more readily dislodged and leached 

out from the product (Eljarrat and Barceló, 2011, Rauert et al., 2014). In the early 

1970s, the most widely-used additive BFRs were polybrominated biphenyls (PBBs) 

which were extensively incorporated into a large range of polymer products. However, 

in the mid-1970s, an agricultural mishap involving a commercial-PBB mixture being 

introduced to livestock feed resulted in huge public outcry against the chemical’s use, 
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prompting the introduction of severe restrictions on its use in Europe 

(European_Economic_Community, 1976) and a voluntary cease-of-production in the 

US (and largely worldwide) by the year 2000 (Eljarrat and Barceló, 2011). The most 

common additive BFRs currently in circulation are polybrominated diphenyl ethers 

(PBDEs), hexabromocyclododecane (HBCDD), and tetrabromobisphenol-A (TBBP-

A), with the lattermost being reportedly used as an additive as well as a reactive BFR, 

depending on the application (Eljarrat and Barceló, 2011, Covaci et al., 2009). 

1.1.2 Polybrominated Diphenyl Ethers (PBDEs) 

The primary structure of diphenyl ether consists of two benzene rings connected 

through an oxygen atom, with all other ring-bonds connected to hydrogen atoms. Any 

single one, or any combination, of these hydrogen atoms can be substituted with 

bromine (Figure 1), amounting to 209 

possible congeners of PBDE. 

However, only a subset of these 

congeners are typically found in the 

commercial mixtures: commercial 

Penta-BDE consists mainly of penta-BDE congeners but typically also sizable 

quantities of tetra-BDE and traces of hexa-BDE congeners; commercial Octa-BDE, 

containing mainly hepta-BDE along with traces  of 

hexa-, octa-, and nona-BDE congeners; and 

commercial Deca-BDE, primarily containing deca-

BDE along with traces of octa- and nona-BDE 

(Figure 2) (Van Esch, 1994, Eljarrat and Barceló, 

2011, La Guardia et al., 2006).  

In Europe, the vast majority (approximately 95 %) 

of commercial Penta-BDE was reportedly used in 

flexible polyurethane foams, primarily in furniture 

and vehicular applications (European_Commission, 

2000) and applied to products at concentrations 

ranging from 3-5 % by weight in order to impart the 

desired degree of flame retardancy (UNEP, 2010). With regards to vehicular seating 

Figure 1 – Generic PBDE compound structure. 

Figure 2 – Examples of penta-BDE 
(top), hepta-BDE (middle), and 
deca-BDE (bottom) congeners. 
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foams specifically, it has been estimated that roughly 5 % of all European-built cars 

from 1974 to 2004 have been treated with Penta-BDE (Morf et al., 2003). The 

remaining minor applications of Penta-BDE reported were in textiles, printed circuit 

boards, insulation foams, cable sheets, conveyor belts, and lacquers (UNEP, 2007). 

Roughly 95 % of commercial Octa-BDE supplied in the EU was reportedly used in 

acrylonitrile butadiene styrene (ABS) at typical concentrations of 10-18 % by weight, 

with the remaining 5 % used in high impact 

polystyrene (HIPS) at concentrations of 12-15 % 

(European_Commission, 2011). Both HIPS and 

ABS are extensively used in the exterior housings 

of electrical and electronic equipment (EEE) 

(Figure 3).  Octa-BDE has also been known to be 

applied to nylon, low density polyethylene, 

polycarbonate, phenolformaldehyde resins, as well 

as in adhesives and textile coating agents (UNEP, 2010, European_Commission, 

2011). 

Deca-BDE was also reportedly used in HIPS for electrical housings, as well as a wide 

range of fabric and soft furnishing applications including nylon, polypropylene, 

acrylics, and polyester-cotton (Weil and Levchik, 2009, Van Esch, 1994).  

1.1.3 Hexabromocyclododecane (HBCDD) 

HBCDD is a cyclic aliphatic hydrocarbon, the commercial formula for which 

(technical 1,2,5,6,9,10-HBCDD) is produced by the addition of bromine to cis-trans-

trans-1,5,9-cyclodecatriene (Eljarrat and Barceló, 2011). There are 16 stereoisomers 

Figure 4 – Primary HBCDD stereoisomers in commercial mixtures: α(-)-, β(-)-, and γ(-) HBCDD 
(left to right). 

Figure 3 – Example of HIPS/ABS 
hard plastic section of electrical and 
electronic equipment (EEE). 
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of this compound; however, the commercial HBCDD mixture is dominated by the α 

(-)-, β (-)-, γ (-),and γ (+)-HBCDD stereoisomers (Figure 4), with γ-stereoisomers 

typically constituting around 70 % of the total mixture (Marvin et al., 2011).  

The primary application of HBCDD (over 90 % 

worldwide) is in the building industry, in 

extruded (XPS) and expanded (EPS) polystyrene 

insulation foam panels (Figure 5), into which it is 

reportedly added at concentrations of 0.7 % and 

2.0 % by weight respectively 

(European_Commission, 2011, Marvin et al., 

2011). The remainder of commercial HBCDD is reportedly applied to: textiles and 

fabrics for soft furnishings including seat covers, floor mat, and roof lining in vehicles; 

upholstery and textiles in household furniture and fabrics; and HIPS casings for 

electrical housings and distribution boxes (EPA, 2014) 

1.1.4 Tetrabromobisphenol-A (TBBP-A) 

TBBP-A is produced through 

the reaction of the bisphenol-

A with bromine. It’s efficacy 

as a flame retardant correlates 

directly to the degree of 

bromination, thus the most 

sought after being bisphenol-

A with maximum bromination (tetrabromo-, Br = 4, Figure 6) (Eljarrat and Barceló, 

2011). Its chemical structure allows it to be used as a reactive BFR in applications 

such as for laminates in printed circuit boards (>80 % of TBBP-A produced 

worldwide), as well as an additive in the plastics of a variety of consumer goods (Lai 

et al., 2015). Other major applications of TBBP-A are in high impact polystyrene and 

acrylonitrile butadiene styrene used for exterior housings in common electrical and 

electronic appliances such as TV/display units and IT & Telecoms equipment (Figure 

3) (Eljarrat and Barceló, 2011). Remaining minor applications of TBBP-A have also 

Figure 6 – TBBP-A compound structure. 

Figure 5 – Expanded (EPS – left) and 
extruded (XPS – right) polystyrene 
foams. 
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been reported such as in polypropylene, and in epoxy-, polycarbonate-, and phenolic-

resins (Van Esch, 1994).  
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1.2 Brominated Flame Retardants in the Environment 

With the widespread use of additive flame retardants in a large array of 

everyday items (Section 1.1), it has been shown that environmental 

contamination occurs through various pathways. This in turn results in 

brominated flame retardants being present in various environmental 

media including dust, air, soil, water, sediments, wildlife, and in humans. 

This section gives a brief insight into the various places where 

environmental studies on these media have been conducted, and have 

resulted in the detection of brominated flame retardants at various 

concentration. 

Figure 7 – Some pathways for the environmental contamination of, and subsequent human 
exposure to, BFRs3. 

 

1.2.1 Routes into the Environment 

Flame retardant chemicals must be continually effective throughout the lifetime of the 

product being treated, which can be on the order of many years for typical household 

items and on the order of decades for vehicle plastics and building insulation foams. 

BFRs such as TBBP-A, HBCDD, and PBDEs can therefore persist in the environment 

for excessively long periods of time (Eljarrat and Barceló, 2011). Though the use of 

                                                 
3 Images courtesy of www.freeimages.com and www.slideplayer.com.  

http://www.freeimages.com/
http://www.slideplayer.com/
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these particular BFRs have been restricted (Section 1.3), their continued circulation in 

plastic and textile articles and resulting environmental contamination is liable to 

continue due to the recycling of BFR-treated materials (UNEP, 2010, Turner and 

Filella, 2017a, Guzzonato et al., 2017). Therefore, these sources of BFRs in domestic 

and commercial environments are liable to remain in circulation due to 

mismanagement of hazardous plastic and textile waste. 

The highly lipophilic properties of these compounds (Table 14) means that they can 

also be absorbed into the fatty-tissues of living organisms and bioaccumulate through 

the various levels of the food chain (Figure 7) (Weijs et al., 2015). As outlined in 

Section 1.1.1, additive BFRs can be easily ejected from the treated product as, unlike 

reactive BFRs, they are not covalently bonded to the polymer’s matrix (Rauert and 

Harrad, 2015, Rauert et al., 2016). These aerosols can then settle as dust in their 

respective environments, be blown into the surrounding air, or even become attached 

to other particles for long-range transportation via worldwide trade winds and ocean 

currents (Halsall, 2004, Segev et al., 2009, Eljarrat and Barceló, 2011, Katima et al., 

2017). 

Table 1 – List of physico-chemical properties for the primary congeners of commercial BFR 
mixtures. 

 Mw (Da) Vp (Pa) Log Kow 

penta-BDE 564.691 4.7 x10-5 6.84 

octa-BDE 801.397 1.7 x10-7 8.71 

deca-BDE 959.171 9.3 x10-9 9.97 

HBCDD 671.698 6.3 x10-5 * 5.07 - 5.45 ** 

TBBP-A 543.875 6.2 x10-6 1.25 - 6.53 *** 

* Vapour pressure in this instance measured at 21 °C, while at 25 °C for remaining Vp and Low Kow 

values. ** Log Kow varies for α-, β-, and γ-HBCDD stereoisomers, at 5.07, 5.12, and 5.45 respectively. 
***Log Kow value for TBBP-A varies by pH, increasing log Kow (1.25-6.53) in decreasing pH (9.18-3.05). 

In addition to environmental contamination from BFR-treated goods currently in 

circulation, there are also concerns of contamination from end-of-life goods which 

have been improperly treated and/or disposed of. BFRs have been shown to be 

dischargeable through a variety of pathways: volatilisation from exposed waste into 

                                                 
4 Values obtained from https://pubchem.ncbi.nlm.nih.gov.  

https://pubchem.ncbi.nlm.nih.gov/
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the surrounding air; leaching of soluble components into groundwater and insoluble 

components as suspended solids; debromination resulting from photodecomposition 

(particularly noteworthy with regards to degrading of BDE-209 to its lower-

brominated counterparts); and from weathering and abrasion, especially with regards 

to the unbound additive BFRs (Stubbings and Harrad, 2014, Rauert and Harrad, 2015). 

This is of particular concern with regards to disposal of BFR-treated articles in 

landfills. While BFRs are only partially soluble in water (Stubbings and Harrad, 2014), 

anaerobic degradation within landfills can result in very high temperatures of up to 90 

° C under certain conditions (Environment_Agency, 2003), and it has been shown that 

increasing temperature can cause a major increase in concentrations of BFRs in 

landfill leachate (Stubbings and Harrad, 2014). A study by Segev et al. (2009) has 

shown that leachate from landfills (in addition to fumes from incinerators) are liable 

entry pathways for BFRs into the environment. This study additionally outlines the 

occurrences of environmental contamination of BFRs before production, with such 

production facilities having been shown to release flame retardants into the 

environment via the wastewater resulting from their manufacturing processes. 

1.2.2 Advent in the Environment 

A review on environmental contamination in China elaborated on the trends of BFRs 

in the country’s environment and worldwide, notably stating that “high concentrations 

of PBDEs were generally related to e-waste disposal processing” and that PBDEs in 

blood serum samples were higher in electronics dismantling workers compared to the 

general population (Yu et al., 2015).  The review went on to conclude that much more 

study is required, particularly with regard to aquatic and terrestrial organisms, which 

had not been extensively studied previously but certainly merited further investigation. 

For example, concentrations of TBBP-A in soil samples reportedly ranged from 0.2 

pg g-1 to 10.4 ng g-1 between the Tibet and Ningbo regions, though inferences about 

the spatial variations of TBBP-A could not be conclusively drawn due to the limited 

data available. Another small study conducted in the Pearl River Delta in the south of 

China showed very high concentrations of aerosolised BFRs in samples taken from 

2006 to 2007, where peak air concentrations for the sum of PBDE congeners were 
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measured at 372 pg m-3, with wet and dry deposition rates estimated at several tonnes 

each annually (Zhang et al., 2009). 

Similar studies of the Great Lakes region of North America have shown very high 

concentrations in urban centres, likely resulting from deposition of BFRs from 

manufacturing zones in eastern Asia via Pacific air masses (Noël et al., 2009). Air 

samples in Chicago and Cleveland during 2005-2006 showed air-mass concentration 

highs of 64 and 87 pg m-3 total BFR concentrations respectively, values which were 

expected to rise rather than fall in the years following (Venier and Hites, 2008b, Venier 

and Hites, 2008a). BFRs (including PBDEs, HBCDD, and TBBP-A) have even been 

detected in the Arctic environment in biotic and abiotic media, the unique blend of 

congeners identified indicating that Western Europe and North-Eastern USA are likely 

sources for these compounds and the transportation of which likely occurring via 

atmospheric and ocean currents (de Wit et al., 2010). This in turn means that effective 

removal of these chemicals already in the environment will be a major challenge, due 

to the long distances which they travel and the remote or even inaccessible areas where 

they may be deposited. 

TBBP-A, in contrast to PBDEs and HBCDD, has a relatively short environmental half-

life (< 21 days in soil, (Sun et al., 2014)), generally decreasing in concentration in 

water and sediment with increasing distance from the BFR source (Harrad et al., 

2009). TBBP-A in humans appears to shows a similarly short half-life (< 3 days, 

(European_Food_Safety_Authority, 2011). These factors, in addition to the high 

production volume of the chemical (Eljarrat and Barceló, 2011) and its listing as a 

Type 2A carcinogen (International_Agency_for_Research_on_Cancer, 2018) are 

some reasons as to why TBBP-A has not been listed a persistent organic pollutant (see 

Section 1.3). However, the chemical’s partial water solubility and tendency to be 

adsorbed by suspended particles in aquatic environments lead to the potential for 

human exposure through bioaccumulation in the food-chain (Malkoske et al., 2016). 

This is reflected as a concern (despite the short half-life) in studies of the sediment in 

lakes and rivers in China, where concentrations discovered along with analysis of the 

point sources and hydraulic conditions suggest that transport and accumulation of 

TBBP-A downstream from sources can occur (Yang et al., 2012). 
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Landfills and municipal solid waste sites are a growing area of concern for 

contamination of the environment by hazardous BFRs due to their potentially 

containing huge quantities of BFR-treated goods. A study of the concentrations of 

certain BFRs in leachates and sediment surrounding landfills in South Africa 

discovered concentrations of HBCDD up to 186 pg L-1 in leachate samples and 40 ng 

g-1 in sediment samples, as well as measureable concentrations of other novel BFRs 

(Olukunle and Okonkwo, 2015). A similar study of HBCDD concentrations in 

leachate and soil was carried-out at a landfill at Sweden, wherein leachate samples 

contained 3 ng L-1 of HBCDD while accompanying soil samples contained no 

detectable concentrations (Remberger et al., 2004). To the author’s knowledge, there 

are no other published data on BFRs in landfill leachate in Europe. 

Samples of water leachate from several landfills in China showed a wide range of 

concentrations of several prominent PBDE congeners (BDE-47, -99 and -100) as well 

as for TBBPA. Concentrations for the sum of the PBDE congeners ranged from non-

detect to 4 ng L-1 for raw leachate and non-detect for any treated leachate samples, 

while concentrations of TBBPA were found between non-detect and 620 ng L-1 for 

raw samples, and between non-detect and 11 ng L-1 in treated samples (Osako et al., 

2004). Other landfills in developing countries in Asia (Malaysia, Vietnam, Indonesia, 

India and Cambodia) have also been shown to have significant contamination to the 

soil surrounding the sites, with mean concentrations reaching highs of 95 ng g-1 for 

PBDEs, but much lower for HBCDDs (Eguchi et al., 2013).  

A set of 13 landfills in Australia were also scrutinized for concentrations of PBDEs 

and HBCDDs in both leachate and bio-solid samples, the results of which showed that 

deca-BDE (BDE-209) was the BFR found at the highest concentrations in the bio-

solids (up to 1,340 ng g-1), while HBCDD and the summation of those congeners 

attributed to commercial Penta- and commercial Octa-BDE mixtures were found at 

lower concentrations (maximums of 129 ng g-1, 184 ng g-1, and 11 ng g-1 respectively). 

Meanwhile, for leachate samples, the highest concentration of congeners found 

belonged to the Penta-BDE commercial mixture (up to 920 ng g-1), with maximums 

for HBCDD, Octa-BDE congeners and Deca-BDE congeners found at 9.3 ng g-1, 110 

ng g-1 and 180 ng g-1 respectively. In general, high levels of BFRs were not found in 
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landfills closed before 1995, which was thought to be likely due to the majority of 

BFR-containing products still being in-use and not yet disposed of in large quantities 

(Gallen et al., 2016).  

1.2.3 Accumulation in Biological Media 

Several studies carried out on aquatic birds indigenous to the Norwegian and Russian 

Arctic regions have shown that many species carried significant quantities (up to 150 

μg kg-1) of HBCDD and PBDE congeners in lipid samples. Additional analysis carried 

out on the eggs of these birds showed similar BFR lipid levels of ~109 ng g-1 

suggesting that BFR-contamination through reproduction is occurring (Eljarrat and 

Barceló, 2011). A particularly notable study showed the results from the analysis of 

dead and dying birds in the Svalbard Archipelago of Norway, in which PBDE 

concentrations were measured as high as 1,800 ng g-1 lipid weight in the brains and 

13,000 ng g-1 lipid weight in the livers of some birds analysed (Sagerup et al., 2009). 

Sizable concentrations of BFRs have also been measured in terrestrial birds and their 

progeny in the continental United States. Though the concentrations in these analyses 

varied greatly – several samples showing high concentrations of ~6,000 ng g-1 – it is 

the trends in these values which are particularly noteworthy: analysis of eggs over a 

twenty year span (1986-2007) showed that PBDE concentrations more than tripled in 

the eggs over each decade (Park et al., 2009). Meanwhile, from a geographical respect, 

significantly higher concentrations were measured near the west coast of the US in 

comparison to the midlands and east coast (Fernie et al., 2009) indicating that BFR 

aerosols are potentially being carried and deposited via Pacific air masses from eastern 

Asia. 

Marine mammals have likewise undergone extensive study with regards to BFR 

exposure and contamination in many areas, from the west coast of the United States, 

through Europe, the Middle East, and to East Asia. Very high concentrations have 

been detected in various marine mammals worldwide with the highest being found in 

The Philippines (spinner dolphins – 5,400 μg kg-1, San Francisco Bay (harbour seals 

– 7,140 μg kg-1), the Gulf of Mexico (bottlenose dolphins – 8,000 μg kg-1) and 

Shiretoko Japan (killer whales – 19,200 μg kg-1). This contamination is not limited to 
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built-up areas and large-scale industry however, with contaminants also being 

identified in much more remote locations (Eljarrat and Barceló, 2011). 

1.2.4 Health Effects 

Due to the various commercial applications reported, exposure to hazardous BFR 

compounds has the potential to occur in various environments including: domestic and 

commercial indoor environments; inside various vehicles such as planes, trains and 

automobiles; and proximate to manufacturing or waste management sites (Eljarrat and 

Barceló, 2011, Stubbings, 2015). The major pathway identified for such exposure 

appears to be through inhalation, ingestion, and dermal pathways, with much research 

on exposure being focused on those areas (Darnerud et al., 2001, La Guardia and Hale, 

2015, La Guardia et al., 2017, Besis et al., 2017). The EU has no defined “tolerable 

daily intake” (TDI) values established for BFRs due to a lack of toxicity and exposure 

studies (European_Food_Safety_Authority, 2019). However, the US EPA have 

defined “reference dose” (RfD) values for the maximum acceptable oral dose of penta-

BDE (0.1 µg kg-1 day-1), octa-BDE (0.2 µg kg-1 day-1), and deca-BDE (7.0 µg kg-1 

day-1) (Lyche et al., 2015). No such RfD or TDI values have yet been defined for 

TBBP-A or HBCDD, though an EFSA risk assessment study has proposed a TDI for 

TBBP-A at 1.0 mg kg-1 day-1 (European_Food_Safety_Authority, 2013), and the EU’s 

Water Framework Directive (WFD) proposed a TDI for HBCDD of 0.1 mg kg-1 day-1 

(Water_Framework_Directive, 2011). 

Certain congeners of PBDEs used in flexible polyurethane foams and circuit boards 

are suspected to act in a similar manner to polychlorinated biphenyls with regard to 

their role as neurotoxins, having been linked to cell apoptosis via the disruption of key 

cell pathways (He et al., 2009). Significant health effects have also been linked to the 

ingestion of these chemicals, disrupting the normal function of calcium ions and 

causing significant reduction in neuronal number and a subsequent increase in the 

degradation of nerve cells (Zhang et al., 2009, Zhang et al., 2015). PBDEs have also 

been shown to alter thyroid homeostasis thus adversely affecting the metabolic cycle; 

however, the study also concludes that there appears to be no association between 

PBDEs and thyroid cancer (Aschebrook-Kilfoy et al., 2015). High levels of exposure 

to BFRs commonly found in indoor dust – including PBDEs and HBCDD – has also 
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been linked to reproductive health effects. Careful evaluation of ovary behaviour 

following regular exposure to BFRs show adverse effects on ovarian function 

affecting both folliculogenesis and steroidogenesis; key stages in the menstruation 

cycle (Mankidy et al., 2013). 

HBCDD stereoisomer exposure has meanwhile been shown to have specific organ and 

metabolic implications. Sub-chronic exposure to HBCDD has been shown to cause 

disturbances in the metabolic cycle, specifically, in the tricarboxylic acid cycle and 

resulting protein and lipid processing (Wang et al., 2016). Of particular interest is the 

disruptive effect exposure to HBCDD has been shown to have on certain 

proinflammatory proteins in bronchial cells which could potentially result in an 

inhibitory effect on the immune system’s ability to fight off lung-based infections and 

diseases (Koike et al., 2015). HBCDD has also been shown to act as an endocrine 

disruptor, adversely influencing the thyroid hormone system, even at exposure to 

relatively low concentrations. (van der Ven et al., 2006, van der Ven et al., 2009) 

Similar to HBCDD and PBDEs, TBBP-A has been shown in studies to disrupt normal 

thyroid activity and act as an endocrine disruptor, as well as causing adverse 

neurodevelopmental effects in rats (Lilienthal et al., 2008, Abdallah, 2009, Nakajima 

et al., 2009). A study conducted on the neuro-behavioural effects of exposure to 

TBBP-A and BDE-47 (a major isomer found in commercial Penta-BDE mixtures) 

showed that acute exposure of TBBP-A produced behavioural effects in the test 

subjects, while BDE-47 showed significant behavioural effects from developmental 

exposure but relatively little from acute exposure (Jarema et al., 2015). More recently, 

a study has suggested that exposure to high concentrations of TBBP-A can have 

acutely toxic effects by damaging red blood cells and inhibiting their ability to release 

haemoglobin (Jarosiewicz et al., 2017). Finally, carcinogenicity studies involving 

exposure to TBBP-A have linked chronic exposure of the compound to mutations of 

tumour proteins (Tp53) and the development of uterine carcinomas (Lai et al., 2015, 

Harvey et al., 2015)  
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1.3 Current Legislation and Limits for Hazardous BFRs 

The legislation relevant to this research and discussed within this thesis is 

broadly divided into two categories: recommendations by the United 

Nations Environment Programme (UNEP) and legislation within the 

European Union (EU). At the international-level, UNEP established a list 

of “persistent organic pollutants” (POPs) in a treaty known as the 

“Stockholm Convention”, the signatories to which are required to restrict 

or eliminate the use of said chemicals within their jurisdictions. As a 

signatory to this treaty, the EU must create and enforce legislation on its 

member states (including the Republic of Ireland) to limit or prevent the 

use of these hazardous chemicals. In terms of the brominated flame 

retardants relevant to this research, all commercial mixtures of 

polybrominated diphenyl ethers and hexabromocyclododecane are 

considered persistent organic pollutants and require oversight by both the 

UNEP and the EU. Tetrabromobisphenol-A, while not a listed chemical in 

the Stockholm Convention, is also considered particularly hazardous to 

aquatic environments and its use in consumer articles is also restricted 

within the European Union. 

1.3.1 United Nations Environment Programme: The Stockholm Convention 

The United Nations Environment Programme (UNEP) is the branch of the United 

Nations tasked with setting the global environmental agenda, i.e. initiating and setting 

into motion the major strategies for environmental clean-up, protection, and 

sustainability worldwide (UNEP, 2004). One such agenda lay in assessing the global 

hazards posed by a group of chemicals which became known as persistent organic 

pollutants (POPs), compounds which are classified as having (Figure 8): 

“… a particular combination of physical and chemical properties such that, once 

released into the environment, they (i) remain intact for exceptionally long periods of 

time, (ii) become widely distributed throughout the environment as a result of natural 

processes involving soil, water and, most notably, air, (iii) accumulate in the fatty 

tissue of living organisms including humans and are found in higher concentrations 
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at higher levels in the food chain, and (iv) are toxic to both humans and wildlife” 

(UNEP, 2008b). 

Figure 8 – Overview of criteria for listing a chemical as a POP, as defined in Annex D of the 
Stockholm Convention. 

To combat the hazards posed by these compounds, in 1995 the governing council of 

the UNEP requested an assessment to be made of a group of 12 initial POPs 

(colloquially known as the “dirty dozen”) for the purposes of reducing their 

environmental impact on an international scale (UNEP, 2008a). Following an 

assessment of the 12 compounds, negotiations between member-states, establishment 

of a legally binding framework, and after the fiftieth member-state’s ratification of the 

treaty, the Stockholm Convention came into force on the 17th of May 2004 which 

requires signatories to take cost-effective corrective actions to limit or eliminate the 

use of POPs listed in the convention (UNEP, 2008a). Since this ratification, over 180 

states have become signatories of the treaty and, in the years following its ratification, 

more compounds have been investigated and listed as POPs in the convention. A total 

of 27 chemical compounds (or groups of compounds) have been listed as of the 8th 

Council of Parties meeting in May 2017 (UNEP, 2017) and included in these 

additional listings are four of the aforementioned commercial BFR mixtures: Penta-

BDE, Octa-BDE, Deca-BDE and HBCDD (UNEP, 2013) (UNEP, 2009) (UNEP, 

2017). 

1.3.2 The European Union: REACH, RoHS, ECHA, and POPs Legislation 
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The primary regulation relating to the governance of POPs as defined by the 

Stockholm Convention, is Regulation EC-850/2004 on persistent organic pollutants, 

or the “POPs directive” (European_Commission, 2004). This directive is a direct 

result of the creation of the Stockholm Convention on Persistent Organic Pollutants as 

well as the multilateral environmental agreement (MEA) on Long-Range 

Transboundary Air Pollution, whence this directive discerns POPs in need of 

restriction and/or prohibition within the EU and establishes low POP concentration 

limits (LPCLs) for the relevant chemicals. The second major regulation which governs 

the use of POPs in the EU is the directive 2011/65/EU on the “restriction of the use of 

certain hazardous substances in electrical and electronic equipment” or the “RoHS 

directive” for short (EU, 2011). The POPs and RoHS directives operate together to 

regulate (amongst other chemicals) concentrations of legacy BFRs in articles (i) newly 

manufactured and placed on the market (unintentional trace contaminant – UTC), (ii) 

manufactured partly or wholly from recycled articles and placed on the market, and 

(iii) the management of waste containing or contaminated with said legacy BFRs. 

These two directives work in-tandem with regulation 1907/2006 concerning the 

“Registration, Evaluation, Authorisation and Restriction of Chemicals” (REACH) 

(European_Commission, 2006b). Due to the Stockholm Convention stipulating that a 

listed POP may be used in specific cases for a period of time, such specific exemptions 

must be submitted to and authorised under REACH. These POPs, REACH, and RoHS 

mandates govern HBCDD- and PBDE-use in consumer articles. Meanwhile, TBBP-

A has been classified by the European Chemical Agency (ECHA) in regulation 

1272/2008 on the classification, labelling and packaging of substances and mixtures 

(see Appendix I). 

A summary of the concentration limits for the relevant BFR compound (in the case of 

HBCDD and TBBP-A) and congener (in the case of the PBDEs) is shown in Table 2. 

This shows the concentration limits (% w/w) for articles entering the waste stream, in 

newly manufactured goods made from recyclate, and for newly manufactured goods 

NOT made from recyclate, along with the accompanying regulations and year of 

implementation for each. An in-depth review of all the relevant regulations, nuances 

of concentration limits, and exemptions to said limits can be found in Appendix I. 
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Table 2: Overview of EU concentration limits for commercial BFR mixtures in consumer 
plastics and the relevant governing regulations.  

BFR 

Compound(s)/

Congeners(s) 

Year of 

Listing in 

Stockholm 

Convention 

Concentration Limits Set by EU 

Year of EU 

Legal 

Ruling 

Limit 

for 

Waste 

Limit for Market 

Recyclate** UTC*** 

tetra-BDE 2009 2010 (POPs) n/a 0.1 % 0.001 % 

penta-BDE 2009 2010 (POPs) n/a 0.1 % 0.001 % 

hexa-BDE 2009 2010 (POPs) n/a 0.1 % 0.001 % 

hepta-BDE 2009 2010 (POPs) n/a 0.1 % 0.001 % 

HBCDD 2013 2016 (RoHS) 0.1 % n/a 0.01% 

deca-BDE 2017 2017 (REACH) n/a 0.1 % n/a 

ΣPBDEs* 2017 2011 (RoHS) n/a 0.1 % n/a 

TBBP-A n/a 2017 (ECHA) 0.1 % n/a n/a 

penta-BDE + 

TBBP-A 
n/a 2017 (ECHA) 25 % n/a n/a 

* Only applies in the case of electrical and electronic equipment (EEE) as defined by the RoHS Directive. 
** “Recyclate” refers to limits on newly manufactured articles made (as least in part) from recycled 
materials. ***UTC or “Unintentional Trace Contaminant” refers to limits on newly manufactured articles 
NOT made from recyclates. 

With the legislative limits currently in place in the EU for BFRs in plastic articles, 

there is a clear need for a mechanism to screen such materials for legislative 

compliance. Methods for the quantification of BFRs in plastics, though accurate, 

require targeted analysis and are too slow for the volume of plastic materials 

produced/disposed of annually (European_Commission, 2011, Delva et al., 2018). 

More rapid methods for the segregation of BFR-treated plastics have been developed, 

such as “froth and flotation separation” involving the separation of materials based on 

density (Guo et al., 2018) and on-line x-ray transmission spectroscopy involving the 

screening for plastics for total bromine (Hennebert and Filella, 2018). However, these 

methods are not yet commercially available, as well as having issues with high cost, 

low accuracy, and/or slow throughput of samples. Portable x-ray fluorescence (XRF) 

has been investigated in recent years as another method for the screening of plastics 

for legislative compliance (Petreas et al., 2016, Aldrian et al., 2015). Though a 

promising technology, methodologies are still in the developmental phase and the 

instrument has not yet been tested in-situ on a large number of potentially BFR-treated 

plastics for compliance with current legislative limits (Table 2).   
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1.4 Portable X-Ray Fluorescence as a Screening Tool for Waste Containing 

BFRs 

X-ray fluorescence (XRF) spectrometry involves the use of ionising radiation for the 

detection and quantification of elements within an analyte. Primary x-rays are emitted 

from a source towards the analyte of interest where they interact with electrons in 

atomic orbitals and, provided the 

incident x-ray is sufficiently 

energetic, dislodge an electron 

from the atom’s inner-orbitals. An 

electron from one of the outer 

orbitals subsequently drops to the 

lower energy level to fill this 

vacancy and, in the process, emits a 

characteristic “secondary” x-ray of 

energy approximately equal to the 

difference in energies of the relevant atomic orbitals (Figure 95). These emitted x-rays 

are unique to each chemical element and can be distinguished and quantified by a 

suitable detector (Zawisza, 2012).  

The concept of using portable XRF for the detection of total bromine as a proxy for 

BFRs in plastics has been explored for over a decade. Results thus far largely indicate 

that the XRF, though unable to provide exact information on the type and mixture of 

BFRs in the materials, does show good correlations between its measured total 

bromine content and BFR concentrations quantified via mass spectrometric (MS) 

techniques. Many studies to date have concluded that the XRF is suitable for quick 

on-site determination of total bromine and therefore BFR-content (Kajiwara et al., 

2009, Schlummer et al., 2015); however, these conclusions have come with caveats 

and recommendations for improving the process. For example, a study which showed 

very favourable correlations between XRF and MS analyses of the same samples 

emphasised that sample thickness is an extremely important factor for the effective 

                                                 
5 Figure 9 – Pictorial representation of XRF process (https://www.researchgate.net/figure/The-

principle-of-XRF-and-the-typical-XRF-detection-arrangement-Source_fig7_263970547).  

Figure 9 – Pictorial representation of XRF process. 

https://www.researchgate.net/figure/The-principle-of-XRF-and-the-typical-XRF-detection-arrangement-Source_fig7_263970547
https://www.researchgate.net/figure/The-principle-of-XRF-and-the-typical-XRF-detection-arrangement-Source_fig7_263970547
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use of XRF as x-rays tend to fully 

penetrate thin samples and result in 

unwanted backscatter from 

substrate materials (Figure 10) 

(Allen et al., 2008). A similar study 

investigating HBCDD in 

polystyrene insulation foams 

concluded (despite showing 

significant correlations between XRF-determined bromine and quantified BFRs) that 

sample thickness is a major factor in accuracy of analysis, particularly with low 

density materials such as polystyrene, and concluding that a best-match of XRF and 

MS analyses was established for a minimum sample thickness of 12 cm (Jeannerat et 

al., 2016). Studies also suggest that adequate sampling time is essential for the 

accuracy of XRF measurements, one such reporting that increasing sample analysis 

time from five to thirty seconds can reduce uncertainty from averages of 9 % to 4 % 

(Aldrian et al., 2015). However, evidence suggests that the inhomogeneity of additive 

BFRs in polymer matrices could undermine the results even for analyses as precise as 

4 % uncertainty; therefore, multiple measurements for average bromine-counts across 

the sample’s surface would be best practice. Conversely, some studies comparing 

collection and analysis techniques using XRF, dust wipes, and destructive GC-MS 

showed poor correlations between XRF-measured total bromine and GC-MS 

determined BFRs (Gallen et al., 2014, Abbasi et al., 2016). 

There is therefore scope for developing a viable methodology which uses portable 

XRF in the screening of plastic materials for BFR-content. Based on prior studies on 

this field however, there are several points which must be noted: (i) a much larger 

sample-size is required to more definitively test the instrument’s potential; (ii) the 

method must be sufficiently rapid and robust to be used on a large volume of plastics 

and textiles; (iii) the sample thickness and possible inhomogeneous mixing of BFRs 

in samples must be taken into account to improve the accuracy and precision of XRF 

analyses; and (iv) knowledge of the typical BFR-content of a given plastic/textile 

article would be beneficial to streamline the screening process.  

Figure 10 – Pictorial representation of background 
interference which may occur during XRF Analyses 
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1.5 Primary Research Objectives 

The Republic of Ireland, as a member-state of the EU and signatory to the Stockholm 

Convention, is required to monitor the presence and use of hazardous brominated 

flame retardants and take steps to prevent further environmental contamination via 

waste activities. However, there is currently a dearth of knowledge regarding the 

concentrations and prevalence of BFRs in consumer articles in Ireland and the EU, the 

volumes of said materials entering the waste stream, and how the resulting hazardous 

waste should be disposed of. In order to satisfy this knowledge-gap, the research 

carried out as part of this thesis aimed to assess: 

 The levels of hazardous BFRs in waste plastics and textiles in Ireland; 

 The volume of BFR-treated plastics/textiles entering the recycling 

system and the effects this might have on the circular economy; 

 And the methods available for disposing of end-of-life plastics 

containing excess concentrations of hazardous BFRs. 

Should a large volume of recyclable waste be revealed to contain excess concentrations 

of hazardous BFRs, a user-friendly and robust method for screening said waste will be 

required to remove these BFR-treated materials from circulation and comply with EU 

legislation. Therefore, the present research further aimed to determine: 

 The effectiveness of portable x-ray fluorescence technology on 

screening waste plastics and textiles for legislative compliance with 

regards to hazardous BFR content. 

Landfilling was historically the most widely-used waste disposal method in Ireland. 

However, similar to the recycling stream, the volumes of BFR-treated waste landfilled 

over the last few decades is unknown. Therefore, an assessment of BFRs in landfill-

based media can provide insight into the volumes of said BFR-treated waste produced, 

and investigate how inadequate leachate management systems may have resulted in 

environmental contamination. Therefore, the research finally aimed to assess: 

 The concentrations of hazardous BFRs in leachate produced from 

municipal solid waste landfill sites throughout the country, and the 

resulting implications for environmental contamination.  
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CHAPTER 2 – RESEARCH PUBLICATIONS 

2.1 A Rapid Method for the Determination of Brominated Flame Retardants in 

Plastics and Textiles Entering the Waste Stream. 

This publication established the effectiveness of a new methodology for the 

extraction of brominated flame retardants from waste plastic and textiles 

for subsequent quantification via mass spectrometric analysis. Briefly, the 

methodology involves the dissolution of plastic/textiles samples in 

dichloromethane, followed by vortexing, sonication, and clean-up of 

impurities using concentrated sulphuric acid. This methodology shows to 

be satisfactorily accurate and reproducible while also showing high 

sample throughput, reducing solvent consumption, requiring less time to 

carry out, and minimising sample contamination compared to previously 

established methods. This method therefore allows for the more rapid 

processing of plastic and textile samples in order to check for compliance 

with legislative limits regarding the presence of hazardous BFRs.  

The researcher was responsible the sampling protocols and the subsequent 

sourcing and collecting of the samples required for the testing of this 

methodology. The researcher additionally assisted in the processing and 

analysis of samples using the methodology, as well as analysing and 

evaluating the results in order to test the methods under investigation, in 

consultation with Dr Abdallah and collaborators. 
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A rapid method for the determination of brominated flame retardants in plastics and 

textiles entering the waste stream. 
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A rapid method for the determination of brominated flame retardants in plastics and 

textiles entering the waste stream. 
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2.2 Hexabromocyclododecane in Polystyrene Packaging: a Downside of 

Recycling? 

This publication highlights the relevance of the overall research project to 

Ireland, and the requirement for up-to-date data for known concentrations 

of POP-BFRs in consumer articles in the country. The results herein show 

that, within Ireland and the UK, consumer packaging materials are 

contaminated with HBCDD. Though extruded and expanded polystyrene 

materials used in building insulation foams are required to undergo flame 

retardancy treatment, there is no such requirement for flame retardancy 

in packaging foams. This demonstrates that some waste management 

practices require further scrutiny and oversight as contamination of 

“virgin” materials is occurring through some avenue(s). These results 

further highlight that a local large-scale study for hazardous BFRs in 

recyclable waste is required, as results from studies in other jurisdictions 

do not necessarily translate to waste in Ireland and thus will not precisely 

indicate where waste management practices may require refinement. 

The researcher was responsible for the sourcing and collection of samples 

in Ireland pursuant to this research. The researcher additionally 

developed and applied the methodology for XRF-analysis of polystyrene 

samples on Irish samples, in order to ascertain whether or not HBCDD 

was similarly present in Irish packaging materials as for the UK thus 

posing a significant barrier to the safe recycling of these materials. The 

researcher ensured the integration of the results of these additional 

samples into the database of hazardous BFRs in consumer goods being 

compiled (see Section 2.3). Finally, the researcher carried-out the analysis 

of data pursuant to this publication, investigating the statistical 

significance of these findings as regards to recycling practices, in 

collaboration with Dr Abdallah and collaborators. 
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2.3 Brominated Flame Retardants in Irish Waste Polymers: Concentrations, 

Legislative Compliance, and Treatment Options. 

This publication relates to the state of hazardous BFRs in Irish waste 

streams, the first ever assessment of BFR concentrations in Irish waste 

streams as well as being one of the largest sampling campaigns for POP-

BFRs in waste plastics conducted to-date. The results within this 

publication outline the typical concentrations of hazardous BFRs in 

various waste plastic categories, additionally highlighting which of said 

categories are of concern in terms of hazardous BFR-content requiring 

specialised treatment and which are of low concern and suited to 

conventional waste management practices (i.e. recycling). The publication 

continues on to outline: how the introduction of a concentration limit for 

deca-BDE would affect the volume of hazardous waste produced in 

Ireland; how compliance with these limits may be an issue for certain types 

of waste plastics; that construction and demolition wastes are particularly 

noteworthy as a waste of concern; and that incineration is likely the most 

viable option for the disposal of hazardous waste in lieu of recycling 

(prohibited for such hazardous waste) and/or landfilling (in the process of 

being curtailed as a waste disposal method for the Republic of Ireland). 

The review of literature carried out as part of this research project 

involved the identification of types of waste which was historically treated, 

or expected to be treated, with BFRs; thus, the types and quantities of 

samples to be obtained were already established at the outset. The 

researcher was principally responsible for the collection phase: 

identifying waste sites where the samples could be obtained, developing 

the sampling protocols for the collection of each type of waste material, 

establishing contact with site operators to coordinate sampling 

excursions, and travel to all sites to carry out the collection of the samples 

(in addition to carrying out XRF measurements on all samples – see 

Section 2.4). This was followed by transportation of the samples to the 

University of Birmingham for analysis, for which the researcher 
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underwent a three-month secondment under the supervision of Prof. 

Harrad and Dr Abdallah. During this secondment, the researcher carried 

out the solvent-extraction (for the isolation of target compounds) and 

quantification of PBDEs and TBBP-A via MS-analysis for a large fraction 

of textile, upholstery, and insulation foam samples collected. Following 

the sampling campaign, the researcher carried-out an in-depth analysis of 

the collected data to establish the overall prevalence of BFRs in the Irish 

recycling system, to determine which consumer articles are of particular 

concern with regards to legislative compliance, and investigate the best 

practices available for the effective management of end-of-life materials 

containing excess concentrations of hazardous BFRs, in collaboration 

with Dr Drage and Dr Abdallah.. 
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Brominated flame retardants in Irish waste polymers: Concentrations, legislative 

compliance, and treatment options. 
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2.4 Portable X-Ray Fluorescence for the Detection of POP-BFRs in Waste 

Plastics 

This publication is the culmination of the largest campaign carried out to-

date which tests the efficacy of portable x-ray fluorescence as a screening 

tool for waste goods containing hazardous BFRs, in compliance with 

legislative limits. Concentrations of total bromine (determined via XRF) 

were compared to concentrations of hazardous BFRs (quantified via GC-

MS / LC-MS/MS) in order to determine (i) the accuracy and precision with 

which the instrument could estimate actual BFR-content, and (ii) 

determine how effective the outlined methodology would be in screening 

for compliance with legislative limits. This takes into account several real-

world aspects of the use of the device in a screening methodology, 

including: portability and utility of the device for use in the field; cost-

effectiveness proportional to “gold-standard” analysis techniques; speed 

of analysis in high turnover waste systems; and overall accuracy and 

precision of the device. The proposed methodology shows an effective 

screening rate for ca. 94 %, successfully identifying waste articles as 

either safe to recycle or requiring specialised treatment as hazardous 

waste. 

As first author, the researcher led the formulation, compiling and revising 

of this manuscript with collaborators. The data collected for this portion 

of the research was carried out alongside the collection of the samples 

from each waste site for quantification of POP-BFRs (see Section 2.3). The 

development and implementation of the methodology for all in-situ 

measurements of waste items using the XRF instrument (along with the 

collection of samples for subsequent analysis) was carried out by the 

researcher, as was the repeat XRF-analyses carried out in-lab, the 

building of the database of measurement results, and the majority of the 

data analysis and statistical tests regarding the effectiveness of the 

instrument in checking for compliance with legislative limits on hazardous 

BFRs.  
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CHAPTER 3 – FURTHER RESEARCH FINDINGS 

3.1 Statistical Correlations between Concentrations of Sb and BFRs in Flame 

Retardancy-Treated Waste Articles 

Antimony trioxide has been used as a synergist with brominated flame 

retardants in order to improve the binding efficiency of the flame retardant 

to the polymer matrix in which it is applied, while also reducing the 

quantity of flame retarding chemical required to achieve the same degree 

of fire safety. The results presented in the following chapter show that 

antimony is frequently detected alongside brominated flame retardants 

using X-ray fluorescence analysis. Following classification of the data by 

BFR species, material type, plastic application, and BFR concentration, 

some strata show high proportions of samples containing both BFRs and 

antimony, as well as showing statistically significant correlations between 

their concentrations. However, applying these criteria to the methodology 

outlined in Section 2.4 does not improve the screening process for 

hazardous BFRs significantly. Adopting an approach where using 

concentrations of Sb expected to coincide with a given BFR concentration 

(as determined by regression analysis) appears to reduce the frequency of 

false positives in both Upholstery and EEE stratums. This research was 

carried out as an addendum to the WAFER project, under the supervision 

of Dr Berresheim of NUIG and in conjunction with Prof. Harrad, Dr 

Drage, and Dr Abdallah of the University of Birmingham. 

3.1.1 Introduction 

An additive typically used in conjunction with brominated flame retardant (BFR) 

impregnations is antimony trioxide (Sb2O3).  This has been reportedly used as a 

synergist with BFRs such as polybrominated diphenyl ethers (PBDEs) to improve the 

flame retardant’s ability to bind with the surrounding polymer matrix, in addition to 

also substantially reducing the quantity of flame retardants required to impart the 

desired degree of flame retardancy (Grund et al., 2005). It has been previously reported 

that Sb2O3 has been used with some BFRs in specific applications, i.e. in combination 
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with commercial Octa-BDE in acrylonitrile butadiene styrene, with commercial Deca-

BDE and tetrabromobisphenol-A (TBBP-A) in high impact polystyrene (HIPS), and 

with various PBDEs in furniture and carpets (Wolf and Kaul, 2000, Calamari and 

Harper, 1993). A more recent study has shown that antimony is still present at high 

concentrations in various consumer goods, including EEE casings, upholstered 

furniture, and vehicle interiors (Turner and Filella, 2017b) To the researcher’s 

knowledge, the only other reported application of Sb in these materials are in pigments 

(red or white) and also in some n-type semiconductors (O'Neil, 2001).  

With the overlap of these specific compounds reported for various plastics and the 

ability of portable X-ray fluorescence (XRF) to detect both antimony and bromine in 

analyte materials, it has been postulated that detection of both elements in-tandem – 

Sb acting as a qualifier for BFRs – can improve the efficacy of XRF in screening for 

hazardous BFRs (Guzzonato et al., 2017). Using the existing database of elements 

quantified during XRF analysis of plastic samples by Sharkey et al. (2018) (see Section 

2.4) and evaluating presence of antimony alongside BFRs, it could be possible to 

further improve the effectiveness of portable XRF as a screening tool for waste plastics 

containing BFRs in excess of EU-set legislative limits (see Section 1.3.2). A series of 

statistical tests were therefore carried out on the concentrations of antimony and BFRs 

in these samples in order to (i) assess the degree of correlation between the presence 

and relative concentrations of antimony and certain BFRs (HBCDD, TPPB-A, and 

PBDEs), and (ii) to investigate the potential for improving screening methodologies 

for hazardous BFRs using XRF based on those correlations. 

3.1.2 Materials and Methods 

The methods for the collection of samples, quantification of total bromine via XRF, 

and quantification of selected BFRs in plastic samples are detailed in Chapter 2 

(Abdallah et al., 2017, Drage et al., 2018, Sharkey et al., 2018). In addition to 

quantifying total bromine concentrations, the XRF instrument was also utilised for the 

quantification of total antimony concentrations in the same plastic samples (for which 

the instrument was calibrated by Niton UK in the same manner as for bromine 

(Sharkey et al., 2018)). 
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The first step of determining the suitability of antimony as a BFR-qualifier was to 

determine the proportion of samples containing BFRs which also contain antimony at 

detectable levels. This was carried out using proportional probability tests6 in order to 

determine the fractional amount of each stratum containing antimony and BFRs above 

limits of detection (LODs7, Tables 9 & 10). The next step involved evaluating the 

relationship between the variables using a Spearman rank correlation (chosen over 

Pearson correlation as the population distributions were not normally-distributed). 

This determined the degree of correlation between concentrations of BFRs and 

antimony for samples in which both are found, for the various strata. Should these 

steps reveal strata showing a high proportion of samples containing BFRs and Sb along 

with a statistically significant correlation (> 95 % CI) between their respective 

concentrations, the final step was to determine the effects (if any) that including Sb as 

a qualifier for hazardous BFRs would have on the screening methodology utilizing the 

XRF as outlined in Sharkey et al. (2018).  

The strata for these statistical tests were initially to be limited to the over-arching types 

of plastic under consideration, namely: hard plastic outer-casings from electrical and 

electronic components (EEE); polyurethane foams (PUFs) from expanded foam 

cushioning in domestic and vehicular applications; upholstery and fabric coverings 

from domestic and vehicular applications; and textile and fabric-based floor coverings 

(i.e. carpets). However, when evaluating the variations of BFRs in the sample-groups 

and the different concentration ranges, it became clear that the classification required 

further refining for a more thorough analysis. Tables 3-6 in Section 3.1.3 shows the 

various strata evaluated, categorised by plastic type, plastic application, BFR(s) used, 

and ΣBFRs concentration ranges respectively. 

3.1.3 Results 

3.1.3.1 Proportion of Samples Containing BFRs and Sb 

                                                 
6 This test involves determining the fraction (displayed as a percentage) of a collection of samples which 

contain a given target analyte(s): in this instance, antimony and/or BFRs. 
7 LODs were calculated equal to the average confidence intervals (95 %) from triplicate XRF analyses 

(x̅) plus three-times the standard deviation of the three values (σ), i.e. [LODe = x̅e + 3σe] where “e” 

subscript signifies either elemental bromine or antimony. 
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Tables 3 & 4 show the samples classified by the plastic type (EEE, PUF, upholstery, 

and carpets) as well as by their application. The highest proportion of samples 

containing both Sb and BFRs was observed in the Upholstery stratum (65.4 %), most 

significantly in the ELV upholstery samples (82.0 %) but also prominently in 

mattresses (58.8 %) and furniture (59.1 %). These upholstery samples were shown to 

contain BDE-209 and HBCDD almost exclusively (Drage et al., 2018), with only trace 

amounts of other PBDEs also present. The EEE, PUF and Carpets strata show 

proportions of only 25.2 %, 24.0 %, and 3.2 %, respectively, the lattermost showing 

only a single sample out of 32 with detectable levels of both Sb and BFRs. TV/Display 

samples within the EEE stratum show the highest proportion of the remaining 

application strata with 22 out of 43 samples (51.2 %) containing both BFRs and Sb. 

Table 3: Proportional probability tests for strata categorised by a sample’s material type. 

Stratum 
Total  # of  

Samples 

# Samples 

w/ Sb 

# Samples w/ 

Sb + BFR 

% Samples w/ 

Sb + BFR 

EEE* 234 78 59 25.2 % 

PUF 75 21 18 24.0 % 

Upholstery 104 87 68 65.4 % 

Carpets 31 1 1 3.2 % 

Total 444 187 146 32.9 % 
* “EEE” in this instance refers solely to the hard plastic outer casings (HIPS or ABS) of the EEE items. 

Table 4: Proportional probability tests for strata categorised by the product application. 

Stratum  

(Sample Group) 

Total # of  

Samples 

# Samples 

w/ Sb 

# Samples w/ 

Sb + BFR 

% Samples 

w/ Sb + BFR 

IT & Telecoms 78 26 20 25.6 % 

SDA8 26 13 6 23.1 % 

TV/Display 43 24 22 51.2 % 

LHA9 57 11 8 14.0 % 

Fridge 30 4 3 10.0 % 

Furniture PUF 20 9 9 45.0 % 

ELV10 PUF 38 4 2 5.3 % 

Mattress PUF 17 8 7 41.2 % 

Furniture Upholstery 22 13 13 59.1 % 

ELV Upholstery 50 50 41 82.0 % 

Mattress Upholstery 17 11 10 58.8 % 

                                                 
8 LHA denotes “Large Household Appliance”, a subset of electrical and electronic equipment. 
9 SDA denotes “Small Domestic Appliance”, a subset of electrical and electronic equipment. 
10 ELV denotes “End of Live Vehicle”, where both upholstery and PUF samples were sourced. 
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Curtain 15 13 4 26.7 % 

Carpets 31 1 1 3.2 % 

Total 444 186 145 32.7 % 

 

Tables 5 & 6 compare levels of Sb to confirmed-BFR content for various strata (which 

encapsulate over half of all the collected samples (255 of 444)). In terms of specific 

BFR compounds, Sb appears to occur with similar frequency in all BFR-based strata 

(50-80 %, Table 5), showing somewhat higher proportions in the TBBP-A (68.5 %), 

Penta/Octa-BDE (74.7 %), and HBCDD (77.4 %) strata. Reviewing the cases where 

multiple BFRs may be present in the same samples does little to change the 

proportions of samples with Sb and BFRs. This is due to deca-BDE being the most 

prevalent of the BFRs used alongside Sb (190 of 255 samples), resulting in a high 

likelihood of deca-BDE appearing alongside other BFRs where multiple BFRs are 

present. In terms of concentration ranges of BFRs (Table 6), the number of samples in 

each stratum generally decreases with increasing concentration; conversely, however, 

the proportion of samples containing both BFRs and Sb increases following the same 

trend. Approximately 95 % of all samples containing ΣBFRs in excess of 1,000 mg kg-

1 also contained antimony, which could be potentially significant in terms of utilising 

XRF as a screening tool for hazardous BFRs in recyclables, provided there is 

additionally a correlation in their respective concentrations. 

Table 5: Proportional probability tests for the strata categorised by the species of BFRs 
detected in samples. 

Stratum 
# Samples w/ 

BFR 

# Samples w/ 

Sb + BFR 

% Samples w/ Sb 

+ BFR 

Penta-/Octa-BDE* 75 56 74.7 % 

Deca-BDE 190 120 63.2 % 

HBCDD 71 55 77.4 % 

TBBP-A 54 37 68.5 % 

PBDEs 207 128 61.8 % 

PBDEs or TBBPA 243 141 58.0 % 

Deca-BDE or TBBPA 226 134 59.3 % 

PBDEs or HBCDD 233 137 58.7 % 

ΣBFRs 255 146 57.2 % 
Results of these categories differ from those of Tables 3 and 4 as there is an overlap between samples 
due to multiple BFRs being present in single samples. *Penta-/Octa-BDE stratum comprises of samples 
containing BFRs indicative of the Penta-BDE and/or Octa-BDE commercial mixtures. 
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Table 6: Proportional probability tests for the strata categorised by the summed concentration 
of BFRs quantified in the samples. 

Stratum 
# Samples w/ 

Sb 

# Samples w/ 

Sb + BFR 

% Samples w/ 

Sb + BFR 

0.5 – 10 mg kg-1 78 31 39.7 % 

10 – 100 mg kg-1 85 44 51.7 % 

100 – 1,000 mg kg-1 48 29 60.4 % 

1,000 – 10,000 mg kg-1 23 21 91.3 % 

10,000 – 100,000 mg kg-1 13 13 100 % 

> 100,000 mg kg-1 8 8 100 % 

Total 255 146 57.3 % 

 

3.1.3.2 Correlation of Quantified BFR and Sb Concentrations 

The Spearman correlation test establishes the level of significance for a given 

correlation coefficient (R-value) discerned from a linear regression of two variables: 

BFR concentrations (either individual BFR compounds or the summation of all BFRs 

in a given stratum) and Sb concentrations. R-values above a critical value (α) – which 

is determined from the number of samples in the regression – indicate a high level of 

significance between the correlations of the two variables. Two sets of critical values 

were observed: α = 0.05 (95 % CI) and α = 0.01 (99 % CI). The minimum number of 

data points to show a significant result varies for a given CI, with α = 0.05 and α = 

0.01 requiring at least 4 and 5 samples respectively. Regressions were carried out only 

on those samples confirmed to contain BFRs and Sb above LODs; therefore, strata 

with fewer samples than required for a critical value (Carpets, N=1; Fridge, N=3, ELV 

PUF, N=2; Curtain, N=411) were not subjected to regression analysis as they also 

showed very low proportions of samples with BFRs and Sb. 

The EEE strata all show significant correlations between the variables, though only 

TV/display samples appear to have a relatively high proportion of waste containing 

both BFRs and Sb. The PUF and PUF-based strata, in addition to the low proportion 

of samples with BFRs and Sb, show very poor correlations between the variables (R 

< 0.40) falling well-below the critical values required to be considered statistically 

significant. Similar results are obtained for the mattress and curtain samples from the 

                                                 
11 Sufficient samples in the Curtains stratum to be considered for the 95 %, but not the 99 % CI. 
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Upholstery strata; however, the parent Upholstery stratum itself does show a 

significant correlation, as does its other constituent Furniture and ELV strata (Table 

7). 

Table 7: Overview of the proportional probability tests of [BFRs + Sb], the linear regression 
coefficients, and corresponding Spearman correlation “critical values”. 

Stratum 
# Samples w/ 

Sb + BFR 

Pwaste [BFR 

+ Sb]** 

R-

value 
α = 0.05 α = 0.01 

EEE 59 0.252 0.86 0.216 0.303 

PUF 18 0.21 0.38 0.401 0.550 

Upholstery 68 0.65 0.89 > 0.214 > 0.301 

IT & Telecoms 20 0.256 0.95 0.380 0.522 

SDA 6 0.231 0.79 0.829 0.943 

TV/Display 22 0.512 0.85 0.361 0.497 

LHA 8 0.10 0.92 0.643 0.833 

Furniture PUF 9 0.45 0.21 0.600 0.783 

Mattress PUF 7 0.41 0.37 0.714 0.893 

Furniture Upholstery 13 0.59 0.58 0.484 0.648 

ELV Upholstery 41 0.82 0.84 0.261 0.364 

Mattress Upholstery 10 0.59 0.53 0.564 0.745 

Curtain* 4 0.27 0.50 1.000 n/a 

Penta/Octa-BDE 56 0.75 0.45 0.264 0.343 

Deca-BDE 120 0.632 0.87 > 0.214 > 0.301 

HBCDD 55 0.774 0.70 0.224 0.314 

TBBPA 37 0.685 0.93 0.275 0.383 

PBDEs 128 0.618 0.87 > 0.214 > 0.301 

ΣBFRs 146 0.572 0.84 > 0.214 > 0.301 

0 – 10 mg kg-1 31 0.394 0.17 0.301 0.419 

10 – 100 mg kg-1 44 0.517 0.12 0.251 0.351 

100 – 1,000 mg kg-1 29 0.604 0.19 0.312 0.433 

1,000 – 10,000 mg kg-

1 

21 0.91 0.32 0.370 0.509 

10,000 – 100,000 mg 

kg-1 

13 1 0.77 0.484 0.648 

> 100,000 mg kg-1- 8 1 0.60 0.643 0.833 

Highlighted rows show the stratums with statistically significant correlations based on the Spearman test. 
* Curtain stratum only contains four samples, not enough for a critical value at a CI of 99 % but enough 
for one at 95 %.; the remaining strata are omitted due to low number of samples. **Pwaste [BFR + Sb] = 
proportion of all waste collected (categorised by the given stratum) which contains both BFRs and Sb. 

Each of the BFR-based strata (i.e. Penta/Octa-BDE, Deca-BDE, HBCDD, and TBBP-

A) show correlations exceeding the Spearman critical values, albeit with Penta/Octa-
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BDE showing a relatively low correlation coefficient (R = 0.45). This is also observed 

for the case of multiple BFRs and the sum of all BFRs which all show correlations 

considerably exceeding critical values and each showing approximately the same 

correlation coefficients. The strata categorised by the ΣBFR concentration ranges, 

despite showing high proportions of BFR- and Sb-containing samples at increasing 

BFR concentrations, generally showed correlations well below those required to be 

considered significant. The only exception in these strata are with samples containing 

ΣBFR concentrations from 10,000 mg kg-1 to 100,000 mg kg-1, with all samples 

collected within this range also containing Sb in complimentary proportions. 

3.1.4 Discussion 

Highlighted in Table 7 are the strata which show statistically significant correlations 

between concentrations of BFRs and antimony. However, not all strata can be 

considered when applying a non-selective screening method such as XRF. Since the 

particular species of BFR is not known when screening with XRF, nor can it be certain 

that a measured quantity of elemental bromine is equivalent to a total BFR 

concentration contained in the sample, the strata categorised by BFR species (e.g. 

Deca-BDE, PBDEs, HBCDD, etc.) are unsuitable for improving XRF-screening 

potential. Therefore, the strata remaining to be evaluated, i.e. those showing high 

proportions of waste containing BFRs and Sb, and with a statistically significant 

correlation between the two variables, are: EEE; Upholstery; IT & Telecoms; SDA; 

TV/Display; LHA; Furniture Upholstery; ELV Upholstery; and 10,000 – 100,000 mg 

kg-1 ΣBFRs. 

As established in Section 2.4, a conservative methodology for non-specific BFR 

screening using XRF could be viable, whereby a bromine concentration in excess of 

710 mg kg-1 (attributed to penta-BDE) would result in a given sample being considered 

“hazardous”. This resulted in a successful screening rate of approximately 94 %. This 

rate can be improved to ca. 95 % provided that EEE articles plastics are separated 

from electronic components prior to screening (eliminating background interference 

from underlying BFR-treated circuitry) and up to ca. 97 % when including the 

recently-defined concentration limit of 1,000 mg kg-1 on TBBP-A in consumer articles 



CHAPTER 3 – FURTHER RESEARCH FINDINGS 

 
69 

(EU, 2017b). Applying these additional criteria leaves a remainder of 17 samples 

remaining from Section 2.4/Sharkey et al. (2018) being defined as “false-positives”, 

i.e. detection of Br in excess of 710 mg kg-1 where actual hazardous BFR content is 

below the 1,000 mg kg-1 concentration limits. These false-positives can occur for 

several reasons: (i) presence of NBFRs not quantified via MS analysis; (ii) background 

interference from underlying electronics treated with BFRs; and (iii) artificially 

enhanced concentrations of Br quantified via XRF analysis due to substrate 

interference. The hypothesis is that, within the strata outlined above, these false-

positives could be identified by a non-detect of Sb. Of these remaining samples, 12 

fall within the confines of the strata which show high proportions of waste containing 

BFRs and Sb, and also show a statistically significant regression between the variables 

(highlighted in Table 7). However, applying this approach – absence of Sb meaning 

no hazardous BFR-presence – does not identify any of the false-positives, indicating 

that Sb can be present with NBFRs, that underlying electronics may also be treated 

with Sb12, and/or that Sb experiences the same enhancement effects as Br quantified 

via XRF analyses. 

Another approach would be to extrapolate from the observed BFRs - Sb relationships 

the concentration of antimony expected to accompany a given total BFR 

concentration. Outlined in Table 8 are the XRF measurements for the aforementioned 

twelve samples. Converting the detected Br concentrations in each sample as 

determined by XRF to the equivalent BFR concentration (attributing the total bromine 

to penta-BDE) and extrapolating from the correlations carried out in Section 3.1.3.2, 

yields the “expected” concentration of antimony for a given BFR concentration. 

Comparing this to the “actual” Sb concentrations detected, all of the false-positives 

from the Upholstery stratum are successfully and unambiguously identified as not 

containing BFRs above legislative limits while three of the EEE samples are identified 

as such (although by much smaller margins as compared to those upholstery samples). 

                                                 
12 Circuit boards, wires, and other circuitry are only reported to have been treated with TBBP-A, a 

reactive BFR which shouldn’t require Sb2O3 as a binding agent/synergistic compound. However, our 

published data has contradicted the reported BFR applications in various plastic materials; therefore, it 

is possible that similar discrepancies exist here also. 
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Table 8 – Sub-set of 12 false-positives13 from Sharkey et al (2018) encapsulated by the 
relevant strata highlighted in Table 7, strata which show statistically significant correlations 
between concentrations of ΣBFRs and Sb (concentrations in mg kg-1).  

Sample 

XRF-

Determined 

Bromine 

Equivalent 

BFR Conc.* 

BFR:Sb 

Ratio 

Expected Sb 

Conc.** 

XRF-

Determined 

Antimony 

TV/Display 1 141,867 100,726 
3.4:1 

29,626 25,290 

TV/Display 2 152,307 108,138 31,805 30,038 

SDA 1 1,271 902 

2.4:1 

3,760 295 

SDA 2 1,544 1,096 467 1,137 

SDA 3 836 665 227 388 

SDA 4 865 614 256 307 

IT & 

Telecoms 1 
871 618 

4.7:1 

132 603 

IT & 

Telecoms 2 
2,711 1,925 410 661 

IT & 

Telecoms 3 
944 670 143 267 

ELV 

Upholstery 1 
1,271 902 

2.7:1 

334 58 

ELV 

Upholstery 2 
4,330 3,074 1,139 54 

Furniture 

Upholstery 1 
2,641 1,875 1.4:1 1,339 58 

* “Equivalent BFR Conc.” is equal to the concentration of Penta-BDE which would be present in a sample 
were all elemental bromine attributable to that congener (outlined in Section 2.4 as a more practicable 
and conservative screening methodology). ** “Expected Sb Conc.” is equal to the Equivalent BFR conc. 
divided by the observed BFR:Sb ratio for that sample group. 

Table 9 – Limits of detection for XRF-based bromine (Br) measurements. 

XRF-Bromine LODs 

Stratum 

(Sample 

Group) 

x̅ (mg kg-1) σ (mg kg-1) σ[x̅] (mg kg-1) 
LOD[Br] 

(mg kg-1) 
N 

IT & 

Telecoms 
3.24 0.59 0.06 5.01 99 

SDA 3.72 1.40 0.14 7.91 102 

                                                 
13 “False-Positive” is defined here as an instance where the XRF determination of total bromine 

indicates that BFR concentrations exceed legislative limits (including TBBP-A), but hazardous BFR 

concentrations are below said limits.  
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TV/Display 3.09 0.56 0.05 4.76 116 

LHA 3.58 0.91 0.09 6.30 108 

Fridge 4.29 2.10 0.13 10.58 246 

Furniture 

PUF 
7.53 1.98 0.66 13.48 9 

Mattress 

PUF 
5.05 1.64 0.82 9.96 4 

ELV PUF 8.18 1.49 0.67 12.64 59 

Furniture 

Up 
2.93 0.51 0.26 4.47 4 

Mattress Up 3.52 0.49 0.22 5.01 5 

ELV Up 4.31 0.14 0.08 4.71 3 

Curtain 3.78 0.68 0.14 5.82 23 

Carpet 8.70 3.05 0.42 17.85 54 

Total 4.41 2.33 0.08 11.40 832 

EEE Total 3.73 1.54 0.06 8.34 671 

PUF Total 7.92 1.70 0.20 13.04 72 

Upholstery 

Total 
3.69 0.68 0.12 5.73 35 

x̅ = mean; σ = standard deviation; σ[x̅] = standard deviation on the mean; N = number of measurements 
per sample group/stratum (3 measurements per sample). 

Table 10 – Limits of detection for XRF-based antimony (Sb) measurements. 

 XRF-Antimony LODs 

Stratum 

(Sample 

Group) 

x̅ (mg kg-1) σ (mg kg-1) σ[x̅] (mg kg-1) 
LOD[Sb] 

(mg kg-1) 
N 

IT & 

Telecoms 
38.18 12.84 1.09 76.70 140 

SDA 44.40 11.67 1.13 79.41 107 

TV/Display 41.45 7.38 0.57 63.59 166 

LHA 48.42 18.52 1.59 103.98 136 

Fridge 52.03 10.53 0.61 83.62 295 

Furniture 

PUF 
34.18 5.97 1.02 52.09 34 

Mattress 

PUF 
29.18 3.71 0.77 40.32 23 

ELV PUF 45.72 7.10 0.61 67.04 136 

Furniture 

Up 
27.43 2.50 0.46 34.94 30 

Mattress Up 28.07 1.68 0.42 33.10 16 

ELV Up n/a n/a n/a 35.61* 0 

Curtain 31.32 2.49 1.02 38.80 6 
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Carpet 45.90 16.50 1.60 95.41 107 

Total 44.59 11.32 0.39 84.56 1196 

EEE Total 46.10 13.30 0.46 85.99 844 

PUF Total 41.72 9.13 0.66 69.12 193 

Upholstery 

Total 
28.08 2.55 0.35 35.72 52 

x̅ = mean; σ = standard deviation; σ[x̅] = standard deviation on the mean; N = number of measurements 
per sample group/stratum (3 measurements per sample). *No available non-detect samples, so average 
of Furniture Upholstery, Mattress Upholstery, and Curtain LODs used as surrogate. 

3.1.5 Conclusions 

Using XRF-determined antimony as a qualifier for hazardous BFR presence in plastic 

samples would be easy to integrate alongside a bromine-based XRF screening 

methodology. Applying this additional qualifying step to such a methodology 

(Sharkey et al, 2018) identifies some of the actual false-positives observed (6 of 17). 

However, this additional qualifying step appears only to be worthwhile when applied 

to certain strata. For example, applying this step solely to upholstery samples improves 

the observed efficiency of screening for compliance with legislative limits to 100 %, 

though it should be noted that this observed improvement is based on a small number 

of samples. 

Although there are a reasonable number of samples included for the majority of the 

strata, the correlations in many cases are based on relatively few samples. A larger 

sampling of plastics containing both antimony and BFRs would be beneficial in order 

to better determine the relationship between antimony and BFRs, particularly for EEE 

and Upholstery samples where this additional qualifying step appears the most 

beneficial. Additionally, similar to the need for continued monitoring of increased 

prevalence of NBFRs in consumer plastics for effective screening via XRF (Sharkey 

et al., 2018), future studies on the use of Sb as a hazardous-BFR-qualifier should be 

mindful of the potential use of Sb as a synergist with replacement NBFRs such as 

DBDPE (Chen et al., 2009). 

  



CHAPTER 3 – FURTHER RESEARCH FINDINGS 

 
73 

3.2 Concentrations of POP-BFRs at MSW landfills in Ireland 

Historically, landfilling was the primary method of disposing of waste in 

Ireland, the majority of such sites being “unlined” and thus allowing 

leachate to “wash-out” of the waste masses into the surrounding 

environments. This represents a potentially significant source of 

environmental contamination from hazardous substances, including 

brominated flame retardants. A nationwide sampling of landfill leachate, 

from both lined and unlined sites, was carried out in order to assess the 

concentrations of POP-BFRs in landfills throughout Ireland and the 

potential exposure of these chemicals to the areas surrounding those sites. 

Results show that notable concentrations are present in leachates from 

fully lined landfill sites, while unlined sites recently closed show lower – 

but still measurable – concentrations of target compounds. Assuming a 

relatively consistent composition of waste in the last few decades, the 

levels of hazardous BFRs in landfill leachate and the implications for 

subsequent contamination of the Irish environment at large, appears to be 

significant. This research was carried out as part of the FUEL project 

under the supervision of Dr Berresheim of NUIG and in conjunction with 

Prof. Harrad and Dr Drage of the University of Birmingham. 

3.2.1 Introduction 

Though landfilling in Ireland is rapidly declining, with only 5 active municipal solid 

waste (MSW) sites in the country (EPA, 2018a), large volumes of hazardous waste 

has been disposed of at these sites over their decades of operation (McCarthy et al., 

2010). The infrastructure for the landfill sites in Ireland which take in this waste can 

differ drastically based on when, where, and how they were established. The first fully-

lined landfill operation in Ireland began its intake of waste in 1990; prior to that, 

landfill infrastructure comprised of either both lined and unlined cells, or completely 

unlined sites (McCarthy et al., 2010). These “lined” sites contain a high density 

polyethylene (HDPE) membrane at their bases which prevents leachate from 

permeating beneath the landfill and contaminating nearby groundwater and the 

surrounding environment (McCarthy et al., 2010). Older unlined sites, by contrast, 



CHAPTER 3 – FURTHER RESEARCH FINDINGS 

  
74 

have no such leachate mitigation system in place and disposed of leachate via the 

“dilute and disperse” principle, whereby leachate is diluted with clean water and 

dispersed to the surrounding environment. 

As is evidenced by studies on landfill leachate carried out in other countries (see 

Section 1.2.2), products treated with hazardous BFRs which are disposed of via 

landfilling can lead to contamination of the environments surrounding waste sites. 

Particularly with respect to the historically unlined landfills, there is substantial 

evidence that these hazardous BFRs can leach out of the waste and into the 

surrounding environmental matrices, i.e. air, soil, and groundwater (Osako et al., 2004, 

Olukunle and Okonkwo, 2015). However, even with regards to fully lined sites, there 

is the potential for contamination with hazardous BFRs via aerosolisation and 

subsequent wind dispersal (Morin et al., 2017), or possibly even through damage to 

the landfill linings which then allow for the escape of untreated leachate.  

The landfill sites of interest with regards to hazardous BFR content are segregated 

based on past intake of specific wastes which contain materials reported to have been 

treated with BFRs (see Section 1.2). As such, landfills whose sole or majority intake 

included soil, medical waste, demolition waste (not including insulation foams), etc., 

are not expected to be relevant as there is no documented evidence of widespread use 

of BFRs in such applications. Certain landfills are additionally not suitable for 

sampling due to the logistical difficulties in collecting viable leachate samples for 

analysis. For instance, the smaller (i.e. low volume of waste) unlined landfills which 

were historically operated and subsequently closed for over a decade currently contain 

very low volumes of leachate and require significant rain washout before a sample can 

be taken; as such, very little of what would be collected would consist of concentrated 

leachate. Another example is in the sampling of illegally-run landfills which, in 

addition to having low volumes of leachate as in the case above, have no infrastructure 

for the safe collection of viable leachate samples. 

In order to assess the degree of BFR contamination in environments surrounding 

landfills in Ireland, and also to assess the variations in contamination based on the 

infrastructure of the sites themselves (i.e. lined vs unlined sites), a nationwide 

sampling of leachate was carried out at 40 MSW landfill sites geographically 
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distributed around the Republic of Ireland (Figure 11), with the intention of carrying 

out further monitoring of soil, air, and groundwater around sites determined to be 

particularly hazardous with regards to brominated flame retardants. 

3.2.2 Materials and Methods 

The method of collection of the leachate varied from site to site, being taken from 

either (i) a subterranean tank accessible via a manhole into which leachate is pumped 

for “dilute and dispersion” evacuation (Figure 12), (ii) a closed over-ground storage 

tank into which leachate is pumped to be taken away via tanker for treatment at a 

water-waste management facility (Figure 13 & 14), or (iii) an open over-ground 

lagoon into which the leachate is again pumped to be taken away via tanker (Figure 

15). Forty-six one litre samples of leachate were collected from 40 sites throughout 

Ireland such that a regionally diverse spread of samples were obtained (Figure 11). 

The procedure for the collection of leachate was as follows: 

1. The sampling point for leachate on each site was identified and the method for 

collection established: either a tap/hose or collection using a telescopic pole 

and pre-cleaned water collection “baler”; 

2. The one litre polystyrene (PS) sampling bottle) was rinsed in triplicate with a 

small aliquot of leachate collected via the appropriate sampling method and 

the aliquot disposed of; 

3. The bottle was filled to the graduation mark with leachate; 

4. A membrane of aluminium foil (pre-cleaned with hexane) was placed on the 

mouth of the PS bottle and the cap replaced; 

5. The exterior of the bottle was thoroughly cleaned of excess leachate, 

appropriately labelled, and placed in an individual three litre polypropylene 

bag for transportation 

6. Bottled leachate samples were then transported to a dedicated laboratory in the 

School of Physics at NUIG and stored in a refrigerator at < 4° Celsius until 

extraction of the target compounds took place.   

Individual 500 mL aliquots of the leachate samples were separated for the 

determination of BFRs. These aliquots were first subjected to gravity filtration (Figure 
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16) using custom-blown and shaped glass cylinders, pre-cleaned PUF disks (see 

Appendix II for cleaning process) and pre-cleaned glass fibres filter (GFF) papers14. 

Following this filtration, the PUF disks and GFFs for each aliquot were allowed to dry 

under a fume hood, spiked with 50 µg BFR (and 20 µg OPFR13) internal standard(s), 

and the target compounds extracted via accelerated solvent extraction (ASE) (Figure 

17) using the following parameters: hexane and acetone solvents as a 1:1 ratio; a rinse 

volume of 40 %; at a temperature of 90 °C heated over 5 minutes; and purged over 90 

seconds into a pre-cleaned collection bottle. These extracts were concentrated in a 

TurboVap to a volume of 1 mL and then fractionated15 using a Florisil SPE column 

with 8 mL of hexane and 10 mL of acetone (“Fraction 1” and “Fraction 2” 

respectively). Fraction 1 underwent an acid wash using concentrated H2SO4 while 

Fraction 2 was passed through an ENVICarb SPE cartridge with 20 mL of acetone. 

The cleaned Fractions 1 and 2 were then recombined, evaporated to dryness under a 

gentle N2 stream, and reconstituted in 200 µL recovery determination standard in 

toluene (containing 1 ng g-1 d-18-γ-HBCDD and 1 ng g-1 PCB-129) for quantification 

of target compounds via previously established mass-spectrometric techniques 

(Abdallah et al., 2008, Abdallah et al., 2017, Drage et al., 2018).  

                                                 
14 The “Glass Fibres Filter” (GFF) papers were pre-cleaned by immersing the filters in a beaker of 

hexane and sonicating for approximately 1 hour. These were then allowed to dry and stored until 

required. 
15 Quantification of organophosphate flame retardants (OPFRs) was also required along with BFRs as 

part of this research project; however, the acid wash required for clean-up would have made this 

impossible. Therefore, fractionation was carried-out in order to isolate both BFRs (hexane fraction) and 

OPFRs (acetone fraction). 
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Figure 11 – Leachate sample collection points throughout Ireland (figure adapted from Ezilon 
Maps16). 

 

  

                                                 
16 Map sourced from https://www.ezilon.com/maps/europe/ireland-road-maps.html.  

https://www.ezilon.com/maps/europe/ireland-road-maps.html
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Figure 12 – Leachate collection point in 
underground dilute and disperse manhole. 

Figure 13 – Side-view of over-ground 
leachate storage tank. 

Figure 14 – Tap on over-ground leachate 
storage tank for removal and collection of 
leachate. Figure 15 – Over-ground leachate lagoon. 

Figure 16 – Gravity filtration of leachate 
samples using glass fibre filters and 
polyurethane foam plugs. 

Figure 17 – Accelerated Solvent Extraction 
(ASE) Apparatus for target compound 
extraction. 
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3.2.3 Results and Discussion 

Figure 18 gives an overview of the concentrations ranges of each of HBCDD, BDE-

209, Penta/Octa-BDEs, and the combined sum of all PBDEs, as analysed by GC-MS 

and LC-MS/MS at a dedicated laboratory at the University of Birmingham (a full 

concentration overview is shown in Table 12). Of all samples in which BFRs were 

detected above the limits of detection (LODs = 0.2, and 0.1-1.0 ng L-1 for HBCDD 

and PBDE congeners respectively), HBCDD concentrations rarely exceeded 10 ng L-

1 (1 of 31 samples at approximately 26 ng L-1), while PBDE congeners were measured 

in several samples at concentrations in excess of 100 ng L-1. These high PBDE 

concentrations were dominated by the BDE-47 and BDE-99 congeners (attributed to 

Penta-BDE) as well as BDE-209 (attributed to Deca-BDE), while congeners attributed 

to Octa-BDE (BDE-183) appeared in roughly 37% of samples, but at much lower 

concentrations (max of 22 ng L-1). BDE-47 and BDE-209 were the most frequently 

detected of the PBDE congeners (ca. 57 % and 59 % of samples respectively) as well 

as at the highest concentrations. The majority of those high concentrations were 

observed in samples from lined landfills, where dilution of the leachate would not 

occur as readily as with unlined sites. However, three of the five highest BDE-209 

concentrations (including the highest congener concentration of 224 ng L-1) occurred 

at unlined sites, appear as outliers to the observed mean and median concentration for 

BDE-209 at unlined sites (Table 11). Each of these sites ceased taking waste since 

between 1999 and 2005, which would indicate that either a high volume of waste 

containing BFRs were disposed of at these sites, or that a particularly concentrated 

sample was collected during the sampling campaign. Records are incomplete for two 

of these sites, thus the total volume of waste taken in by them is unknown, while the 

third site took in a smaller amount than the overall average for all sampling sites. 
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Figure 18 – Boxplot graph showing concentrations of POP-BFRs in 46 analysed leachate 
samples, showing Mean concentrations for each BFR grouping. 

The concentrations of BFRs detected are comparable to those detected in the study 

carried out in Australia by Gallen et al. (2016), though with the notable exception of 

lower maximum concentrations of penta-BDE congeners. These concentrations were 

originally expected to be present in older sites which took in comparatively larger 

amounts of BFR-treated waste compared to the present day. However, the two 

instances where highest concentrations of ΣBFRs were found (200 – 450 ng L-1) were 

opened in 1994 and 2003 and operated for 20 years and 15 years respectively. These 

sites are both fully lined in addition to one being recently closed and the other currently 

in operation, supporting findings from Section 2.2 & 2.3 that large volumes of waste 

containing hazardous BFRs are still in circulation and being landfilled in the Republic 

of Ireland (Drage et al., 2018, Abdallah et al., 2018). 

Looking at concentrations of BFRs in terms of the landfill infrastructure (i.e. the lining 

of the landfilled cells), the mean17, median and maximum detected concentrations for 

each BFR grouping generally increase moving from unlined sites, to sites with lined 

and unlined sections (“mixed” sites), to fully lined sites (Table 11). This trend appears 

independent of the age of or the volume of waste within the site, indicating that BFRs 

are leaching out of unlined landfills much more readily than fully lined sites. This 

                                                 
17 Z-test for determination of p-values (assuming normal distributions of BFR concentrations across 

Irish landfills) carried out on means for HBCDD (P < 0.01), Penta/Octa-BDEs (P < 0.01) and ΣPBDEs 

(P < 0.05). 
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leaching in older unlined sites is to be expected due to the lining of more modern 

landfills generally comprising of several millimetres of high density polyethylene 

(HDPE) or other such non-permeable polymeric material. Unlined sites, meanwhile, 

operate under the “dilute and disperse” principle, which involves dilution of 

concentrated leachate from a landfilled site with “clean” water and dispersal into a 

downstream water source (McCarthy et al., 2010). 

Table 11 – Results of measured BFR levels categorised by landfill infrastructure 
(concentrations in ng L-1). 

BFR (+ Lining Type) Mean Median Maximum 

# Samples > 

LOD 

HBCDD (U) 2.18 1.23 6.59 5 

HBCDD (M) 3.50 2.55 8.20 6 

HBCDD (L) 5.21 1.60 25.8 9 

BDE-209 (U) 62.1 18.1 224 6 

BDE-209 (M) 24.8 20.5 98.1 13 

BDE-209 (L) 41.2 21.1 120 7 

Penta/Octa-BDEs (U) 9.48 1.60 28.3 6 

Penta/Octa-BDEs (M) 6.58 2.41 18.74 12 

Penta/Octa-BDEs (L) 90.9 81.5 275 9 

ΣPBDEs (U) 35.8 10.5 238 12 

 ΣPBDEs (M) 16.0 10.37 98.1 25 

ΣPBDEs (L) 69.2 38.98 395 16 
Each letter accompanying a BFR indicates the type of lining at a given landfill site: “U” refers to “unlined” 
sites where leachate is drained from the site by the dilute and disperse method; “L” refers to sites which 
are fully lined and leachate is treated at wastewater treatment plants; “M” refers to sites with both lined 
and unlined areas. Highlighted numbers indicate the trend of increasing average concentrations from 
unlined to lined landfills sites. 

It is difficult to discern other temporal or geographical trends with respect to the BFR 

concentrations present in the collected leachate samples (Figure 19). This is due to 

information on specific composition of waste disposed of as well as the exact 

quantities for each site being quite vague. Waste licensing and record-keeping in the 

Republic of Ireland only began at sites in 1997, prior to which only informal records 

were kept and after which detailed composition of the waste was not disclosed in many 

cases (generally described as domestic, commercial, or industrial waste (EPA, 

2018b)). Finally, the age of the sites and other environmental factors can heavily 

influence the leachate. Though leaching rates of these chemicals are not clearly known 

in landfill environments, the above results and research of the relevant literature 

strongly suggest that BFR-contamination to areas surrounding landfills via elution of 
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leachate occurs readily at unlined sites (Osako et al., 2004, Stubbings and Harrad, 

2016). 

3.2.4 Future Work 

Following from the above results, which strongly suggest that landfills in Ireland 

contain high concentrations of hazardous BFRs and are also a potential source of 

contamination to the environment, an assessment of the degree of environmental 

contamination surrounding these sites is needed. The major pathway of concern is the 

leakage of BFRs through leachate at unlined landfills; however, other pathways of 

environmental contamination such as volatilisation of hazardous substances from open 

landfills is also a possible pathway. These pathways can potentially lead to 

contamination of both soil and groundwater in the surrounding environment. 

Therefore, a series of groundwater, soil, and passive air sampling will take place 

following from the results of leachate sampling as a part of the FUEL project. This 

will provide more detailed information on the degree of contamination of BFRs (as 

well as perfluoroalkyl substances or “PFASs”) at these sites and the impacts to areas 

surrounding unlined, mixed, and lined landfills. This second phase of sampling will 

also aim to assess to what extent the various pathways (i.e. aerosolization and 

leaching) are attributable to any contamination. 
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Table 12 – Concentrations of target BFR compounds (in ng L-1) quantified by GC-MS (PBDEs) and LC-MS/MS (HBCDD) analyses. 

Sam. 

# 

α-

HBCDD 

β-

HBCDD 

γ-

HBCDD 
ΣHBCDD 

BDE-

28 

BDE-

47 

BDE-

100 

BDE-

99 

BDE-

154 

BDE-

153 

BDE-

183 

BDE-

209 
ΣPBDE 

PBDEs 

w/o 209 

1 <0.2 <0.2 <0.2 <0.2 <0.1 <0.1 <0.3 <0.3 <0.4 <0.4 <0.4 <1.0 <0.1 <0.1 

2 0.45 0.39 1.80 2.64 <0.1 <0.1 <0.3 <0.3 <0.4 <0.4 <0.4 6.00 6.00 <0.1 

3 <0.2 0.34 <0.2 0.34 <0.1 <0.1 <0.3 <0.3 <0.4 <0.4 <0.4 6.30 6.30 <0.1 

4 n/a n/a n/a n/a <0.1 <0.1 <0.3 <0.3 <0.4 <0.4 <0.4 <1.0 <0.1 <0.1 

5 n/a n/a n/a n/a <0.1 <0.1 <0.3 <0.3 <0.4 <0.4 <0.4 <1.0 <0.1 <0.1 

6 n/a n/a n/a n/a <0.1 21.8 8.53 37.2 4.7 7.86 1.66 21.1 103 81.8 

7 n/a n/a n/a n/a <0.1 0.42 <0.3 <0.3 <0.4 <0.4 <0.4 17.2 17.6 0.42 

8 <0.2 <0.2 0.21 0.21 <0.1 1.30 <0.3 0.47 <0.4 0.41 0.29 19.0 21.4 2.47 

9 <0.2 <0.2 <0.2 <0.2 <0.1 0.14 <0.3 0.59 <0.4 <0.4 <0.4 <1.0 0.73 0.73 

10 n/a n/a n/a n/a <0.1 <0.1 <0.3 <0.3 <0.4 <0.4 <0.4 37.2 37.2 <0.1 

11 <0.2 <0.2 <0.2 <0.2 <0.1 54.0 15.0 39.0 <0.4 6.10 9.40 45.0 169 124 

12 n/a n/a n/a n/a <0.1 3.19 <0.3 1.53 1.63 1.9 2.12 20.5 30.9 10.4 

13 <0.2 <0.2 0.96 0.96 4.70 41.0 1.80 32.0 <0.4 1.30 1.30 15.0 96.9 81.9 

14 n/a n/a n/a n/a <0.1 <0.1 <0.3 <0.3 <0.4 <0.4 <0.4 <1.0 <0.1 <0.1 

15 1.60 <0.2 <0.2 1.60 <0.1 12.0 4.40 7.40 14.0 0.45 <0.4 100 138 38.3 

16 n/a n/a n/a n/a <0.1 <0.1 <0.3 <0.3 <0.4 <0.4 <0.4 17.6 17.6 <0.1 

17 n/a n/a n/a n/a <0.1 4.9 <0.3 8.99 0.66 0.18 <0.4 224 239 14.7 

18* n/a n/a n/a n/a <0.1 <0.1 <0.3 <0.3 <0.4 <0.4 <0.4 98.0 98.0 <0.1 

19* n/a n/a n/a n/a <0.1 0.88 <0.3 <0.3 <0.4 <0.4 <0.4 27.2 28.1 0.88 

20 <0.2 <0.2 1.50 1.50 <0.1 2.40 <0.3 <0.3 <0.4 <0.4 <0.4 65.0 67.4 2.40 

21 <0.2 <0.2 0.69 0.69 <0.1 <0.1 <0.3 <0.3 <0.4 <0.4 <0.4 <1.0 <0.1 <0.1 

22 <0.2 <0.2 0.72 0.72 <0.1 1.40 <0.3 <0.4 <0.4 <0.4 0.57 <1.0 1.97 1.97 

23* <0.2 <0.2 1.60 1.60 12.0 15.0 <0.3 <0.4 <0.4 0.45 5.5 <1.0 32.95 32.95 

24* 13.0 1.40 11.4 25.8 18.0 140 16.0 58.0 10.0 22.0 11.0 120 395 275 

25** <0.2 <0.2 2.7 2.7 <0.1 <0.1 <0.3 <0.4 <0.4 <0.4 <0.4 2.8 2.80 <0.1 
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26** <0.2 0.46 1.60 2.06 <0.1 2.60 <0.3 <0.4 <0.4 <0.4 <0.4 2.9 5.50 2.60 

27** <0.2 <0.2 2.40 2.40 1.20 <0.1 <0.3 <0.4 <0.4 <0.4 0.51 <1.0 1.71 1.71 

28** <0.2 <0.2 4.70 4.70 <0.1 <0.1 <0.3 <0.4 <0.4 <0.4 0.62 <1.0 0.62 0.62 

29 <0.2 <0.2 <0.2 <0.2 <0.1 0.55 <0.3 <0.4 <0.4 <0.4 <0.4 45.0 45.9 0.86 

30 <0.2 <0.2 <0.2 <0.2 <0.1 <0.1 <0.3 <0.3 <0.4 <0.4 <0.4 1.1 1.1 <0.1 

31 6.50 <0.2 <0.2 6.50 11.0 120 20.0 57.0 4.80 6.50 0.72 <1.0 220 220 

32 <0.2 0.51 5.50 6.01 <0.1 0.22 <0.3 <0.3 <0.4 <0.4 <0.4 4.90 5.12 0.22 

33 4.00 <0.2 4.20 8.20 <0.1 0.11 <0.3 <0.3 <0.4 2.10 <0.4 1.20 1.20 2.21 

34 <0.2 <0.2 <0.2 <0.2 <0.1 <0.1 <0.3 <0.3 <0.4 <0.4 <0.4 <1.0 <0.1 <0.1 

35 <0.2 <0.2 <0.2 <0.2 <0.1 <0.1 <0.3 <0.3 <0.4 <0.4 <0.4 <1.0 <0.1 <0.1 

36 <0.2 <0.2 <0.2 <0.2 <0.1 0.74 <0.3 18.0 <0.4 <0.4 <0.4 31.0 49.7 18.7 

37* 2.00 <0.2 1.10 3.10 <0.1 <0.1 <0.3 <0.3 <0.4 <0.4 <0.4 <1.0 <0.1 <0.1 

38* <0.2 <0.2 0.77 0.77 <0.1 <0.1 <0.3 <0.3 <0.4 <0.4 0.65 <1.0 0.65 0.65 

39 n/a n/a n/a n/a <0.1 6.42 1.26 6.72 1.02 1.79 0.64 18.3 36.2 17.9 

40 0.74 <0.2 0.98 1.72 <0.1 0.31 <0.3 <0.3 <0.4 <0.4 <0.4 <1.0 0.31 0.31 

41 0.72 <0.2 0.51 1.23 <0.1 <0.1 <0.3 <0.3 <0.4 <0.4 <0.4 <1.0 <0.1 <0.1 

42 n/a n/a n/a n/a 0.56 6.63 1.38 4.41 1.48 1.89 1.05 26.3 43.4 17.1 

43 <0.2 <0.2 0.93 0.93 <0.1 0.89 <0.3 <0.3 <0.4 <0.4 0.41 <1.0 1.30 1.30 

44 <0.2 <0.2 0.56 0.56 <0.1 <0.1 <0.3 <0.3 <0.4 <0.4 <0.4 <1.0 <0.1 <0.1 

45 n/a n/a n/a n/a <0.1 0.87 <0.3 <0.3 0.43 0.50 0.37 3.98 6.15 2.17 

46 n/a n/a n/a n/a <0.1 0.634 2.34 0.56 0.31 0.39 0.44 10.5 15.2 4.69 
* Two samples collected from these sites. ** Four samples collected from this site. “n/a” indicates that HBCDD data for these samples are not available due to instrumentation 
issues. 
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Figure 19 – Pictorial representation of reported landfill operational years (data gathered from available site waste licenses (EPA, 2018b)).  

 
Horizontal colouring references the majority BFR present in collected leachate sample or other vital data: dark red – BDE-209; light-red – Penta/Octa-BDEs; green “H” – traces 
of HBCDD; black – PBDEs below LOD. “n/a” indicates that HBCDD data for these samples are not available due to instrumentation issues (see Table 12).  
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CHAPTER 4 – CONCLUSIONS AND FUTURE OUTLOOK 

Hazardous brominated flame retardants are clearly ubiquitous in Irish waste systems 

creating a substantial issue for environmental regulators in complying with EU 

legislation. Specifically, these regulations apply to concentrations of PBDEs, 

HBCDD, and TBBP-A present in plastic and textile materials in consumer articles, 

either those entering the waste stream or those entering the consumer market – both in 

newly made “virgin” products and those made from recycled materials (Table 2). 

Sections 2.2 and 2.3 show that there are large volumes of end of life plastics and 

textiles entering the waste stream which contain excessive concentrations of PBDEs, 

HBCDD, and TBBP-A. These materials must be disposed of in such a way as to 

destroy the BFR content in the waste item, with total energy recovery waste 

incineration being the most realistically viable option (Section 2.3). Section 3.2 

meanwhile highlights that BFR-treated goods have historically been disposed of in 

landfills over the last few decades of operations, and that these BFRs may have already 

penetrated into the environment through the leaking of leachate from unlined sites. 

Additionally, despite the significant advancements in the Republic of Ireland and the 

EU towards effective recycling of waste electrical and electronic equipment 

(WEEE_Ireland, 2017, European_Commission, 2019), the majority of textiles and 

household furniture are still disposed of via landfilling. However, the last remaining 

working landfills in the country are projected to cease operations by 2020 in order to 

focus waste management efforts on reuse and recycling practices, as well as waste-to-

energy operations (McCarthy et al., 2010). With the projected cease-of-operations of 

these sites, it can be expected that BFR contamination via leaking of landfill leachate 

to environments surrounding historically unlined and open landfills to gradually 

diminish in the coming decades. However, due to the persistent nature of these 

chemicals, their presence will likely be prevalent in various matrices surrounding 

landfills for the foreseeable future, potentially leading to accumulation in biological 

media. Effective clean-up operations around unlined landfills are additionally difficult 

to implement as (i) large volumes of water and soil are likely contaminated with 

hazardous BFRs from the dispersal of leachate (Osako et al., 2004, Olukunle and 

Okonkwo, 2015), and (ii) relatively small concentrations of BFRs are currently eluting 
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from most older landfilled sites, thus not being economically worthwhile to update the 

infrastructure of said sites to prevent further leakage. 

Remediation operations will therefore need to be focused on the recycling sector, 

particularly on the recycling of domestic furniture, EEE, and insulation & packaging 

foams. As evidenced by the results from Section 2.3, high concentrations of hazardous 

BFRs are currently in circulation in various plastic types and in a wide range of 

consumer goods. With the inclusion of a concentration limit on deca-BDE in consumer 

plastics and textiles, an estimated 4,000 t of hazardous plastics and textiles is generated 

annually in Ireland, waste which is currently being disposed of via conventional 

recycling, landfilling, and/or incineration. As Ireland moves closer towards a circular 

economy, increasing volumes of waste plastics will be recycled and re-used in newly-

manufactured goods. While this is a goal that is in the best interests of environmental 

conservation and the finite reserves of oil in the world, this creates the issue of 

contaminating newly-manufactured goods with hazardous substances such as BFRs. 

This is notably highlighted in Section 2.2 which shows roughly one-quarter of 

polystyrene packaging foams collected in Ireland contain HBCDD above EU-set 

concentration limits, likely through re-use and/or recycling of BFR-treated insulation 

foams. This is likewise evident in the recycling of WEEE materials which are shown 

to have traceable links to the production of many consumer products not originally 

intended to contain any measure of flame retardancy treatment, such as children’s toys 

and food-contact materials (Guzzonato et al., 2017, Kuang et al., 2018). This gives an 

insight into the pervasiveness of BFRs to materials not required for treatment with 

flame retardants via the recycling of contaminated materials. 

The prevalence of BFRs throughout the recycling system will therefore require a 

screening methodology which is cost-effective and user-friendly for use at waste and 

recycling sites, as well as being sufficiently rapid and efficient to allow a high 

throughput of waste plastics and textiles. Section 2.1 establishes a new and validated 

methodology for the rapid extraction of BFRs from plastic and textiles samples, one 

which reduces solvent-use and shows a much faster throughput of samples compared 

to existing methods. However, though this method can speed up the process of 

quantifying BFRs in a laboratory setting, the process would still not be effective at 
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waste and recycling sites considering the high volumes of waste processed daily at 

these sites. Section 2.4 meanwhile focuses on the use of portable X-ray fluorescence 

technology as a proposed method for screening in-situ at waste sites. The method 

proposes screening of plastic and textile waste by using an elemental bromine-based 

concentration limit of 710 mg kg-1, above which a waste article will require specialised 

treatment in compliance with EU legislation. This demonstrates an effectiveness of 

screening in compliance with concentration limits of roughly 94 %. There is scope for 

further improvements to the methodology by (i) separation of EEE plastics and 

electronic parts prior to XRF screening (Section 2.4), and (ii) using presence of 

elemental antimony as a qualifier for BFR-presence (Section 3.1); these additional 

steps can theoretically improve the screening effectiveness to roughly 97 %. However, 

it is noteworthy that the efficacy of this screening methodology will be contingent on 

continuous monitoring and updating so as to reflect (i) updated legislation regarding 

hazardous BFRs, (ii) the increasing prevalence of NBFRs, and (iii) improvements to 

XRF technology. Furthermore, applicability of this methodology to other countries 

and regional economic integration organisations (REIOs), while feasible, will also 

need to consider regional variations in waste management operations, concentrations 

of BFRs found in the various types of consumer plastics, and the economic feasibility 

of implementing such a method nationwide.  

Future work in this particular area should, firstly, focus on improving the efficacy of 

the XRF instrument, in order to further reduce the instances of false-positives while 

screening and improve the precision of Br-quantification. While the screening 

methodology outlined in Section 2.4 shows a high screening efficacy, studies on the 

use of the XRF have highlighted that the accuracy and precision of the instrument need 

further improvement for screening applications, particularly with regards to low 

density and thin samples. (Gallen et al., 2014, Abbasi et al., 2016). Secondly, careful 

consideration should be given to replacements to the now regulated hazardous BFRs 

which will likely increase in prevalence in the coming years, such as the use of 

decabromodiphenyl ethane (DBDPE) as a replacement for commercial Deca-BDE 

(Egebäck et al., 2012) and the use of polymeric BFRs instead of HBCDD in insulation 

foams (Jeannerat et al., 2016). The application, toxicity, and environmental impacts 
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of these chemicals need to be assessed regarding their use in consumer goods, as well 

as the ramifications for the suitability of XRF to screen for compliance with legislative 

limits. Finally, consideration should be given to the best-practices by which waste 

found to contain excess concentrations of hazardous BFRs can be treated in an 

environmentally friendly and economically feasible manner. Very high concentrations 

of these chemicals were historically used and are still being found in various consumer 

articles, leading to a potentially large fraction of waste materials which can no longer 

by recycled and must instead be treated in such a way as to “remove or irreversibly 

transform (the hazardous compound) prior to recycling” (European_Commission, 

2010). Therefore, screening and recycling practices should be optimised such that the 

least amount of useful materials are being needlessly disposed of via landfilling or 

incineration. 
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APPENDIX I 

European Union REACH, RoHS, POPs, and ECHA Regulations and Specific 

Provisions Regarding Hazardous BFRs in Consumer Articles 

 

Each of tetra-BDE, penta-BDE, hexa-BDE, and hepta-BDE compounds were 

individually listed in the POPs directive via an amendment in 2010 (EU, 2010). This 

established both unintentional trace contaminant (UTC) concentration limits for newly 

manufactured articles placed on the market, as well as articles placed on the market 

which were made from recycled materials. Both these limits are identical for each of 

the listed substances: at 10 mg kg-1 (0.001 % w/w) as UTCs and at 1,000 mg kg-1 (0.1 

% w/w) for articles made from recycled materials. Another limit was further defined 

by the RoHS directive (noted in its text to operate in conjunction with the limits 

defined in the POPs directive). This limit was limited to electrical and electronic 

equipment and at a concentration limit of 0.1 % w/w for the sum of all PBDE 

congeners in a given article or its components (EU, 2011). However, no such limit 

has, as yet, been defined for any of these PBDE compounds in relation to waste 

articles.  

The most recent listing involving PBDEs is Commission Regulation 2017/227 which 

amends the REACH directive to include the deca-BDE congener (EU, 2017a). This 

amendment establishes a concentration limit for deca-BDE, allowing articles 

containing less than 1,000 mg/kg to be placed on the market. The majority of articles 

with deca-BDE at or above this limit cannot be placed on the market, except for in 

specific cases established in the amendment.  Following from the specific exemptions 

outlined by UNEP with regards to the chemical, its continued use is permitted in 

aircrafts and spare parts of aircrafts (produced prior to 2nd of March 2017) as well as 

certain motor vehicles, forestry and agricultural vehicles, and other machinery (EU, 

2017a). Additionally, this amendment and concentration limit does not apply to 

electric and electronic equipment (EEE) within the scope of the RoHS directive due 

to a limit already being imposed on the sum of all PBDE congeners, including BDE-

209, at 1,000 mg kg-1 (EU, 2011). 
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The listing of HBCDD, meanwhile, occurred via two separate amendments: the first, 

regarding the concentration limit to be considered a UTC and outlining the specific 

exemptions to said limits; the second, defining the concentration limit for the disposal 

of waste articles in accordance with the relevant community guidelines. The latter 

amendment stipulated that articles could only be disposed of by conventional means 

should the concentrations of HBCDD fall below 1,000 mg kg-1. The former 

amendment additionally defined the UTC concentration limit for HBCDD to be 100 

mg kg-1, above which an article could not be placed on the market. However, the 

amendment also specifies certain applications for which HBCDD can be produced and 

marketed above this limit. This exemption, conforming with the specific exemptions 

defined by the Stockholm Convention available to the EU as a signatory, allows for 

the use of HBCDD in EPS and XPS for building materials as well as the production 

of HBCDD for this specific application. This exemption is expected to expire, at the 

latest, on the 26th of November 2019 unless retracted at an earlier date by the EU. 

TBBP-A, as established earlier, is not considered to be a POP under the UNEP 

Stockholm Convention, nor is it listed in the EU’s RoHS directive. However, waste 

containing excessive concentrations of TBBP-A is classified by the European 

Chemicals Agency (ECHA) as hazardous. Commission regulation 1272/2008 on the 

classification, labelling and packaging of substances and mixtures establishes the 

classification “H400 – Hazardous to the Aquatic Environment (Acute Hazard, 

Category I)”, a classification which TBBP-A currently bears 

(European_Chemicals_Agency, 2018, European_Commission, 2008b). EU directive 

2008/98/EC further establishes the “properties of waste which render it hazardous”, 

one of which being “H14 – Ecotoxic”, for substances or mixtures which present an 

immediate or delayed risk to the environment (European_Commission, 2006a). This 

directive was later amended by EU-2017/997 which outlined that “Ecotoxic” includes 

those substances and mixtures with the H400 classification, and refers to a 

concentration limit of 0.1 % for such substances in waste articles, above which it is to 

be considered hazardous (EU, 2017b). This therefore implies that waste articles 

containing TBBP-A above the 0.1 % concentration limit are considered hazardous, 

and to be disposed of in such as a way as not to “contaminate water, air, soil, plants, 
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or animals; adversely affect the countryside or areas of special interest;  be  

abandoned, dumped, or otherwise mismanaged in its disposal” 

(European_Commission, 2008a). 

Furthermore, if TBBP-A is present in an article with other H400 substances and within 

which the combined sum of H400 substances exceeds 25 %, such articles are also 

considered hazardous, penta-BDE being an example of another H400 substance. Both 

TBBP-A and penta-BDE are also listed with the classification “H410 – Hazardous to 

the Aquatic Environment (Chronic Hazard, Category I)” which bears another 

provision of note: should the sum of the concentrations of H410, H411, and H412 

substances (each multiplied by an individual “harmonised multiplication factor” of 

100, 10, and 1, respectively) in an article exceed 25 %, then it too is to be considered 

hazardous (EU, 2017b).  
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APPENDIX II 

Pre-Cleaning and Conditioning Procedure for Polyurethane Foam Plugs 

Required for Isolation of BFRs in Leachate Samples 

 

The PUF materials used for the gravity filtration of leachate required extensive pre-

cleaning in order to remove all traces of contaminating organic compounds from the 

materials. To do this, the PUFs underwent soxhlet extraction with DCM for a period 

of seven to eight hours prior to use for gravity filtration of landfill leachate (see Section 

3.2.2). 

Pre-Cleaning Procedure 

1. Four PUF disks (at a time) 

were thoroughly rinsed in 

water and placed on an 

aluminium sheet to dry; 

2. The four disks were placed 

inside the soxhlet chamber 

such that, when the 

chamber filled with the 

organic solvent (i.e. 

DCM), the PUFs would be fully-immersed 

(Figure A-I);  

3. A round-bottomed flask was filled such that the 

volume of DCM exceeded the soxhlet chamber 

by ~ 100 mL, (approximately 350 mL) and some 

boiling stones added (Figure A-II);   

4. The soxhlet apparatus was set up as shown in 

Figure A-III, with a steady stream of cold water 

flowing through the condenser and the mantle set 

to heat setting “7”; 

Figure A-II – Round-
bottomed flask with DCM 
and boiling stones. 

Figure A-I – PUFs in 
soxhlet chamber for 
repeated solvent cleaning. 

Figure A-III – Soxhlet 
Apparatus for PUF cleaning 
process. 



APPENDICES 

  
96 

5. The soxhlet refluxing system was run for 7-8 hrs, ensuring that the round-

bottomed flask did not go dry and the PUFs were fully-immersed during each 

cycle; 

6. Upon completion, the heat and water were switched off, the system was 

allowed to cool, and the PUFs were carefully removed from the soxhlet 

chamber using forceps and placed on hexane-rinsed aluminium foil; 

7. The PUFs were to dry overnight in a fume hood and were then enclosed in 

clean foil, placed inside a polyethylene bag, and stored for future use; 

8. The soxhlet apparatus was thoroughly cleaned using warm soapy water, rinsed 

with tap water, re-rinsed with distilled water, left to dry overnight, and rinsed 

in-triplicate using acetone and DCM. 

Conditioning Procedure 

1. A pre-cleaned 5 L beaker was filled with 1.5 L of hexane; 

2. 10.88 g of pre-cleaned XAD Amberlite powder was accurately weighed in a 

weighing boat and transferred to the 5 L beaker using 200 mL of hexane; 

3. The mixture was sonicated for 30 minutes; 

4. During the coating step, a magnetic stirrer was used to suspend the XAD 

powder; 

5. Using forceps, a PUF disk was dipped and submerged into the slurry for 30 

seconds; 

6. The disk was then removed and the excess solvent allowed to drain from the 

PUF into the beaker; 

7. Steps 5 and 6 were repeated twice more and the disk was then placed on a 

hexane-rinsed piece of aluminium foil; 

8. Steps 5 through 7 were repeated for nine more disks (maximum allowed for 

this quantity of powder, and allowed to air-dry overnight in a fume hood; 

9. The conditioned disks were then wrapped in hexane-rinsed aluminium foil and 

stored in individual polyethylene bags until required for air sampling. 



APPENDICES 

 
97 

  



BIBLIOGRAPHY 

  
98 

BIBLIOGRAPHY 

ABBASI, G., SAINI, A., GOOSEY, E. & DIAMOND, M. L. 2016. Product screening 

for sources of halogenated flame retardants in Canadian house and office dust. 

Science of The Total Environment, 545–546, 299-307. 

ABDALLAH, M. A.-E., DRAGE, D. S., SHARKEY, M., BERRESHEIM, H. & 

HARRAD, S. 2017. A rapid method for the determination of brominated flame 

retardant concentrations in plastics and textiles entering the waste stream. 

Journal of Separation Science, 40, 3873-3881. 

ABDALLAH, M. A.-E., IBARRA, C., NEELS, H., HARRAD, S. & COVACI, A. 

2008. Comparative evaluation of liquid chromatography–mass spectrometry 

versus gas chromatography–mass spectrometry for the determination of 

hexabromocyclododecanes and their degradation products in indoor dust. 

Journal of Chromatography A, 1190, 333-341. 

ABDALLAH, M. A.-E., SHARKEY, M., BERRESHEIM, H. & HARRAD, S. 2018. 

Hexabromocyclododecane in polystyrene packaging: A downside of 

recycling? Chemosphere, 199, 612-616. 

ABDALLAH, M. A.-G. A.-E. 2009. Investigating the sources and magnitude of 

human exposure to halogenated organic pollutants using advanced methods 

for environmental analysis. PhD, University of Birmingham. 

ALDRIAN, A., LEDERSTEGER, A. & POMBERGER, R. 2015. Monitoring of 

WEEE plastics in regards to brominated flame retardants using handheld XRF. 

Waste Manag, 36, 297-304. 

ALLEN, J. G., MCCLEAN, M. D., STAPLETON, H. M. & WEBSTER, T. F. 2008. 

Linking PBDEs in House Dust to Consumer Products using X-ray 

Fluorescence. Environmental Science & Technology, 42, 4222-4228. 

ASCHEBROOK-KILFOY, B., DELLAVALLE, C. T., PURDUE, M., KIM, C., 

ZHANG, Y., SJODIN, A. & WARD, M. H. 2015. Polybrominated diphenyl 

ethers and thyroid cancer risk in the Prostate, Colorectal, Lung, and Ovarian 

Cancer Screening Trial cohort. American Journal of Epidemiology, 181, 883-

8. 

BESIS, A., CHRISTIA, C., POMA, G., COVACI, A. & SAMARA, C. 2017. Legacy 

and novel brominated flame retardants in interior car dust - Implications for 

human exposure. Environmental Pollution, 230, 871-881. 

CALAMARI, T. A. & HARPER, R. J. 1993. Flame Retardants for Textiles. Kirk-

Othmer encyclopaedia of chemical technology, 4th ed. New York, New York,: 

John Wiley & Sons. 

CHEN, X.-S., YU, Z.-Z., LIU, W. & ZHANG, S. 2009. Synergistic effect of 

decabromodiphenyl ethane and montmorillonite on flame retardancy of 

polypropylene. Polymer Degradation and Stability, 94, 1520-1525. 

COVACI, A., VOORSPOELS, S., ABDALLAH, M. A.-E., GEENS, T., HARRAD, 

S. & LAW, R. J. 2009. Analytical and environmental aspects of the flame 

retardant tetrabromobisphenol-A and its derivatives. Journal of 

Chromatography A, 1216, 346-363. 

DARNERUD, P. O., ERIKSEN, G. S., JÓHANNESSON, T., LARSEN, P. B. & 

VILUKSELA, M. 2001. Polybrominated diphenyl ethers: occurrence, dietary 

exposure, and toxicology. Environmental Health Perspectives, 109, 49-68. 



BIBLIOGRAPHY 

 
99 

DE WIT, C. A., HERZKE, D. & VORKAMP, K. 2010. Brominated flame retardants 

in the Arctic environment--trends and new candidates. Science of The Total 

Environment, 408, 2885-918. 

DELVA, L., HUBO, S., CARDON, L. & RAGAERT, K. 2018. On the role of flame 

retardants in mechanical recycling of solid plastic waste. Waste Management, 

82, 198-206. 

DRAGE, D., SHARKEY, M., ABDALLAH, M. A., BERRESHEIM, H. & HARRAD, 

S. 2018. Brominated flame retardants in Irish waste polymers: Concentrations, 

legislative compliance, and treatment options. Science of The Total 

Environment, 625, 1535-1543. 

EGEBÄCK, A.-L., SELLSTRÖM, U. & MCLACHLAN, M. S. 2012. 

Decabromodiphenyl ethane and decabromodiphenyl ether in Swedish 

background air. Chemosphere, 86, 264-269. 

EGUCHI, A., ISOBE, T., RAMU, K., TUE, N. M., SUDARYANTO, A., 

DEVANATHAN, G., VIET, P. H., TANA, R. S., TAKAHASHI, S., 

SUBRAMANIAN, A. & TANABE, S. 2013. Soil contamination by 

brominated flame retardants in open waste dumping sites in Asian developing 

countries. Chemosphere, 90, 2365-2371. 

ELJARRAT, E. & BARCELÓ, D. 2011. Handbook of Environmental Chemistry - 

Brominated Flame Retardants, Verlag Berlin Heidelberg, Springer Verlag. 

ENVIRONMENT_AGENCY 2003. Guidance on monitoring of landfill leachate, 

groundwater and surface water, Almondsbury, Bristol, Environment Agency. 

EPA. 2014. Flame retardant alternatives for hexabromocyclododecane (HBCD) 

[Online]. United States Environmental Protection Agency. Available: 

https://www.epa.gov/sites/production/files/2014-

06/documents/hbcd_report.pdf [Accessed 12st March 2018]. 

EPA. 2018a. CURRENT SITUATION [Online]. Wexford, Republic of Ireland (online): 

Environmental Protection Agency of Ireland. Available: 

http://www.epa.ie/nationalwastestatistics/currentsitutation/ [Accessed 5th 

September 2018]. 

EPA. 2018b. Waste Licence Search [Online]. Wexford, Republic of Ireland (online): 

Environmental Protection Agency of Ireland. Available: 

http://www.epa.ie/terminalfour/waste/index.jsp [Accessed 8th September 

2018]. 

EU 2010. COMMISSION REGULATION (EU) No 757/2010 of 24 August 2010 

amending Regulation (EC) No 850/2004 of the European Parliament and of 

the Council on persistent organic pollutants as regards Annexes I and III. 

Official Journal of the European Union, 29-36. 

EU 2011. Directive 2011/65/EU of the European Parliament and of the Council of 8 

June 2011 on the restriction of the use of certain hazardous substances in 

electrical and electronic equipment (recast). Official Journal of the European 

Union, 174, 88-110. 

EU 2017a. COMMISSION REGULATION (EU) 2017/227 of 9 February 2017 

amending Annex XVII to Regulation (EC) No 1907/2006 of the European 

Parliament and of the Council concerning the Registration, Evaluation, 

Authorisation and Restriction of Chemicals (REACH) as regards 

bis(pentabromophenyl)ether Official Journal of the European Union, 35, 6-9. 

https://www.epa.gov/sites/production/files/2014-06/documents/hbcd_report.pdf
https://www.epa.gov/sites/production/files/2014-06/documents/hbcd_report.pdf
http://www.epa.ie/nationalwastestatistics/currentsitutation/
http://www.epa.ie/terminalfour/waste/index.jsp


BIBLIOGRAPHY 

  
100 

EU 2017b. COUNCIL REGULATION (EU) 2017/997 of 8 June 2017 amending 

Annex III to Directive 2008/98/EC of the European Parliament and of the 

Council as regards the hazardous property HP 14 ‘Ecotoxic’. Official Journal 

of the European Union, 150, 1-4. 

EUROPEAN_CHEMICALS_AGENCY. 2018. Table of harmonised entries in Annex 

VI to CLP [Online]. Helsinki, Finland: EU. Available: 

https://echa.europa.eu/information-on-chemicals/annex-vi-to-clp [Accessed 

13th June 2018]. 

EUROPEAN_COMMISSION 2000. European Union Risk Assessment Report: 

diphenyl ether, pentabromo derivative, Oxfordshire, UK, European 

Communities. 

EUROPEAN_COMMISSION 2004. EC regulation no. 850/2004 of the European 

Parliament and of the Council of 29 April 2004 on persistent organic pollutants 

and amending Directive 79/117/EEC. Official Journal of the European Union, 

158, 7-49. 

EUROPEAN_COMMISSION 2006a. DIRECTIVE 2006/122/ECOF THE 

EUROPEAN PARLIAMENT AND OF THE COUNCIL of 12 December 

2006 amending for the 30th time Council Directive 76/769/EEC on the 

approximation of the laws, regulations and administrative provisions of the 

Member States relating to restrictions on the marketing and use of certain 

dangerous substances and preparations (perfluorooctane sulfonates). Official 

Journal of the European Union, 372, 32-34. 

EUROPEAN_COMMISSION 2006b. No 1907/2006 of the European Parliament and 

of the Council of 18 December 2006, concerning the RegistrationEvaluation, 

Authorisation and Restriction of Chemicals (REACH), establishing a 

European Chemicals Agency, amending Directive. Official Journal of the 

European Union, 45, 1-520. 

EUROPEAN_COMMISSION 2008a. DIRECTIVE 2008/98/EC OF THE 

EUROPEAN PARLIAMENT AND OF THE COUNCIL of 19 November 

2008 on waste and repealing certain Directives. Official Journal of the 

European Union, 312, 3-30. 

EUROPEAN_COMMISSION 2008b. Regulation (EC) No. 1272/2008 of the 

European Parliament and of the Council of 16 December 2008 on 

classification, labelling and packaging of substances and mixtures, amending 

and repealing Directives 67/548/EEC and 1999/45/EC, and amending 

Regulation (EC) No. 1907/2006. Official Journal of the European Union, 353, 

1-1355. 

EUROPEAN_COMMISSION 2010. Commission regulation no 756/2010 of 24 

August 2040 amending regulation (EC) No 850/2004 of the European 

Parliament and of the Council on persistent organic pollutants as regards 

Annexes IV and V. Official Journal of the European Union, 223, 20. 

EUROPEAN_COMMISSION 2011. Final Report: Study on waste related issues of 

newly listed POPs and candidate POPs, Munich, European Commission. 

EUROPEAN_COMMISSION. 2019. Waste Electrical and Electronic Equipment 

(WEEE) [Online]. Online: European_Commission. Available: 

http://ec.europa.eu/environment/waste/weee/index_en.htm [Accessed 5th 

March 2019]. 

https://echa.europa.eu/information-on-chemicals/annex-vi-to-clp
http://ec.europa.eu/environment/waste/weee/index_en.htm


BIBLIOGRAPHY 

 
101 

EUROPEAN_ECONOMIC_COMMUNITY 1976. 76/769/EEC of 27 July 1976 on 

the approximation of the laws, regulations and administrative provisions of the 

Member States relating to restrictions on the marketing and use of certain 

dangerous substances and preparations (76/769/EEC). Official Journal of the 

European Communities, 262, 201-203. 

EUROPEAN_FOOD_SAFETY_AUTHORITY 2011. Scientific Opinion on 

Tetrabromobisphenol A (TBBPA) and its derivatives in food. European Food 

Safety Authority Journal, 9, 2477-2506. 

EUROPEAN_FOOD_SAFETY_AUTHORITY 2013. Scientific Opinion on 

Tetrabromobisphenol A (TBBPA) and its derivatives in food. European Food 

Safety Authority Journal, 9, 1-67. 

EUROPEAN_FOOD_SAFETY_AUTHORITY. 2019. Brominated Flame Retardants 

[Online]. Online: EFSA. Available: 

https://www.efsa.europa.eu/en/topics/topic/brominated-flame-retardants 

[Accessed 6th March 2019]. 

FERNIE, K. J., SHUTT, J. L., LETCHER, R. J., RITCHIE, I. J. & BIRD, D. M. 2009. 

Environmentally Relevant Concentrations of DE-71 and HBCD Alter Eggshell 

Thickness and Reproductive Success of American Kestrels. Environmental 

Science & Technology, 43, 2124-2130. 

GALLEN, C., BANKS, A., BRANDSMA, S., BADUEL, C., THAI, P., 

EAGLESHAM, G., HEFFERNAN, A., LEONARDS, P., BAINTON, P. & 

MUELLER, J. F. 2014. Towards development of a rapid and effective non-

destructive testing strategy to identify brominated flame retardants in the 

plastics of consumer products. Science of The Total Environment, 491-492, 

255-65. 

GALLEN, C., DRAGE, D., KASERZON, S., BADUEL, C., GALLEN, M., BANKS, 

A., BROOMHALL, S. & MUELLER, J. F. 2016. Occurrence and distribution 

of brominated flame retardants and perfluoroalkyl substances in Australian 

landfill leachate and biosolids. Journal of Hazardous Materials, 312, 55-64. 

GRUND, S. C., HANUSCH, K., BREUNIG, H. J. & WOLF, H. U. 2005. Antimony 

and Antimony Compounds. Ullmann's Encyclopedia of Industrial Chemistry. 

Weinheim, Germany: Wiley-VHC. 

GUO, C., ZOU, Q., WANG, J., WANG, H., CHEN, S. & ZHONG, Y. 2018. 

Application of surface modification using sodium hypochlorite for helping 

flotation separation of acrylonitrile-butadiene-styrene and polystyrene plastics 

of WEEE. Waste Management, 82, 167-176. 

GUZZONATO, A., PUYPE, F. & HARRAD, S. J. 2017. Evidence of bad recycling 

practices: BFRs in children's toys and food-contact articles. Environmental 

Science: Processes & Impacts, 19, 956-963. 

HALSALL, C. J. 2004. Investigating the occurrence of persistent organic pollutants 

(POPs) in the arctic: their atmospheric behaviour and interaction with the 

seasonal snow pack. Environ Pollut, 128, 163-75. 

HARRAD, S., ABDALLAH, M. A.-E., ROSE, N. L., TURNER, S. D. & 

DAVIDSON, T. A. 2009. Current-Use Brominated Flame Retardants in Water, 

Sediment, and Fish from English Lakes. Environmental Science & 

Technology, 43, 9077-9083. 

HARVEY, J. B., OSBORNE, T. S., HONG, H. H., BHUSARI, S., TON, T. V., 

PANDIRI, A. R., MASINDE, T., DUNNICK, J., PEDDADA, S., ELMORE, 

https://www.efsa.europa.eu/en/topics/topic/brominated-flame-retardants


BIBLIOGRAPHY 

  
102 

S. & HOENERHOFF, M. J. 2015. Uterine Carcinomas in 

Tetrabromobisphenol A-exposed Wistar Han Rats Harbor Increased Tp53 

Mutations and Mimic High-grade Type I Endometrial Carcinomas in Women. 

Toxicologic Pathology, 43, 1103-13. 

HE, P., WANG, A. G., XIA, T., GAO, P., NIU, Q., GUO, L. J., XU, B. Y. & CHEN, 

X. M. 2009. Mechanism of the neurotoxic effect of PBDE-47 and interaction 

of PBDE-47 and PCB153 in enhancing toxicity in SH-SY5Y cells. 

Neurotoxicology, 30, 10-5. 

HENNEBERT, P. & FILELLA, M. 2018. WEEE plastic sorting for bromine essential 

to enforce EU regulation. Waste Management, 71, 390-399. 

INTERNATIONAL_AGENCY_FOR_RESEARCH_ON_CANCER 2018. Some 

Industrial Chemicals. IARC Monographs on the Evaluation of Carcinogenic 

Risks to Humans, 115, 247-289. 

JAREMA, K. A., HUNTER, D. L., SHAFFER, R. M., BEHL, M. & PADILLA, S. 

2015. Acute and developmental behavioral effects of flame retardants and 

related chemicals in zebrafish. Neurotoxicology and Teratology, 52, 194-209. 

JAROSIEWICZ, M., DUCHNOWICZ, P., WLUKA, A. & BUKOWSKA, B. 2017. 

Evaluation of the effect of brominated flame retardants on hemoglobin 

oxidation and hemolysis in human erythrocytes. Food and Chemical 

Toxicology, 109, 264-271. 

JEANNERAT, D., PUPIER, M., SCHWEIZER, S., MITREV, Y. N., FAVREAU, P. 

& KOHLER, M. 2016. Discrimination of hexabromocyclododecane from new 

polymeric brominated flame retardant in polystyrene foam by nuclear 

magnetic resonance. Chemosphere, 144, 1391-1397. 

JUNOD, T. L. 1976. Gaseous emissions and toxic hazards associated with plastics in 

fire situations - a literature review, Washington D.C., National Aeronautics 

and Space Administration. 

KAJIWARA, N., SUEOKA, M., OHIWA, T. & TAKIGAMI, H. 2009. Determination 

of flame-retardant hexabromocyclododecane diastereomers in textiles. 

Chemosphere, 74, 1485-9. 

KATIMA, Z., OKONKWO, J. O. & DASO, A. P. 2017. A review of brominated flame 

retardants in the environment with emphasis on atmospheric levels, knowledge 

and information gaps in the African continent. Atmospheric Pollution 

Research, 8, 767-780. 

KOIKE, E., YANAGISAWA, R. & TAKANO, H. 2015. Brominated flame retardants, 

hexabromocyclododecane and tetrabromobisphenol A, affect proinflammatory 

protein expression in human bronchial epithelial cells via disruption of 

intracellular signaling. Toxicology In Vitro, 32, 212-219. 

KUANG, J., ABDALLAH, M. A.-E. & HARRAD, S. 2018. Brominated flame 

retardants in black plastic kitchen utensils: Concentrations and human 

exposure implications. Science of The Total Environment, 610-611, 1138-

1146. 

LA GUARDIA, M. J. & HALE, R. C. 2015. Halogenated flame-retardant 

concentrations in settled dust, respirable and inhalable particulates and 

polyurethane foam at gymnastic training facilities and residences. 

Environment International, 79, 106-114. 

LA GUARDIA, M. J., HALE, R. C. & HARVEY, E. 2006. Detailed Polybrominated 

Diphenyl Ether (PBDE) Congener Composition of the Widely Used Penta-, 



BIBLIOGRAPHY 

 
103 

Octa-, and Deca-PBDE Technical Flame-retardant Mixtures. Environmental 

Science & Technology, 40, 6247-6254. 

LA GUARDIA, M. J., SCHREDER, E. D., UDING, N. & HALE, R. C. 2017. Human 

Indoor Exposure to Airborne Halogenated Flame Retardants: Influence of 

Airborne Particle Size. International Journal of Environmental Research and 

Public Health, 14. 

LAI, D. Y., KACEW, S. & DEKANT, W. 2015. Tetrabromobisphenol A (TBBPA): 

Possible modes of action of toxicity and carcinogenicity in rodents. Food and 

Chemical Toxicology, 80, 206-14. 

LIEPINS, R. & PEARCE, E. M. 1976. Chemistry and Toxicity of Flame Retardants 

for Plastics. Environmental Health Perspectives, 17, 55-63. 

LILIENTHAL, H., VERWER, C. M., VAN DER VEN, L. T. M., PIERSMA, A. H. 

& VOS, J. G. 2008. Exposure to tetrabromobisphenol A (TBBPA) in Wistar 

rats: Neurobehavioral effects in offspring from a one-generation reproduction 

study. Toxicology, 246, 45-54. 

LYCHE, J. L., ROSSELAND, C., BERGE, G. & POLDER, A. 2015. Human health 

risk associated with brominated flame-retardants (BFRs). Environment 

International, 74, 170-180. 

MALKOSKE, T., TANG, Y., XU, W., YU, S. & WANG, H. 2016. A review of the 

environmental distribution, fate, and control of tetrabromobisphenol A 

released from sources. Science of The Total Environment, 569-570, 1608-

1617. 

MANKIDY, R., RANJAN, B., HONARAMOOZ, A. & GIESY, J. P. 2013. Effects of 

Novel Brominated Flame Retardants on Steroidogenesis in Primary Porcine 

Testicular Cells. Toxicology Letters, 224, 141-146. 

MARVIN, C. H., TOMY, G. T., ARMITAGE, J. M., ARNOT, J. A., MCCARTY, L., 

COVACI, A. & PALACE, V. 2011. Hexabromocyclododecane: Current 

Understanding of Chemistry, Environmental Fate and Toxicology and 

Implications for Global Management. Environmental Science & Technology, 

45, 8613-8623. 

MCCARTHY, S., MORIARTY, J., O'RIORDAN, D. & O'LEARY, G. 2010. Focus 

on Landfilling in Ireland, Wexford, Republic of Ireland, Environmental 

Protection Agency of Ireland. 

MORF, L., TAVERNA, R., DAXBECK, Z. H. & SMUTNY, R. 2003. Selected 

polybrominated flame retardants PBDEs and TBBPA: Substance flow 

analysis, Berne, Switzerland, SAEFL. 

MORIN, N. A. O., ANDERSSON, P. L., HALE, S. E. & ARP, H. P. H. 2017. The 

presence and partitioning behavior of flame retardants in waste, leachate, and 

air particles from Norwegian waste-handling facilities. Journal of 

Environmental Sciences, 62, 115-132. 

NAKAJIMA, A., SAIGUSA, D., TETSU, N., YAMAKUNI, T., TOMIOKA, Y. & 

HISHINUMA, T. 2009. Neurobehavioral effects of tetrabromobisphenol A, a 

brominated flame retardant, in mice. Toxicology Letters, 189, 78-83. 

NOËL, M., DANGERFIELD, N., HOURSTON, R. A. S., BELZER, W., SHAW, P., 

YUNKER, M. B. & ROSS, P. S. 2009. Do trans-Pacific air masses deliver 

PBDEs to coastal British Columbia, Canada? Environmental Pollution, 157, 

3404-3412. 



BIBLIOGRAPHY 

  
104 

O'NEIL, M. J. 2001. The Merck index : an encyclopedia of chemicals, drugs, and 

biologicals, Whitehouse Station, N.J., Merck. 

OLUKUNLE, O. I. & OKONKWO, O. J. 2015. Concentration of novel brominated 

flame retardants and HBCD in leachates and sediments from selected 

municipal solid waste landfill sites in Gauteng Province, South Africa. Waste 

Management, 43, 300-306. 

OSAKO, M., KIM, Y.-J. & SAKAI, S.-I. 2004. Leaching of brominated flame 

retardants in leachate from landfills in Japan. Chemosphere, 57, 1571-1579. 

PARK, J. S., HOLDEN, A., CHU, V., KIM, M., RHEE, A., PATEL, P., SHI, Y., 

LINTHICUM, J., WALTON, B. J., MCKEOWN, K., JEWELL, N. P. & 

HOOPER, K. 2009. Time-trends and congener profiles of PBDEs and PCBs 

in California peregrine falcons (Falco peregrinus). Environmental Science & 

Technology, 43, 8744-51. 

PETREAS, M., GILL, R., TAKAKU-PUGH, S., LYTLE, E., PARRY, E., WANG, 

M., QUINN, J. & PARK, J.-S. 2016. Rapid methodology to screen flame 

retardants in upholstered furniture for compliance with new California labeling 

law (SB 1019). Chemosphere, 152, 353-359. 

RAUERT, C. & HARRAD, S. 2015. Mass transfer of PBDEs from plastic TV casing 

to indoor dust via three migration pathways — A test chamber investigation. 

Science of The Total Environment, 536, 568-574. 

RAUERT, C., HARRAD, S., SUZUKI, G., TAKIGAMI, H., UCHIDA, N. & 

TAKATA, K. 2014. Test chamber and forensic microscopy investigation of 

the transfer of brominated flame retardants into indoor dust via abrasion of 

source materials. Science of The Total Environment, 493, 639-48. 

RAUERT, C., KURIBARA, I., KATAOKA, T., WADA, T., KAJIWARA, N., 

SUZUKI, G., TAKIGAMI, H. & HARRAD, S. 2016. Direct contact between 

dust and HBCD-treated fabrics is an important pathway of source-to-dust 

transfer. Science of The Total Environment, 545-546, 77-83. 

REMBERGER, M., STERNBECK, J., PALM, A., KAJ, L., STRÖMBERG, K. & 

BRORSTRÖM-LUNDÉN, E. 2004. The environmental occurrence of 

hexabromocyclododecane in Sweden. Chemosphere, 54, 9-21. 

SAGERUP, K., HELGASON, L. B., POLDER, A., STROM, H., JOSEFSEN, T. D., 

SKARE, J. U. & GABRIELSEN, G. W. 2009. Persistent organic pollutants 

and mercury in dead and dying glaucous gulls (Larus hyperboreus) at Bjornoya 

(Svalbard). Science of The Total Environment, 407, 6009-16. 

SCHLUMMER, M., VOGELSANG, J., FIEDLER, D., GRUBER, L. & WOLZ, G. 

2015. Rapid identification of polystyrene foam wastes containing 

hexabromocyclododecane or its alternative polymeric brominated flame 

retardant by X-ray fluorescence spectroscopy. Waste Management and 

Research, 33, 662-70. 

SEGEV, O., KUSHMARO, A. & BRENNER, A. 2009. Environmental impact of 

flame retardants (persistence and biodegradability). International Journal of 

Environmental Research and Public Health, 6, 478-91. 

SHARKEY, M., ABDALLAH, M. A.-E., DRAGE, D., HARRAD, S. & 

BERRESHEIM, H. 2018. Portable X-Ray Fluorescence for the Detection of 

POP-BFRs in Waste Plastics. Science of The Total Environment, 639C, 49-57. 



BIBLIOGRAPHY 

 
105 

STUBBINGS, W. A. 2015. Extent and mechanisms of brominated and chlorinated 

flame retardant emissions associated with the treatment of waste eletronics, 

furnishings and building materials. PhD, University of Birmingham. 

STUBBINGS, W. A. & HARRAD, S. 2014. Extent and mechanisms of brominated 

flame retardant emissions from waste soft furnishings and fabrics: A critical 

review. Environment International, 71, 164-175. 

STUBBINGS, W. A. & HARRAD, S. 2016. Factors influencing leaching of PBDEs 

from waste cathode ray tube plastic housings. Science of The Total 

Environment, 569–570, 1004-1012. 

SUN, F., KOLVENBACH, B. A., NASTOLD, P., JIANG, B., JI, R. & CORVINI, P. 

F. 2014. Degradation and metabolism of tetrabromobisphenol A (TBBPA) in 

submerged soil and soil-plant systems. Environmental Science & Technology, 

48, 14291-9. 

THOMPSON, R. C., SWAN, S. H., MOORE, C. J. & VOM SAAL, F. S. 2009. Our 

plastic age. Philosophical Transactions of the Royal Society B: Biological 

Sciences, 364, 1973-1976. 

TURNER, A. & FILELLA, M. 2017a. Bromine in plastic consumer products – 

Evidence for the widespread recycling of electronic waste. Science of The 

Total Environment, 601-602, 374-379. 

TURNER, A. & FILELLA, M. 2017b. Field-portable-XRF reveals the ubiquity of 

antimony in plastic consumer products. Science of The Total Environment, 

584-585, 982-989. 

UNEP. 2004. Why does UN Environment Matter? [Online]. Nairobi, Kenya: Uinted 

Nations Environment Programme. Available: 

https://www.unenvironment.org/about-un-environment/why-does-un-

environment-matter [Accessed 16th May 2018]. 

UNEP 2007. Report of the Persistent Organic Pollutants Review Committee on the 

work of its third meeting: risk management evaluation of commerical 

pentabromodiphenyl ether. In: POPRC (ed.). Geneva, Switzerland: United 

Nations Environment Programme. 

UNEP. 2008a. History of the Regulations of the Stolkholm Convention [Online]. 

Châtelaine, Switzerland: United Nations Environment Programme. Available: 

http://chm.pops.int/TheConvention/Overview/History/Overview/tabid/3549/

Default.aspx [Accessed 16th May 2018]. 

UNEP. 2008b. What are POPs? [Online]. Châtelaine, Switzerland: United Nations 

Stockholm Convention. Available: 

http://chm.pops.int/TheConvention/ThePOPs/tabid/673/Default.aspx 

[Accessed 16th May 2018]. 

UNEP 2009. Stockholm Convention on Persistent Organic Pollutants (as amended 

2009). Stockholm, Sweden: Secretariat of the Stockholm Convention. 

UNEP 2010. Technical review of the implications of recycling commerical 

pentabromodiphenyl ether and commercial octabromodiphenyl ether. In: 

POPRC (ed.). Geneva, Switzerland: United Nations Environment Programme. 

UNEP 2013. An amendment to Annex A adopted by the Conference of the Parties to 

the Stockholm Convention on Persistent Organic Pollutants at its sixth 

meeting. SC-6/13. Stockholm, Sweden: Secretariat of the Stockholm 

Convention. 

https://www.unenvironment.org/about-un-environment/why-does-un-environment-matter
https://www.unenvironment.org/about-un-environment/why-does-un-environment-matter
http://chm.pops.int/TheConvention/Overview/History/Overview/tabid/3549/Default.aspx
http://chm.pops.int/TheConvention/Overview/History/Overview/tabid/3549/Default.aspx
http://chm.pops.int/TheConvention/ThePOPs/tabid/673/Default.aspx


BIBLIOGRAPHY 

  
106 

UNEP 2017. COP-8/32: Report on the Conference of Parties to the Stockholm 

Convention on persistent Organic Pollutants on the workds of its eigth 

meeting. Geneva, Switzerland: Secretariat of the Stockholm Convention. 

VAN DER VEN, L. T. M., VAN DE KUIL, T., LEONARDS, P. E. G., SLOB, W., 

LILIENTHAL, H., LITENS, S., HERLIN, M., HÅKANSSON, H., CANTÓN, 

R. F., VAN DEN BERG, M., VISSER, T. J., VAN LOVEREN, H., VOS, J. 

G. & PIERSMA, A. H. 2009. Endocrine effects of hexabromocyclododecane 

(HBCD) in a one-generation reproduction study in Wistar rats. Toxicology 

Letters, 185, 51-62. 

VAN DER VEN, L. T. M., VERHOEF, A., VAN DE KUIL, T., SLOB, W., 

LEONARDS, P. E. G., VISSER, T. J., HAMERS, T., HERLIN, M., 

HÅKANSSON, H., OLAUSSON, H., PIERSMA, A. H. & VOS, J. G. 2006. 

A 28-Day Oral Dose Toxicity Study Enhanced to Detect Endocrine Effects of 

Hexabromocyclododecane in Wistar Rats. Toxicological Sciences, 94, 281-

292. 

VAN ESCH, G. J. 1994. Brominated diphenylethers (EHC 162, 1994) [Online]. 

Geneva: World Health Organisation. Available: 

http://www.inchem.org/documents/ehc/ehc/ehc162.htm#PartNumber:2 

[Accessed 13 March 2016]. 

VAN ESCH, G. J. 1997. Flame retardants: A General Introduction [Online]. Geneva: 

World Health Organisation. Available: 

http://www.inchem.org/documents/ehc/ehc/ehc192.htm#SectionNumber:2.2 

[Accessed 22 February 2016]. 

VENIER, M. & HITES, R. A. 2008a. Atmospheric Deposition of PBDEs to the Great 

Lakes Featuring a Monte Carlo Analysis of Errors. Environmental Science & 

Technology, 42, 9058-9064. 

VENIER, M. & HITES, R. A. 2008b. Flame Retardants in the Atmosphere near the 

Great Lakes. Environmental Science & Technology, 42, 4745-4751. 

WANG, D., ZHANG, P., WANG, X., WANG, Y., ZHOU, Z. & ZHU, W. 2016. 

NMR- and LC–MS/MS-based urine metabolomic investigation of the subacute 

effects of hexabromocyclododecane in mice. Environmental Science and 

Pollution Research, 23, 8500-8507. 

WATER_FRAMEWORK_DIRECTIVE. 2011. Hexabromocyclododecane [Online]. 

Online: European Union. Available: https://circabc.europa.eu/sd/a/086ffe7c-

8e63-4893-baac-994f3ff0eb34/HBCDD%20EQS%20dossier%202011.pdf 

[Accessed 6th March 2019]. 

WEEE_IRELAND. 2017. WEEE Ireland Annual Report 2017 [Online]. Dublin: 

WEEE Ireland. Available: https://annualreport.weeeireland.ie/ [Accessed 5th 

March 2019]. 

WEIJS, L., DIRTU, A. C., MALARVANNAN, G. & COVACI, A. 2015. Chapter 14 

- Bioaccumulation and Biotransformation of Brominated Flame Retardants. 

Comprehensive Analytical Chemistry. Elsevier. 

WEIL, E. D. & LEVCHIK, S. V. 2009. Flame Retardants in Commerical Use of 

Development for Textiles. Journal of Fire Sciences, 26, 243-281. 

WOLF, R. & KAUL, B. L. 2000. Plastics, Additives. Ullmann's Encyclopedia of 

Industrial Chemistry, (Ed.). Weinheim, Germany: VHC Verlag. 

YANG, S., WANG, S., LIU, H. & YAN, Z. 2012. Tetrabromobisphenol A: tissue 

distribution in fish, and seasonal variation in water and sediment of Lake 

http://www.inchem.org/documents/ehc/ehc/ehc162.htm#PartNumber:2
http://www.inchem.org/documents/ehc/ehc/ehc192.htm#SectionNumber:2.2
https://circabc.europa.eu/sd/a/086ffe7c-8e63-4893-baac-994f3ff0eb34/HBCDD%20EQS%20dossier%202011.pdf
https://circabc.europa.eu/sd/a/086ffe7c-8e63-4893-baac-994f3ff0eb34/HBCDD%20EQS%20dossier%202011.pdf
https://annualreport.weeeireland.ie/


BIBLIOGRAPHY 

 
107 

Chaohu, China. Environmental Science and Pollution Research, 19, 4090-

4096. 

YU, G., BU, Q., CAO, Z., DU, X., XIA, J., WU, M. & HUANG, J. 2015. Brominated 

flame retardants (BFRs): A review on environmental contamination in China. 

Chemosphere, 150, 479-490. 

ZAWISZA, R. S. B. 2012. Quantification in X-Ray Fluorescence Spectrometry. In: 

SHARMA, S. K. (ed.) X-Ray Spectroscopy. InTech. 

ZHANG, B.-Z., GUAN, Y.-F., LI, S.-M. & ZENG, E. Y. 2009. Occurrence of 

Polybrominated Diphenyl Ethers in Air and Precipitation of the Pearl River 

Delta, South China: Annual Washout Ratios and Depositional Rates. 

Environmental Science & Technology, 43, 9142-9147. 

ZHANG, S., CHEN, Y., WU, X., GAO, H., MA, R., JIANG, C., KUANG, G., ZHAO, 

G., XIA, T., ZHANG, X., LEI, R., ZHANG, C., LI, P., XU, C. & WANG, A. 

2015. The Pivotal Role of Ca2+ Homeostasis in PBDE-47-Induced Neuronal 

Apoptosis. Molecular Neurobiology, 53, 7078-7088. 

 


