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Abstract 

 

 

ENVIRONMENTAL FATE AND TOXICITY OF THREE BROMINATED FLAME 

RETARDANTS IN AQUATIC MESOCOSMS 

 

 

Benjamin Patrick de Jourdan      Advisors: 
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         D.C.G. Muir 

         M.L. Hanson 

         P.K. Sibley 

 

Tradtional brominated flame retardants (BFRs), namely the polybrominated 

diphenyl ethers (PBDEs), have persistent, bioaccumulative, and toxic properties that have 

resulted in the phase out of their production and their be banned in certain jurisdictions. 

To meet regulatory flame retardancy requirements, non-PBDE BFRs have entered the 

marketplace. Much remains unknown regarding the environmental fate and toxicity of 

these emerging BFRs. The objective of this thesis was to use outdoor mesocosms to 

examine the fate and toxicity of three emerging BFRs; bis(tribromophenoxy)ethane 

(BTBPE), tetrabromobisphenol A bis(dibromopropyl ether) (TBBPA-DBPE), and BZ-54, 

which consists of two BFRs, ethylhexyl-tetrabromobenzoate (EHTeBB) and 

bis(ethylhexyl)tetrabromophthalate (BEHTBP). 

While it was difficult to accurately determine degradation rates because of 

fluctuating concentrations, the estimated half-lives indicated these compounds are 

persistent (> 60 days in sediments). The partitioning of the compounds between the 

particulates and the sediment resulted in differential degradation rates (greater in the 

particulates), and products formed; those formed on the particulates were consistent with 

photodegradation products. 



 

 

The effects of these emerging BFRs on Hyalella azteca and the benthic 

macroinvertebrate community were assessed through the use of in situ exposure and 

sampling techniques. The in situ Hyalella cages showed a high degree of variability for 

most endpoints, regardless of their placement (e.g., water column vs. sediment) in the 

mesocosm. BTBPE accumulated in the H. azteca (0.03 – 1.4 ng/g ww), however this was 

not associated with any changes in growth or reproduction. There was high variability in 

abundance and diversity between the mesocosms, which limited the ability to detect 

statistically significant differences. Interestingly, the BZ-54 treated mesocosms had the 

greatest abundance, and the least amount of community diversity.  

This thesis examined the bioaccumulation potential of these compounds in 

fathead minnow (Pimephales promelas), as well as the associated effects on growth and 

development as measured through physical and biochemical endpoints. There was 

considerable uptake and persistence of BTBPE and TBBPA-DBPE, as well as indication 

of metabolism of these compounds, but limited physical effects observed. There were 

indications of increased oxidative stress in the BZ-54 treatment, and increased induction 

of vitellogenin in fathead minnow from the BTBPE treatment.
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1 Literature Review 

1.1 Overview of Thesis   

Brominated flame retardants (BFRs) present a dilemma for risk management.  

The BFRs are used to reduce flammability and slow the spread of fire in a variety of 

materials and consumer products including plastics, upholstery, textiles, and electronic 

equipment. Although flame retardants contribute to saving lives, a claim which has 

recently come under fire, many are persistent organic pollutants (POPs). Chemical and 

biological properties of concern for POPs include environmental persistence, 

bioaccumulation, high toxic potency, and the ability to undergo long range atmospheric 

transport. Concern regarding these properties has led to voluntary phase-out or complete 

bans of several BFRs, namely the polybrominated diphenyl ethers (PBDEs). This has led 

to an increasing demand for novel, non-PBDE BFRs, which are currently unregulated and 

poorly characterized. This thesis addresses the environmental fate and toxicity of three 

non-PBDE BFRs; bis(tribromophenoxy)ethane (BTBPE), tetrabromobisphenol A bis(2,3-

dibromopropyl ether) (TBBPA-DBPE), and BZ-54® (a commercial mixture containing 

bis(2-ethylhexyl)tetrabromophthalate (BEHTBP) and 2-ethylhexyl-2,3,4,5-

tetrabromobenzoate (EHTeBB)). In order to address the main objective, the following 

goals were set;  

1. Develop an analytical procedure for extraction and analysis of non-PBDE BFRs.  

2. Determine the fate and behavior of non-PBDE BFRs with respect to degradation 

and partitioning between water, sediment, and biota.  

3. Determine the impacts of the compounds on the survival and growth of Hyalella 

azteca  



2 

 

4. Determine the effect of the non-PBDE BFRs on the composition of the benthic 

macroinvertebrate community. 

5. Determine the bioavailability and physiological impacts of these compounds 

under semi-natural conditions to fathead minnow (Pimephales promelas). 

 Chapter 1 of the thesis discusses the history of flame retardants, temporal trends 

in production, as well as the current state of knowledge regarding persistence, 

bioaccumulation potential, and toxicity of traditional and novel brominated flame 

retardants. Chapter 2 examines the fate and toxicity of several non-PBDE BFRs using in 

silico modeling techniques. Chapters 3-5 address the goals outlined above.  General 

conclusions and the contributions of this thesis to state of knowledge about BFRs are 

discussed in Chapter 6.  



3 

 

1.2 Background Information  

1.2.1 Fire and Evolution of Humans 

 Fire is an essential force that has shaped life around the globe and human history. 

It is not known when early hominids began controlling fire; estimates range from 400,000 

to 200,000 years ago, but this achievement likely coincides with emergence of modern 

Homo sapiens. The control of fire gave early hominids many advantages that ultimately 

would shape human evolution. Keeping a fire at a campsite would keep predators at bay 

and allow for the cooking of food. Cooking not only makes food easier to chew and 

digest, it converts some nutrients into forms that are more easily absorbed and utilized in 

the body (Carmody et al. 2001). This increase in available energy has been suggested as 

the reason why our brains have grown to their relatively large size compared to the 

australopithecines. Despite our ancestors’ early control of fire, they were naïve to the 

mechanism and nature of fire. The quest to understand fire fueled folklore, mythology 

and scientific enquiry for centuries.   

1.2.2 What is Fire? 

The question “What is fire?” has long captivated the wonder and imagination of 

humanity; but getting an answer that is easy to understand and accessible remains a 

challenge (Alda 2012). Aristotle considered fire one of the major elements of the 

universe, along with water, earth and air. Alchemists and early chemists believed fire was 

caused by the liberation of a substance called phlogiston. The phlogiston theory posited 

that all flammable materials contain phlogiston, a massless, odorless, colorless, tasteless 

substance that is liberated upon burning (Caamano 2009). One of the key proponents of 

the phlogiston theory was Joseph Priestley, who in a series of letters to Josiah Wedgwood 
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over the course of 1780-1791 describes the series of experiments (seen in Figure 1) 

designed to determine the nature of gases, including “inflammable air” (hydrogen) and 

“dephlogisticated air” (oxygen).  

 

Figure 1: Experimental apparatus supplied by Josiah Wedgewood to Joseph Priestly for 

use in various experiments regarding the different kinds of air. Sketch from (Priestly 

1772).  

 

It was not until the late 18
th

 century that the phlogiston theory lost credence due to 

quantitative experiments by Antoine-Laurent Lavoisier. Lavoisier interpreted and re-

examined Priestley's work and is now credited with the discovery of oxygen (which 

Priestley had discovered in 1774, but had named “dephlogisticated air”). In 1777, 

Lavoisier demonstrated that burning is a process that involves the combination of a 

substance with an element in the air, which he named oxygen. Combustion could now be 
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explained not as the removal of phlogiston, but rather as the addition of oxygen, a process 

called oxidation (Caamano 2009). When oxidation reactions occur at high temperatures, 

and in the presence of fuel, fire is produced. Thus, fire is the visible, tangible side effect 

of matter changing form as part of a chemical reaction that releases heat and light. 

Unchecked, this chemical reaction has great potential for destruction.  

1.2.3 The Destructive Nature of Fire 

 Fire is a major hazard to urban areas and can cause extensive damage to cities and 

result in great loss of human life. History has demonstrated that, in the wake of massive 

destruction by fire, it is possible to rebuild better, and improve the lives of those affected. 

Great cities such as Rome (64 CE), London (1666) and Chicago (1871) experienced large 

losses of structures and lives as a result of extensive urban fires. As a result of the 

damage, efforts at rebuilding included policies and provisions to limit the spread of fire 

and minimize its effects. One such building provision enacted after the Chicago fire 

mandated that floors and roofs needed to withstand fire for at least 3 hours (Blades 2006). 

The lessons learned from these disasters continue to shape modern building and fire code 

regulations (Galbreath 1984), leading to improved safety for property and persons alike. 

Building codes combined with public safety awareness-campaigns (mainly the use of 

smoke detectors) have greatly reduced the fire-related deaths of civilians. In Canada, the 

number of fires and civilian fire related-deaths has steadily decreased, while the cost of 

damage to property has increased over the past decades (Figure 2).   
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Figure 2: The number of Canadian civilian fire-related deaths per 100,000 from 1981-

2002, with respect to the number of fires, and value of property loss during the same time 

period (CCFMFC 2002).  

 

Great efforts have been undertaken to improve the fire safety of homes. Public 

awareness campaigns to reduce smoking increased use of smoke detectors have 

contributed greatly to reducing the number of fire-related deaths. Standards and 

regulations for flammability of household products have been a major factor in reducing 

the number of fire-related deaths. Perhaps the strictest flammability standards originate 

from the state of California and, given that California is the most populous state in the 

United States, manufacturers tended to make all their products, regardless of where they 

will be sold, compliant to California standards. In 1970, legislation was enacted that 

mandated the development of a flammability standard for all mattresses sold in the state. 

The California Bureau of Home Furnishings developed California Technical Bulletin 106 

(TB 106), which required all mattresses sold in the state to be cigarette-resistant (Damant 
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and Nurbakhsh 1995). In 1972, the Bureau of Home Furnishings was tasked to develop 

suitable upholstered furniture flammability standards for all furniture sold in California, 

regardless of the point of manufacture. This legislation became effective October 1
st
 

1975, in the form of two standards, Technical Bulletins 116 and 117.  TB 116 is a 

voluntary standard that requires finished articles of furniture to be resistant to cigarette 

ignition. TB 117 is a mandatory requirement that specifies that all individual furniture 

components, (the cushioning, padding, upholstery, etc.) comply with a series of small-

scale fire tests designed to measure resistance to flaming and smoldering ignition sources 

(Damant 1995). California law requires mattresses and upholstered furniture offered for 

sale in California to have flammability labels attached, which indicate the product is 

compliant with the mandatory requirements of TB 106 or TB 117, and the voluntary 

provisions of TB 116. The Technical Bulletins, as well as the more recent CFR 1633 (a 

federal standard for the flammability of mattress sets), make no requirement for 

disclosing how the product passed the test, whether through design innovations (e.g., 

separating the cotton batting filling from the cover fabric with a protective layer, or 

barrier, of a non-smoldering material such as polyester fiber) or through chemical 

treatment (e.g., flame retardant treated cotton batting and polyurethane foam) or as is 

commonly the case, a combination of both. As such, there is no requirement for the labels 

to disclose any fire-retardants that are contained in the mattress or furniture.  

Regulations requiring reduced flammability led to the use of halogenated flame-

retardants (HFRs) in many products, such as; ignition-prone parts of electrical equipment 

and appliances, especially wiring; circuit boards and plastic cabinets; synthetic textiles 

such as nylon and polyester used in upholstery and curtains; and cushioning, such as 
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polyurethane (Clarke 1999). These applications are in products with relatively high 

probabilities of accidental ignition (Callahan et al. 2012), which, left unchecked, could 

result in flashover, which is the temperature point at which the heat in an area is great 

enough to ignite all flammable material simultaneously (Figure 3).  Flame retardants act 

to slow the spread of fire and increase the time to flashover, providing valuable time to 

mitigate loss to property and human life. 

 

Figure 3: Stages of a fire, adapted from Cheng et al. (2011). The solid curve shows the 

stages of a fire without the presence of a flame retardant, while the dashed curve shows 

the stages have shifted, with increased time until flashover, in the presence of a flame 

retardant. 

 

The ubiquitous use of flame retardants in private housing, offices, public 

buildings, and transportation vehicles, combined with many social interventions (e.g., 

decreases in smoking, increased use of smoke detectors, etc.), has resulted in an overall 

increase in fire safety; however there are concerns about the environmental and human 

health impacts of these compounds. The widespread use of HFRs, particularly 

brominated flame retardants (BFRs), has led to increasing concentrations in the 

environment, wildlife, and humans and has sparked the interest of the scientific 
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community. It is imperative that flame retardant chemicals not pose a greater hazard to 

human health and the environment than the risk of the fires they are intended to prevent.  

1.3 Brominated Flame Retardants 

1.3.1 Mechanism of Action of Halogenated Flame Retardants  

The term “flame retardant” describes a function and not a chemical class. Flame 

retardants act in products, such as plastics, textiles and foams, to make them less likely to 

ignite, and if they are ignited, to burn much less efficiently. To understand the 

mechanism of action of flame retardants, it is important to understand the combustion 

process. Combustion is a gas phase reaction involving a fuel source and oxygen. Figure 4 

illustrates the steps involved in the combustion process. 

 

Figure 4: The steps of the combustion process. (1) An energy source (heat, incandescent 

material or a small flame) acts as the initial ignition source. (2) Energy is transmitted by 

the ignition source to the polymer, where pyrolysis takes place. (3) Pyrolysis is a process 

that degrades the polymer’s long-chain molecules into smaller hydrocarbon molecules, 

which in turn are released into the gas phase. (4) In the condensed phase, the result is an 

inert carbonised material. (5) In the gas phase, the combustible gases from the pyrolysis 

reaction combine with oxygen, producing an exothermic chemical reaction (flame) 

involving high-energy free radicals (•H and •OH). (6) Incomplete combustion products 

are emitted. (7) Energy emitted during the exothermic reactions is transmitted to the 
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polymer and reinforces pyrolysis. Modified from the European Flame Retardants 

Association (EFRA 2010). 

 

Based on their chemical properties, flame retardants act at different stages of the 

combustion cycle and emit low-energy radicals, such as •Br and •Cl. These low energy 

radicals will interfere with the radical chain mechanism by substituting for high-energy 

free radicals (•H and •OH) in the gas phase, quenching the exothermic reaction which 

leads to flame formation.  

There are more than 175 different types of flame retardants currently in commerce 

which can be divided into four major groups; inorganic, organophosphorus, nitrogen-

containing, and halogenated flame retardants (Segev et al. 2009). Halogenated flame 

retardants (HFRs) have historically been favored because of their, ease of manufacture, 

low cost, and efficacy. The performance of halogens as flame retardants is ranked; I > Br 

> Cl > F. Bromine and chlorine compounds are the only halogen compounds having 

commercial significance as flame-retardant chemicals. Fluorine compounds are generally 

ineffective because the C-F bond has too great an activation energy and •F is not easily 

released. Iodine compounds, although quite effective, are too unstable to be useful as the 

C-I bond has too small an activation energy. The brominated flame retardants (BFRs) are 

much more numerous than the chlorinated types because of their higher efficacy due to 

the weaker bonding to carbon as compared to chlorine. Bromine is effective because •Br 

is liberated over a narrow temperature range so that it is available at a high concentration 

in the flame zone. The reduction of energy retards the burning process, thus slowing the 

spread, or preventing the establishment and sustainment of the combustion cycle. 
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BFRs are a structurally diverse group of compounds including aromatics, 

aliphatics (linear and alicyclic), phenolic derivatives, and phthalic anhydride derivatives, 

as exemplified in Figure 5. 

.  

 

Figure 5: Structural diversity among brominated flame retardants. 

 

Despite the high efficacy of aliphatic bound halogens, flame retardants with 

aromatically bound halogens have the highest market share, primarily because they tend 

to be resistant to breakdown over time (D'Silva et al. 2004; Hillman 2011).  

 HFRs are either reacted with or added to the base polymer. Reactive flame 

retardants become a part of the polymer either by becoming a part of the backbone or by 

substituting onto the backbone. The strength of this bond limits the potential for 
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outgassing and maintains fire safety properties over the lifetime of the product. 

Conversely, with additive-incorporation, the flame retardant does not form a chemical 

bond with the material and may be more prone to enter the environment and decrease in 

efficacy over the lifetime of the product.  

1.3.2 Use and Sources of Brominated Flame Retardants 

The annual world production of flame retardants is roughly 600 000 tonnes 

(Darnerud et al. 2009). Brominated compounds make up 150 000 tonnes, of which one 

third is tetrabromobisphenol-A and its derivatives, one third is polybrominated diphenyl 

ethers, and the last third contain various brominated compounds (Darnerud et al. 2009). 

1.3.2.1 Polybrominated biphenyls (PBBs) 

 Early formulations of BFRs included polybrominated biphenyls (PBBs) (Figure 

6), produced by the bromination of biphenyl. Commercial production of PBBs began in 

1970 and, between 1970 and 1976, an estimated 6 000 tonnes were produced in the 

United States (Hardy 2002). Much of what is known about toxicology of the PBBs stems 

from an environmental accident in Michigan in 1973.  Due to a shipping error, 

approximately 700 kg of Firemaster FF-1, mainly hexabromobiphenyl, was inadvertently 

used in place of magnesium oxide in the preparation of a special feed supplement for 

lactating cows. Animals fed the PBB-contaminated feed showed acute toxic effects which 

included decreased milk production, swelling of the joint, hyperkeratosis, persistent 

mastisis, cutaneous and subcutaneous infections, formation of abscesses on the hind legs 

and udder, wasting, and death (Bekesi et al. 1979). It took more than 9 months from the 

onset of the accident, for the identification of the cause, and the implementation of state 

wide testing and establishment of quarantines. At the time of the accident no guidelines 
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existed for allowable limits of PBBs in food for human consumption. To determine the 

effects of exposure to PBB on human health, the Michigan Department of Health, the 

Center for Disease Control, the National Institutes of Health, the Food and Drug 

Administration, and the Environmental Protection Agency, established a cohort of 

persons with varying levels of exposure. The cohort, as well as the surrounding 

environment, has been followed for several years, examining a variety of human health 

and environmental outcomes regarding PBB exposure.  

The cohort has been examined for increased incidence of acute or chronic illness, 

biochemical aberrations, and reproductive toxicity (Landrigan et al. 1979). After 5 years, 

the cohort showed no association between levels of PBBs in serum and symptom 

prevalence rate, or number and function of lymphocytes. A nested case control analysis 

of the cohort in 2006 revealed no statistically significant increase in the odds of any type 

of thyroid disease among either women or men who had elevated PBB exposure (Yard et 

al. 2011). However, the detrimental health effects, both perceived and actual, associated 

with the PBB exposure, contributed to the widespread use of new BFRs, namely 

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

tetrabromobisphenol A (TBBPA) (Figure 6).  
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Figure 6: Structure of traditional BFRs.  For PBB and PBDEs x + y can equal a value 

between 1 and 10. 

1.3.2.2 Polybrominated diphenyl ethers (PBDEs) 

PBDEs are characterized by two brominated phenyl rings that are connected by an 

ether linkage and have the chemical formula C12H(0-9)Br(1-10)O, with the sum of H and Br 

atoms always equal to 10. In the general structure of PBDEs (Figure 6), all of the 

hydrogen groups can be substituted with bromine, creating the possibility of 209 

structurally different congeners, which are listed in Table 1 and illustrated in Table A 27.  

Table 1: Distribution of bromine atoms in the PBDE congeners 

Degree of 

Bromination 

Number of 

Congeners 

Congener 

Numbering 

mono 3 1-3 

di 12 4-15 

tri 24 16-39 

tetra 42 40-81 

penta 46 82-127 

hexa 42 128-169 

hepta 24 170-193 

octa 12 194-205 

nona 3 206-208 

deca 1 209 

 

Three commercial mixtures of PBDEs have been produced, Penta-BDE, Octa-

BDE and Deca-BDE (capitalization denotes commercial product, whereas lower case 
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refers to number of bromine atoms). Deca-BDE is comprised of about 98% BDE-209 and 

2% nona-BDE congeners; Octa-BDE is comprised of roughly 10% hexa-BDE, 40% 

hepta-BDE, 30% octa-BDE and the remainder nona- and deca-BDE; Penta-BDE is 

comprised of roughly 40% tetra-BDE (BDE-47), 45% penta-BDE (BDE-99, BDE-100) 

and 6% hexa-BDE (BDE-153, BDE-154) (McDonald 2002). Each mixture varies in the 

degree of bromination, congener composition, production volumes, applications, and 

toxicology. Because of this, the congener or commercial product should be specifically 

identified when discussing PBDEs. The predominant PBDE congeners in the 

environment and human tissues are BDE 47, 99, 100, 153, 154, and 209 (Darnerud et al. 

2001, 2009). 

Because of the low manufacturing cost and good compatibility with plastics and 

fabrics, PBDEs have been applied in a variety of industrial and consumer products. The 

high volume of production and usage has led to PBDEs being found in various 

environmental and biotic compartments. PBDEs have been measured in most 

environmental compartments, including aquatic and terrestrial ecosystems. These include 

air (Wania and Dugani 2003; Wilford et al. 2005), water (de Wit et al. 2006), sediments 

(Law et al. 2006b), fish (Kuo et al. 2010; Manchester-Neesvig et al. 2001b), birds (Chen 

and Hale 2010; Karlsson et al. 2006; Lam et al. 2008), marine (de Wit et al. 2010; Law et 

al. 2003; McKinney et al. 2010) and terrestrial mammals (Christensen et al. 2005; 

D'Have et al. 2005), and human adipose tissue (Guvenius et al. 2001; She et al. 2002) and 

breast milk (Chao et al. 2007; Lacorte and Ikonomou 2009; Meironyte et al. 1999; Ohta 

et al. 2002; Schecter et al. 2003) across Asia, North America, Oceania, and the Arctic. 

The concentrations of these chemicals in human serum and breast milk have 
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exponentially increased in the past 30 years (Darnerud et al. 2009). Swedish researchers 

were among the first to show increasing concentrations of PBDE in human milk 

(Meironyte et al. 1999). They noted a doubling time of PBDE concentrations every five 

years in milk for mothers living in Stockholm.  The presence of PBDEs (as well as their 

hydroxylated metabolites, see section 1.3.2.2.1) in humans are of great concern because 

of their potential to elicit toxicological effects including endocrine disruption (Legler 

2003; Liu et al. 2011), neurotoxicity (Fonnum and Mariussen 2009; Schreiber et al. 

2010), reproductive toxicity (Main et al. 2007; Zhang et al. 2009b) and cancer 

(McDonald 2002). The toxicology and environmental distribution of PBDEs has been 

thoroughly reviewed elsewhere (Darnerud et al. 2001, 2009; de Wit 2002; Hardy 2002; 

McDonald 2002; Talsness 2008) including a complete issue of EnvironmentInternational 

(2003), and is reviewed in section 1.3.5.4. 

1.3.2.2.1 Hydroxylated and Methoxylated PBDEs 

Structural analogs to PBDEs, hydroxylated (OH-BDE) and methoxylated (MeO-

BDE) are frequently detected in surface water, wildlife, and humans.  For some 

endpoints, such as thyroid and oxidative phosphorylation disruption, altered estradiol 

synthesis, and neurotoxicity, they are more potent than PBDEs (Liu et al. 2011). The OH-

BDEs are formed as natural products in the marine environment and as phase I 

metabolites of anthropogenic PBDEs. Conversely, MeO-BDEs appear to be solely natural 

in origin (Malmvarn et al. 2008). The OH-BDEs and MeO-BDEs found in marine algae 

and sponges have antibacterial properties and are thought to be produced as a defense 

against harmful bacterial infection (Nomiyama et al. 2011). These naturally-occurring 

compounds predominately have the OH-, MeO- functional group attached at the ortho 
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position, whereas the meta and para positions are preferentially substituted with an OH 

group in anthropogenic PBDE metabolites (van Boxtel et al. 2008). The origins, 

formations and toxicities of these compounds have been reviewed elsewhere (Erratico et 

al. 2011; Wan et al. 2010; Wan et al. 2009; Wiseman et al. 2011) and are not discussed 

further here.  

1.3.2.3 Hexabromocyclododecane (HBCD)  

 Hexabromocyclododecane (HBCD) is an additive BFR that has been used in 

thermal insulation, upholstery textiles, and electronics. HBCD is a ring consisting of 

twelve carbon atoms with six bromine atoms bound to the ring (Figure 6). The 

commercially-used HBCD is prepared by the bromination of cyclododecatriene, which 

produces a mixture of different isomers, α, β, and γ, existing in proportions of 

approximately 6, 8 and 80% (Budakowski and Tomy 2003). One important observation is 

the shift from the high percentage of the γ-HBCD stereoisomer in the technical products 

to a dominance of the α-HBCD stereoisomer in biological samples (Covaci et al. 2006), 

suggesting that the isomer forms behave differently in the environment. For a more 

complete understanding of the environmental fate and behaviour of HBCD, it is 

important to characterize the stereoisomers. The use of HBCD is increasing, particularly 

in Europe where it is used in favor of other BFRs, such as PBDEs.  

1.3.2.4 Tetrabromobisphenol A (TBBPA) 

 Flammability of components of electronics is a concern as short circuits can lead 

to thermal runaways sufficient to ignite a fire (Hillman 2011). To mitigate this risk, flame 

retardants are incorporated into materials such as plastic encapsulants, printed wiring 
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board laminates, and microcircuit boards. Nearly all of the BFRs used for these 

applications are based on tetrabromobisphenol A (TBBPA, Figure 6).  TBBPA is a 

halogenated derivative of bisphenol A, and is the highest volume BFR produced. TBBPA 

is used both as an additive and as a reactive flame retardant. While it is primarily used in 

a covalently bound form, its presence in sewage sludge, as well as downstream of plastic 

industries, suggest that discharges may be occurring to municipal sewage treatment 

systems from households, industry, or diffuse release to the environment from treated 

products (Canesi et al. 2005). TBBPA is highly lipophilic and can undergo photolytic 

decomposition and microbial degradation to different products, TBBPA and its 

derivatives have been found in air, soil, sediments (de Wit 2002; Morris et al. 2004). The 

structure of TBBPA is similar to natural thyroid hormones and, as such, it has been 

suggested to have the potential to impact several components of the thyroid hormone axis 

(Jagnytsch et al. 2006).  

1.3.3 Environmental Occurrence and Processes 

PBDEs are widespread in the environment.  By 1990, worldwide production of 

PBDEs had surpassed peak production of PCBs.   Their wide occurrence in the global 

environment is explained by the fact that PBDEs are not chemically bonded to the 

materials with which they are associated and are thus readily released during use and 

disposal of the product  (de Wit 2002; de Wit et al. 2006; de Wit et al. 2010; Vonderheide 

et al. 2008).  The concern over release is exacerbated by their great stability and 

properties that favor transportation over long distances. 
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1.3.3.1 Sources and Movement in the Environment 

Flame retardants can enter the environment in several ways. The processes by 

which they reach the environment include volatilization and leaching from products 

during manufacturing or usage, by breakdown of foam products, by disposal of products, 

through leaching from landfills, combustion and recycling of waste products, or 

adsorption onto dusts (Segev et al. 2009). Once in the environment, flame retardants are 

capable of travelling long distances from the site of release. The atmosphere has been 

regarded as a significant route of environmental transport for flame retardants (van Pul et 

al. 1998); however, they do not remain in the atmosphere. Removal of HFRs from the 

atmosphere largely depends on partitioning between the gas and the particle phase, since 

deposition directly from the vapor phase is different from deposition via particles. A 

flame retardant depositing and accumulating on the surface of a particle can re-volatilize 

into the atmosphere, the rate of which depends on the characteristics of the compound, 

surface characteristics, and temperature. Due to enhanced condensation at lower 

temperatures, semi-volatile HFRs will migrate towards the colder regions of the earth 

(Mackay and Wania 1995). This type of long range atmospheric transport (LRAT) is 

commonly known as the grasshopper effect or global distillation (Figure 7).   
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Figure 7: Schematic of global distillation or "grasshopper" effect. 

 

The criteria used by Environment Canada for categorization of compounds with 

LRAT properties state that compounds with atmospheric half-lives >2 days, and log air-

water partition coefficients (KAW) > 5 and < 1 are likely to undergo LRAT (Muir and 

Howard 2006). The physical properties of PBDEs; low water solubility (typically in the 

low µg/L range), high log KOW values (ranging from 5.9-6.2, 8.4-8.9, and 10 for Penta-, 

Octa-, and Deca-BDE, respectively (Darnerud et al. 2001; de Wit 2002)) and low vapor 

pressures (de Wit 2002; Tittlemier et al. 2002), limit the potential of higher congeners to 

undergo LRAT, which is supported by modeling and monitoring (Noel et al. 2009; Wania 

and Dugani 2003). For those HFRs with limited potential for LRAT, the dominant 

transport pathway is a particle-based process (MacLeod 2004). Particulates are capable of 

transporting contaminants long distances. Breivik et al. (2006) noted that contaminants 

that are sorbed to particles and are persistent in the atmosphere, such as BDE-209, are 

capable of LRAT to Arctic regions. In a survey of air in British Columbia, Noel et al. 

(2009) noted that the pattern of PBDE congeners differed between air and rain matrices, 
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with air being dominated by the tetra- and penta-BDE groups (67-75% of ∑PBDEs) and 

rain samples dominated by BDE-209 (61-78 %  of ∑PBDEs). The predominance of 

BDE-209 in rain is consistent with the high percentage of BDE-209 bound to particles 

and the high contribution of particle scavenging by precipitation (Hirai and Sakai 2004; 

Noel et al. 2009). 

1.3.3.1.1 Transport via Plastic Debris and the North Pacific Central Gyre 

Movement of plastic debris as a transport vector for pollutants into aquatic and 

marine ecosystems has recently become a focus of research as concentrations of these 

macro and micro-particles of plastics in these environments increase. The physical 

characteristics of plastics show high resistance to degradation by physicochemical and 

biological processes; desirable characteristics for consumer products when they are in 

use. However, upon disposal, these once-desirable characteristics have the potential to 

create long-lasting environmental problems. Reviews of the fate of plastics in the marine 

environment have been performed elsewhere (Andrady 2011; Moore 2008), and are 

briefly discussed below with respect to transport and exposure to the BFRs. While some 

plastic waste reaches proper disposal sites, much of it litters the landscape and aquatic 

environments. Once in the aquatic environment, plastics are subject to transport both 

from wind and ocean currents. The persistence of plastics in the aquatic environment 

creates several problems, mainly aesthetics, entanglement, and ingestion by organisms. 

Most organisms in the ocean are indiscriminate feeders that trap and consume anything of 

appropriate size. Studies in the North Pacific Central Gyre have revealed plastic particles 

(< 1 mm in diameter) in invertebrates.  Of the 27 448 plastic particles found in a trawl of 

the surface water, 25% were in that optimal size range for ingestion (Moore 2008).  As 
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plastics are sources and sinks for various POPs, ingestion by invertebrates at the base of 

the food web can result in increased bioavailability and trophic transfer of contaminants, 

including BFRs which are incorporated into plastics. In addition to the contaminants 

present in plastic, they also act as hydrophobic matrix onto which other contaminants 

may partition.  Concentrations of some POPs (PAHs, PCBs, and DDT) on floating 

plastics were in the same range as observed in sediments, however, these particles/debris 

float at the surface making them more available to pelagic marine animals (Rios et al. 

2010). The adsorption of BFRs to small plastic particles can result in long range transport 

in ocean currents.  Given that ~40% of the world’s oceans are considered subtropical 

gyres (such as the North Pacific Central Gyre), the potential for accumulation of 

contaminants sorbed to plastic debris in the marine ecosystem, far from point sources, is 

significant (Rios et al. 2010; Scheringer et al. 2009). The extent to which BFR is 

transported via sorption to plastic, as well as the effect of ingestion of these materials 

remains unclear and is an area of growing research interest.  

1.3.3.1.2 Transport that is Biologically-Mediated 

In addition to long-range transport by physical systems, such as winds and ocean-

currents, it has also been suggested that biologically-mediated (biovector) transport of 

hydrophobic, semi-volatile compounds may be a contributing factor to the accumulation 

of these compounds in remote areas far from emission sources. A review by Blais et al. 

(2007) described how some contaminants (e.g., PCBs, DDT, and other POPs) are 

transported to the ocean and partition into the bottom of the food chain and then 

biomagnify up the food chain into marine ecosystems. These contaminants may then be 

transported by migratory animals to locations where they congregate in large numbers, 
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upon which they offload all or some of their contaminant burden through feces, molting, 

or mortality. This results in a local increase in concentrations of contaminants far from 

their sources. Biovector transport can occur over large ranges in distances, from meters to 

thousands of kilometers. Migratory seabirds have been linked to localized hot-spots of 

contamination in remote Arctic lakes. Evenset et al. (2007) found that guano of seabirds 

accounted for 80% of the POPs within Norway’s Lake Ellasjøen. Although the quantities 

of BFRs transported via biota may be small compared to physical movements, they are 

relatively important as they represent a direct input into trophic food webs. A study by 

Christensen et al. (2005) estimated that up to 85% of the lower brominated PBDE 

congeners in grizzly bears from British Columbia, Canada, originated from migratory 

salmon. The salmon accumulate their burdens of PBDEs in the ocean, before returning to 

inland streams and rivers and transporting their contaminant burden to the terrestrial 

predators and scavengers.    

As a result of various long range transport systems, traces of flame retardants are 

found in terrestrial, freshwater, and marine ecosystems at various locations, far from 

where they are produced and/or used.  

1.3.3.2 Distribution in the Environment  

BFRs have been found in air, soil, sediment, and water, in buildings, sewage, and 

automobiles. In many cases, concentrations of PBDEs are similar or higher than those 

reported for PCBs (Vonderheide et al. 2008). Since the first measure of PBDEs in 

sediment and fish from the Great Lakes (Loganathan et al. 1995), several reviews have 

been published that demonstrate widespread distribution and increasing concentrations of 

HFRs in the environment (Covaci et al. 2006; de Boer 2004; de Wit 2002; de Wit et al. 
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2006; de Wit et al. 2010; Gauthier et al. 2009; Hites 2004; Law et al. 2008; Luross et al. 

2002; Muir and de Wit 2010; Pijnenburg et al. 1995; Qiu and Hites 2008; Rahman et al. 

2001; Ricklund et al. 2010; Santillo and Johnston 2003; Sverko et al. 2011; Vonderheide 

et al. 2008; Zhu and Hites 2004).  

1.3.4 Pathways of Degradation of BFRs 

 BFRs generally have limited biodegradability, are persistent, and tend to 

accumulate in the environment. Under certain environmental conditions, these 

compounds may be degraded via a number of abiotic and biotic processes. Abiotic 

processes are physical-chemical processes that include photodegradation, decomposition 

at high temperature, chemical reactions with other compounds or radicals (e.g., hydroxyl, 

metals, etc.) that are present in the environment or changes in characteristics of the 

compound caused by environmental factors, such as temperature and pH. Biotic 

processes can be defined as those biological processes that include bioaccumulation and 

entry into the food chain, biotransformation, and biodegradation. While PBDEs are 

susceptible to degradation in the environment, including photo- and bio-degradation, as 

well as biotransformation upon ingestion (Darnerud et al. 2001; Davis and Stapleton 

2009; Hakk and Letcher 2003), they are expected to exhibit environmental-half lives of 

anywhere from 10 to 600 d depending on the congener and compartment (Wania and 

Dugani 2003). The degradation of PBDEs in the environment is a key concern as highly 

brominated congeners may be converted to less brominated congeners that are more toxic 

and bioavailable. 
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1.3.4.1 Photodegradation 

Photolysis is an abiotic transformation mechanism that has been reported to occur 

for PBDEs under a variety of conditions (Bezares-Cruz et al. 2004; Davis and Stapleton 

2009; Eriksson et al. 2004; Soderstrom et al. 2004; Stapleton and Dodder 2008; Zeng et 

al. 2008, 2010). PBDEs, like most organobromine compounds, absorb in the UV-A 

spectrum and the energy supplied by UV-radiation usually results in the loss of bromine 

or, in some cases, the rearrangement (Soderstrom et al. 2004). Studies of the 

photodegradation of PBDEs have utilized both artificial and natural sunlight in 

demonstrating the debromination of PBDEs to lower brominated congeners. Eriksson et 

al. (2004) found that congeners of PBDE with different degrees of bromination have 

different photodegradation rates; less brominated congeners degrading more slowly than 

more brominated congeners. The observed difference in rate between the slowest (BDE-

77) and the fastest degrading PBDE (BDE-209) was up to 700 times in a methanol/water 

solution. The difference in rates is explained by the absorbance behaviour, as higher 

brominated congeners absorb at longer wavelengths. The matrix also has a large impact 

on the rate of degradation. Calculated half-lives for BDE-209 ranged from less than 15 

min. in solvents to 24 000 h on mineral surfaces (Stapleton and Dodder 2008).    

The question of whether photodegradation of BDE-209 produces BDE congeners 

typically found in the environment and of toxicological concern has been a controversial 

issue. Studies have focused on the photolytic decomposition of BDE-209 in a variety of 

matrices (solvent, solvent/water, sediment, and soil) in both natural light and augmented 

UV-radiation and have found debromination of BDE-209 to less brominated congeners 

found in the Penta- and Octa-BDE commercial mixtures. Christiansson et al. (2009) 
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found hexa- to nona-BDEs, when BDE-209 was dissolved in tetrahydrofuran, methanol, 

or combinations of tetrahydrofurnan/water and exposed to UV-radiation for 100 and 200 

min. However, the formation of the dominant congeners found in biota and the 

environment (BDE-47, 99, 100) from photolysis of BDE-209 has not been observed 

consistently. Soderstrom et al. (2004) found BDE-47, 99, and 100, were only formed to a 

minor degree from the photolysis of Deca-BDE in toluene and on silica gel. Bezares-Cruz 

et al. (2004) also found that solar irradiation of BDE-209 in hexane for 20 hours led to 

minimal formation of BDE-47, 99, and 100. These studies found that Deca-BDE did 

undergo photolytic debromination; however the congener pattern produced was different 

from the Penta-BDE congener pattern typically found in the environment. Information 

regarding the identity and structure of specific congeners that form via photolysis is very 

limited, due to lack of standards and coelution during analysis. Several authors have 

proposed the use of BDE-202 (2,2′,3,3′,5,5′,6,6′ - octabromodiphenyl ether) as a marker 

of photolysis of BDE-209 (Christiansson et al. 2009; Stapleton and Dodder 2008). The 

identities of the congeners produced during photodegradation are important as the 

congener profile in environmental samples relates back to potential release inventories of 

commercial formulations (Bezares-Cruz et al. 2004).  

While laboratory studies have demonstrated that photodegradative debromination 

can occur, the environmental significance of this pathway remains unclear. In most 

environmental compartments where PBDEs occur (e.g., soil, sediments), they are 

unlikely to be exposed to light.  
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1.3.4.2 Microbial Degradation 

Bacterial metabolism is based on redox reactions, with different types of bacteria 

having different strategies to oxidize or reduce halo-organic compounds. Increasing 

substitution of halogens generally reduces the biodegrability of an organic compound, 

which is further reduced as the number of aromatic rings increases. As the degree of 

halogenation decreases, a compound can be oxidized aerobically to serve as an electron 

donor. Conversely, as the degree of halogenation increases, the compound can serve as an 

electron acceptor to be degraded by a reductive dehalogenation mechanism (Brenner et 

al. 2006). Microbially-mediated reductive dehalogenation is one of the most important 

routes of environmental transformation of persistent halogenated compounds. Several 

studies have demonstrated that, under anaerobic conditions, PBDEs can be debrominated 

by dehalogenating bacteria (He et al. 2006; Robrock et al. 2008; Tokaz III et al. 2008). 

Robrock et al. (2008) identified several strains of dehalogenating bacteria that were 

capable of debrominating all congeners of PBDEs. In their study, they found that para- 

and meta-bromines were preferentially removed from rings by various cultures of 

bacteria. The most common substituted bromines were those that are double flanked (e.g., 

BDE-203), where the repulsion between adjacent bromines results in increased enthalpies 

of formation, easing their ability to be replaced by hydrogen. Ortho bromines were 

occasionally removed by a few bacteria (Desulfitobacterium hafniense, Dehalobacter 

restrictus) that were capable of the othro substitution. This is consistent with the results 

of He et al. (2006), where their culture of Sulfurospirillum multivorans, was able to 

debrominate Deca-BDE, but could not debrominate an Octa-BDE mixture to lower 

congeners. He et al. also observed strain-specific differences in ability to debrominate 
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and in rates of debromination, with Dehalococcoides ethenogenes being capable of 

debrominating Octa-BDE, but not Deca-BDE. Difficulty in removing ortho-halogens has 

been observed with PCBs and PPBs (Bedard and Van Dort 1998; Wiegel and Wu 2000). 

Microbial dehalogenation pathways of PCB and PBBs are strikingly similar to PBDEs, 

with the favoured removal strategies being meta- and para- dehalogenation. This is in 

contrast with the findings of Tokaz III et al. (2008), which demonstrated that, by using a 

vitamin B12 cosolvent-enhanced biomimetic reactor, BDE-209 can undergo reductive 

debromination terminating (after 24 h) at the double para substituted congeners, BDE-47, 

66, 99, and 199. This suggests that ortho- and meta-debromination dominate the vitamin 

B12-mediated biomimetic pathway; however, this pathway has yet to be observed under 

natural conditions. Nose et al. (2007) observed that degradation of BDE-209 in a 

hydrothermal reactor starts preferentially at the para- and meta-positions, noting that the 

reactivity of bromine substituted on the para- and meta- positions was relatively high 

compared to the low reactivity of the ortho-substituted bromine. The authors noted the 

increased formation of the ortho-substituted congeners (BDE-1, 17, 49, 154, 153), with 

very little formation of the para congeners (BDE-2, 3, 15, 28, 47, 66, 77, 85, 99, 100, 

119) during the hydrothermal treatment (Nose et al. 2007). This is consistent with studies 

of photodegration, which have also found preferential debromination at the para- and 

meta-positions. Rothenbacher (2007) notes that the dominant congeners found in the 

environment (BDE-47, 99, 100, 153, 154, 209) are all brominated at the para-position and 

it is unlikely that they were formed via photo- or microbial-degradation. Rothenbacher 

suggests that the congener pattern found in the environment is directly related to 
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emissions and disposal of the commercial products Penta-, and Octa-BDE, and not 

related to degradation of Deca-BDE.   

1.3.5 Toxicity and Bioaccumulation Potential of BFRs  

1.3.5.1 Exposure 

For there to be risk from a contaminant, there must be exposure. Exposure 

pathways are the means by which a substance moves through the environment from a 

source to a point of contact with an organism. The exposure pathway encompasses the 

source of contamination, a mechanism for transport, a point of contact with the 

contaminated substrate, and a route of entry into the body, such as eating, drinking, 

breathing, or absorbing contaminants through the skin. Figure 8 illustrates the exposure 

pathways for BFRs. Following exposure to BFRs, the toxicity of the compound is 

influenced by the extent and rates of absorption, distribution, metabolism and excretion 

(ADME). Intake of BFRs occurs primarily from food and dust and, to a lesser extent, 

through inhalation and dermal absorption (Allen et al. 2008; Harrad et al. 2008a; Johnson 

et al. 2010; Muenhor et al. 2010; Stapleton et al. 2008b). 
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Figure 8: PBDE Exposure pathway schematic, modified from (Wenning 2002), showing 

the relative contributions of the inhalation and dietary pathways to the total PBDE body 

burden. Exposure and body burden estimates are average approximations based on 

literature values from 
1
(Jones-Otazo et al. 2005), 

2
(Lorber 2008), 

3
(Harrad et al. 2004), 

4
(Hites 2004), and 

5
(Frederiksen et al. 2009), and may be under-representative of some at 

risk groups.  

1.3.5.1.1 Household Exposure 

The difference in body burden between North Americans and Europeans may be 

explained by differences in the ingestion of dust, as concentrations of PBDEs in indoor 

dusts are higher in North America than in Europe (Bakker et al. 2008; Harrad et al. 

2010a; Harrad et al. 2008a). It is estimated that the average North American spends 

approximately 90% of their time indoors, during the winter months this figure increases 

to 96-98% for Canadians (Wilford et al. 2005). With the majority of this time being at 
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spent in the home, the indoor environment represents a significant source of exposure to 

PBDEs and other BFRs.  

 Household sources of BFRs can include deteriorating furniture, mattresses, carpet 

padding, and electronic equipment. Ingestion of house dust containing elevated levels of 

BFRs represents an important pathway for human exposure, particularly for young 

children who are estimated to consume at least double the amount of dust as a typical 

adult (Wilford et al. 2005). A recent review by Harrard et al. (2010b) summarizes the 

levels of HBCD and PBDEs present in household dust and indoor air. Measured 

concentrations vary greatly by geography (e.g., ∑PBDEs, Canada = 170-170 000 ng/g 

(Wilford et al. 2005), United Kingdom = 72- 89 000 ng/g (Harrad et al. 2010c), South-

Central China = 186.6- 9 654 ng/g (Huang et al. 2010)), by room (Allen et al. 2008), and 

sampling method (Wu et al. 2010b). The review outlines strategies and methods for 

monitoring indoor contamination and exposure; source identification and attribution; 

causes of variability in contamination of indoor environments with BFRs, and the 

implications for source attribution and human exposure assessment and the contribution 

of indoor exposure to human body burdens.  

1.3.5.1.2 Occupational Exposure  

Non-persistent BFRs, such as phenolics and esters, do not biomagnify and direct 

exposure via inhalation and dust ingestion is the predominant route of exposure. The 

mechanisms by which non-volatile BFRs transfer into dust from treated goods remain 

unclear. It has been suggested that sheared-off particles of flame retardant treated plastics 

and textiles account for the highly brominated, less volatile, high KOA BFRs found in 

household dust. These exposures are significant during continuous (persistent) exposure, 



32 

 

such as occupational exposure. Occupational exposure occurs via the use, production, and 

disposal of BFRs, and in workplaces where BFR-treated plastics and foam products are 

recycled, or where electronic and electrical equipment (e-waste) is repaired or dismantled 

(Han et al. 2009; Muenhor et al. 2010; Tue et al. 2010; Wang et al. 2010c; Zhang et al. 

2010). The large quantity of e-waste generated and its importance as source for 

contamination of the environment and humans with BFRs has been reviewed elsewhere 

(Robinson 2009) and is of growing concern, particularly in developing countries such as 

Vietnam, where concentrations of ∑PBDE in exposed workers (20-250 ng/g lipid) exceed 

those of ∑PCB (28-59 ng/g lipid), and exceed reference groups by two orders of 

magnitude (Tue et al. 2010). Many developing countries, (e.g., China, India, Bangladesh, 

and Vietnam) receive obsolete electric capacitors, household appliances, electric 

generators, and cable wires from Japan, North America, western European countries, and 

Russia (Wang et al. 2010a).  Most of the recycling operations involve sorting, firing, 

incinerating, manually assembling acidic and alkaline baths, open air burning, acid 

leaching, and physical dismantling by hammer, chisel, screwdriver, and bare hands. 

These operations are usually carried out with little or no personal protective equipment or 

measures for control of pollution. The impact of waste recycling activities has already 

been observed in South China’s Pearl River Delta region, where these activities have 

accelerated the release of BFRs into the environment, wildlife, and humans (Chau 2006; 

Han et al. 2009; Hu et al. 2010; Huang et al. 2010; Shi et al. 2009; Wang et al. 2010b; 

Wu et al. 2010a, 2011; Zhang et al. 2009a; Zhang et al. 2010).   
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1.3.5.1.3 In Utero Exposure 

Studies have documented that some BFRs can pass freely from the mother to the 

fetus during very early gestation. In a perfusion study performed with an ex vivo human 

placenta, Frederiksen et al. (2010b) observed transport of BDEs-47 and 99 across the 

placenta, confirming the potential for in utero exposure. The authors noted that, with 

increasing degree of bromination, there is decreasing placental transfer. Doucet et al. 

(2009) analyzed early to mid-gestation fetal tissues from livers and placentas obtained 

from elective abortions in Montreal, Quebec, from 1998-2006, for various PBDE 

congeners and found that BDEs 47, 99, and 100 were the dominant congeners and that 

concentrations in fetal liver were generally greater than in the placenta. These data show 

that PBDEs can accumulate within the fetal compartment from a very early gestational 

stage. The potential toxic effects of prenatal exposure in human newborns remain largely 

unknown.  

1.3.5.2 Absorption  

Absorption is the transport across a biological membrane into systemic circulation 

(e.g., across gills, intestine, skin) after the introduction of a chemical through food, water, 

air, sediment, or soil (De Wolf et al. 2007; Hodgson 2004). At the cellular level, 

absorption can occur several ways depending on the physical and chemical characteristics 

of the molecule, be it carrier-mediated, with the assistance of efflux pumps, through 

passive para- or transcellular diffusion, or through endocytosis. Pharmacokinetic studies 

on drug delivery have yielded a list of criteria, commonly known as Lipinski’s “rule of 

5”, which predicts whether absorption will be poor (Lipinski et al. 2001).  They state that 

if a chemical has more than 5 H-bond donors, 10 H-bond acceptors, a molecular weight 
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greater than 500, or a log KOW greater than 5, then absorption will be poor. Many HFRs 

meet these criteria (particularly the last two) and, as such, are expected to have limited 

absorption. 

Oral dosing studies on rodents have produced a range of absorption results for 

various PBDE congeners. Feeding studies on rats with 
14

C-labeled Deca-BDE by 

Darnerud et al., (2001) found minimal absorption from the gastrointestinal tract, with 

<1% of the dose of found in tissues. While Deca-BDE is minimally absorbed from the 

gastrointestinal tract of mammals because of its relatively high-molecular mass, size, and 

poor solubility, the authors concluded that absorption of PBDEs favors lesser brominated 

congeners. Within the lower brominated congeners, there is a wide range of absorption 

efficiencies. In dosing studies conducted by the Sanders laboratory, it was found that 

BDE-153 was approximately 70% absorbed, compared to 75% absorption of an 

equimolar dose BDE-47 in rats, and 85% absorption of the dose in mice (Sanders et al. 

2006). Similar results were observed in studies by Huwe et al. (2008b; 2007). In their 

2008 study, they found that absorption ranged from 4% of the dose for BDE-209 to 70-

80% of the dose for BDEs-47, 100, and 153.   

In an effort to assess the dietary absorption efficiency of PBDEs, Kierkegaard et 

al. (2009) investigated the mass balance of PBDEs in two dairy cows. They generally 

noted that efficiency of dietary absorption decreased with increasing KOW of the BDE 

congener. Amounts absorbed in these cows were ~80% of the each tri- and 

tetrabrominated congeners, ~50% for the penta- and hexabrominated congeners, which is 

lower than the absorption efficiencies found in rodent species, which the authors attribute 

to the ruminant digestive system of the cows. Despite the difference between species, the 
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data from the cows fit the fugacity based conceptual model of the absorption process that 

is used to explain the dependency of net absorption efficiency on KOW (McLachlan 1994). 

In this model, the organism is divided into compartments (in the case of the cow, lumen 

of the digestive tract, blood, and fat), and mathematical relationships are established for 

the equilibrium distribution of the contaminant between the compartments for the 

diffusive and advective transport, and for transformation products. A mass balance for 

each compartment is determined, and the resulting equations can be solved and verified 

with field data. The chemical absorption is described as a diffusive process driven by the 

thermodynamic gradient between the lumen and the organism, and is limited by two 

resistances acting in series (one having lipid like properties, the second is an aqueous 

barrier). With this conceptual model, at low KOW values (1-5), the lipid barrier is the 

dominant resistance for absorption and the efficiency of absorption is independent of 

KOW. As KOW increases (>5), diffusive transport through the aqueous barrier becomes 

increasingly limited and the efficiency of absorption decreases. This fugacity-based 

conceptual model has been successfully applied to a variety of organisms for a variety of 

lipophilic organic contaminants. 

Similarly poor absorption of BFRs has also been observed in dosing studies with 

fish. In a feeding study with BDE-209 in fish, Noyes et al. (2011) found that 5.8% of the 

administered dose was bioavailable to the juvenile fathead minnows. This is in contrast to 

a similar feeding study with another member of the Cyprinidae family, the common carp 

(Cyprinus carpio), where BDE-209 had a bioavailability of less than 0.1 % (Stapleton et 

al. 2004). Similar poor bioavailability was observed in a study using waterborne 

exposures where less than 1% of the total amount of TBBPA added was found in the 
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juvenile zebrafish (Danio rerio) (Kuiper et al. 2007b). These results highlight the species- 

and chemical-specific differences in bioavailability.  

1.3.5.3 Distribution 

After absorption, a chemical can partition to proteins for circulation throughout 

the body, as well as to tissue compartments like fat or bone. The chemical can be 

distributed to a tissue and elicit a toxic response, or to other tissues which may serve as 

permanent sinks or as temporary depots, allowing for slow release into circulation (De 

Wolf et al. 2007). Most HFRs are non-polar and chemically unreactive; these 

characteristics are the major determinants of the kinetics and distribution in tissues (Fries 

et al. 1978). The residues of HFRs are distributed in close association with the amount of 

lipid in the tissues, have a long biological half-life, and are mainly excreted in lipid-

containing products.  

1.3.5.3.1 Tissues 

The majority of high molecular weight and highly lipophilic compounds tend to 

distribute and accumulate in the liver and adipose tissue. In a laboratory feeding study, 

Stapleton et al. (2006) found that BDE-209 was most concentrated in the liver, followed 

by the serum, intestine and whole carcass of fish. In fish samples collected from Northern 

European lakes, Vives et al. (2004) found that BDEs 28, 99, 100, 153, and 154, had 

rather uniform distribution between liver and muscles tissues. This is similar to what has 

been seen in rat feeding studies where lower brominated congeners (tri- to hexa-BDEs) 

tended to distribute equally into lipids (accounting for >80% of total PBDEs in adipose, 

brain, kidney, lung and residual carcass), whereas hepta- to deca-BDE tended to 

accumulate in the liver and plasma (>60% of total PBDEs) (Huwe et al. 2008a). 
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Biomonitoring and measurements of BFRs in organisms should take into account the 

distribution of the compound and choose the matrix appropriately.  

1.3.5.3.2 Central Nervous System 

The environment in the tissues of the central nervous system is maintained by 

barriers that restrict the entry and exit of nutrients and other substances to and from the 

blood (blood-brain barrier - BBB) and the cerebrospinal fluid (cerebrospinal fluid-brain 

barrier). These barriers are maintained at the level of the capillary endothelial cell tight 

junctions. Substances can gain access to the brain from the blood in a variety of ways but, 

for xenobiotics, the most significant means of entry is via transmembrane diffusion 

(Williams and DeSesso 2010). Physicochemical characteristics of substances that cross 

the BBB in mature organisms include high lipid solubility and low molecular weight 

(Dobbing 1961), with an inverse correlation to rate of diffusion as molecular mass 

increases above 400-600 Da. The high molecular mass of many BFRs limits their ability 

to pass through the BBB in mature organisms, with HBCD (642 Da) as a possible 

exception, yet BFRs have been measured in the brain and have elicited a variety of 

neurotoxic effects (Costa and Giordana 2007; Dingemans et al. 2011; Huwe et al. 2008a). 

The BBB is formed during gestational development in vertebrate animals and the 

permeability changes throughout the latter part of gestation and during the immediate 

postnatal period, such that permeability diminishes as the animal develops. This 

developmental timeline creates the opportunity for large molecules and high molecular 

weight compounds, like BFRs, to cross the BBB during gestation and early development 

at critical development periods. The BBB is present in all brain regions, except for the 

circumventricular organs of the brain, including the area postema, median eminence, 
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neurohypophysis, pineal gland, subfornical organ, and lamina terminalis. Blood vessels in 

these areas of the brain have fenestrations which permit the diffusion of blood-borne 

molecules across the vessel wall (Ballabh et al. 2004). The circumventricular organs 

permit hypothalamic hormones to leave the brain without disrupting the BBB, permit 

substances that do not cross the BBB to trigger changes in brain function, and are 

involved in the regulation of the autonomic nervous system and endocrine system. These 

unprotected regions, as well as the developmental window where the BBB is not fully 

formed provide a means of exposure that could explain the effects on the thyroid, 

behaviour, and reproduction that are associated with exposure to BFRs (Section 1.3.5.4). 

1.3.5.3.3 Maternal Distribution  

Several studies have demonstrated the ability of PBDEs to pass freely from the 

mother to the fetus from very early in gestation as well as postnatally through breast 

feeding. PBDEs have been detected in cord blood at concentrations that are proportional 

to the body burden of the mothers, representing on average 72% of that found in maternal 

plasma (Guvenius et al. 2001). PBDEs and other BFRs have extensively been studied in 

human milk from all over the world (Fangstrom et al. 2008; Lacorte and Ikonomou 2009; 

Meironyte et al. 1999; Ohta et al. 2002; Schecter et al. 2003; Tue et al. 2010); however 

studies on gestational exposure and transfer are limited.  

1.3.5.4 Effects of PBDEs 

PBDEs do not appear be highly acutely toxic, but chronic effects are a concern, 

especially from metabolites and the lower brominated forms that are more bioavailable 

and more toxic (Hardy 2002). In mammals, PBDEs may affect the endocrine system; 

alter neurological and sexual development; impair or compromise the immune system; 
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and may be linked to the induction of tumors and cancer (Vonderheide et al. 2008). A 

portion of the human population may have concentrations of PBDEs (particularly lower 

molecular weight congeners) in tissue that approach those associated with reproductive 

effects in rats and neurodevelopmental toxicity in mice (McDonald 2005). Reviews of the 

toxicity of PBDEs have been published (Birnbaum and Staskal 2004; Darnerud 2003; 

Hardy 2002; Li et al. 2007), and some key findings are summarized below. 

1.3.5.4.1 Endocrine Disruption 

Endocrine disrupting chemicals (EDCs) in the environment have the potential to 

adversely affect humans and wildlife. The USEPA defines an endocrine-disrupting 

compound as “an exogenous agent that interferes with synthesis, secretion, transport, 

metabolism, binding action, or elimination of natural blood-borne hormones that are 

present in the body and are responsible for homeostasis, reproduction, and developmental 

process” (Diamanti-Kandarakis et al. 2009). The potential activity of BFRs as endocrine 

disruptors has been experimentally demonstrated, particularly for homeostasis of the sex 

steroids and thyroid hormone (Butt et al. 2011; Canton et al. 2006; He et al. 2008; 

Ibhazehiebo et al. 2011; Noyes et al. 2011; Sanders et al. 2005; Song et al. 2008; Wang et 

al. 2011; Yang et al. 2009), and has been thoroughly reviewed by Legler and Brower 

(2003). 

1.3.5.4.2 Disruption of Sex Steroids  

PBDEs can affect steroidogenesis by up-regulating enzyme activities of CYP19 

(aromatase) and CYP17 (an enzyme that acts upon pregnenolone and progesterone to add 

a hydroxyl group at carbon-17 on the steroid D ring), and can influence the expression of 

some genes in the H295R cells (He et al. 2008; Song et al. 2008). A positive correlation 
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between concentrations of testosterone in plasma and BDE-47 has been demonstrated in 

humans (Turyk et al. 2008); however, the mechanism of disruption is not clear. Wang et 

al. (2011) sought to elucidate the mechanism by which PBDEs can alter concentrations of 

testosterone by exposing rat Leydig cells to the technical formulation of PBDE-710 (a 

mixture of tetra- and penta-BDEs) at concentrations of 5 and 15 ng/mL. They noted that 

PBDE-710 stimulated testosterone secretion by acting directly on Leydig cells, causing 

an elevation in production of cAMP. The cAMP pathway regulates both the CYP11A1 

(responsible for the conversion of cholesterol to pregnenolone) and steroidogenic acute 

regulatory proteins (StAR- responsible for the transfer of cholesterol from the outer to 

inner mitochondrion membrane), both of which were elevated in response to elevated 

cAMP, resulting in the increased synthesis of testosterone.  

1.3.5.4.3 Effects on Reproduction  

 

Aquatic Animals 

The effects of waterborne TBBPA on the reproductive success of zebrafish 

(Danio rerio) were assessed using a partial life-cycle test (Kuiper et al. 2007b). The total 

number of eggs produced by TBBPA exposed groups was significantly lower than the 

control, and average clutch size showed a consistent dose response with a 50% reduction 

in clutch size occurring at an internal concentration 7.2 µg TBBPA/g lipid. There was no 

change in egg-fertilization ratio with exposure; however, embryos from the exposed 

treatment had decreased hatching success and decreased survival post-hatch. These 

effects are ecologically relevant as they could result in alterations or collapse of the 

populations.   

Terrestrial Animals 
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In a study by Zhang et al. (2009b), the effects of commercial PentaBDE (DE-71, 

containing BDE-47, 99, 100, 153 and 154) on the reproductive success of a top-level 

terrestrial predator were assessed using a feeding study with captive mink (Mustela 

vison). Female mink were fed environmentally-relevant doses (0 - 2.5 mg/kg wt/wt in 

feed) and mated with untreated males. The reproductive parameters measured included 

number of females bred, number of females whelping (the act of preparing to give birth, 

going into labor, and birthing), litter size, and survivability of kits. The authors found that 

a dietary concentration of 2.5 mg/kg diet (approximately 250 µg/kg bw/day) resulted in 

complete failure of the mink to whelp, despite the presence of implantation sites, 

suggesting that the failure was due to developmental toxicity (fetal mortality), rather than 

reproductive toxicity (prevention of fertilization). The litter size and survivability could 

not be adequately assessed due to high levels of infanticide in the control group; 

however, birth weights and organ somatic indices in the surviving kits were not 

significantly different between any treatments.    

The reproductive success of birds is modulated by multiple factors, including 

mate quality and compatibility, the strength of the pair-bond, and food provisioning by 

the male. A multigenerational study assessed the effects of exposure to the commercial 

PentaBDE (DE-71) in captive American kestrels on these factors (Fernie et al. 2008). The 

authors observed that exposed kestrels had reduced copulatory activity (3 x less than the 

controls), an overall decline in the establishment and maintenance of the pair-bond (fewer 

nest box inspections, increased food transfers, decreased male posturing), and alterations 

in timing and frequency of courtship behaviors. The changes in courtship behaviors were 

suggested to be the result of changes in the production and/or concentration of various 
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reproductive hormones (e.g., testosterone, estradiol, and leutinizing hormone), and 

resulted in delayed clutch initiation, and reductions in egg size, fertility, and reproductive 

success (Fernie et al. 2008). The concentrations used in the study are reflective of those 

seen in wild kestrel and herring gulls in the Great Lakes region, and suggests a possible 

risk for reproductive success in birds.   

Effects of PBDEs on the male and female reproductive system in humans have 

been reported in recent years (Wang et al. 2011). Chao et al. (2007) reported that elevated 

concentrations of PBDEs in breast milk were significantly correlated with lower birth 

weight, birth length, chest circumference, and body mass index of newborns. A similar 

study of low-income women living in California found that higher maternal 

concentrations of PBDEs were associated with lower birth weights (Harley et al. 2011). 

The authors noted that, with each 10-fold increase in concentrations of BDE-47, 99, and 

100, there was an associated approximately 115 g decrease in birth weight. However this 

association was slightly reduced and no longer significant when maternal weight gain or 

thyroid-stimulating hormone levels were added to the linear regression models. A study 

by Main et al. (2007) found significantly higher concentrations of PBDEs in the breast 

milk of mothers whose newborn sons had cryptorchidism. Similarly, a study of young 

adult males found a strong inverse relationship between the serum concentration of BDE-

153 and the sperm concentration (although all concentrations were above 20 million/mL, 

the minimum fertility standard established by the World Health Organization) and testis 

size (Akutsu et al. 2008). The proliferation and differentiation of Sertoli cells and sperm 

production are regulated by thyroid and sex hormones, and it has been suggested that 
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disruption of these processes by PBDEs could be responsible for this observed effect 

(Talsness 2008).  

1.3.5.5 Metabolism  

The state of knowledge of the biotic fate and biotransformaton of BFRs is limited 

to a few classes of environmentally relevant BFRs, namely PBBs, PBDEs, TBBPA, 

BTBPE, Tris, and HBCD. A thorough review of metabolism of BFRs by Hakk and 

Letcher (2003) highlighted the metabolic capabilities and pathways for a variety of BFRs 

in several species, including humans. The various metabolic processes which contribute 

to the biotransformation of BFRs include oxidative debromination, reductive 

debromination, oxidative CYP enzyme-mediated biotransformation, and/or Phase II 

conjugation. The review emphasized the need for more research on kinetics of uptake and 

elimination, metabolic pathways, inter-species differences, and the importance and 

toxicological relevance of metabolites of BFRs.  

One of the most important classes of enzymes in these reactions is the heme-

containing cytochrome P450 proteins (CYP). The CYP family of proteins is responsible 

for synthesis of steroids, important lipids, and metabolism of endogenous and exogenous 

compounds. CYP proteins are expressed in various tissues of vertebrates, but are most 

abundant in the liver where they facilitate metabolism and biotransformation reactions. 

Phase I biotransformation reactions increase the polarity of a compound by the addition 

of an oxygen molecule, exposure of a polar group making it suitable for excretion, or 

Phase II reactions, where the chemical is conjugated with an endogenous substrate, 

facilitating excretion (De Wolf et al. 2007).  
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The liver is largely responsible for biotransformation and subsequent elimination 

of endogenous and exogenous compounds. Uptake of PBDEs into the liver is facilitated 

by uptake transporters such as organic anion-transporting polypeptides (OATPs), which 

are responsible for transporting a wide variety of amphipathic substrates (Pacyniak et al. 

2010). In human hepatocytes, OATP1B1, OATP1B3, and OATP2B1 function to mediate 

the portal clearance of large molecular weight molecules (MW >350 Da). Pacyniak et al. 

(2010) demonstrated that these OATPs have high affinity for BDEs-47, 99, and 153 and 

are capable of transporting them across the liver. This mechanism of uptake readily clears 

these congeners from the portal blood supply and transports them into the liver where 

they are subject to metabolic transformation processes.  

1.3.5.5.1 Oxidative Metabolism 

Oxidative metabolism is of toxicological interest for PBDEs, as hydroxylated 

metabolites of PBDEs have greater biological activity than their parent compounds. 

Several studies have demonstrated the ability of vertebrates to biotransform PBDEs to 

OH-BDEs (Kelly et al. 2008; Lacorte and Ikonomou 2009; Wan et al. 2010). The rates of 

formation of OH-BDE metabolites as well as the characterization of the CYP enzymes 

responsible for the oxidative biotransformation are thoroughly discussed in Erratico et al. 

(2011). The authors note that BDE-47 and 99 undergo congener-specific hepatic 

microsomal biotransformation mediated by distinct but overlapping sets of CYP 

enzymes. Several of the OH-BDE metabolites identified in that study are toxicologically 

relevant because in vitro and in vivo studies have shown that they have greater biological 

activity than the parent. Thus, oxidative metabolism can enhance toxicity of PBDEs and 

should be considered in toxicological risk assessments. 
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1.3.5.5.2 Debromination 

Organohalogen compounds are not only a product of recent anthropogenic 

activities, but have also been present on Earth for billions of years, as evidenced by their 

presence in microfossils found in Precambrian rocks (Gribble 1992). In the environment, 

there are thousands of naturally occurring organohalogens, of which many are 

brominated. These compounds are the products of secondary metabolism in algae and 

bacteria and are used as feeding deterrents and for defense, particularly in marine 

organisms. Therefore, many primary consumers have been exposed throughout their 

evolutionary history to these products of secondary metabolism, and have been selected 

for the capacity of debromination, which also serves in the debromination of xenobiotics. 

Many secondary consumers lack specific debromination capacity because of their lack of 

exposure throughout their evolutionary history, and thus may rely on other pathways 

(e.g., deiodination) to metabolize BFRs.  

Despite the large molecular size and low bioavailability (<0.1 % (Stapleton et al. 

2004)) of BDE-209, it has been detected in fish tissues (Kuo et al. 2010) and in humans 

(Thuresson et al. 2006). As is the case with PBDEs in the environment, debromination of 

BDE-209 to less brominated, more toxic congeners in vivo is cause for concern. Stapleton 

et al. (2004) and Noyes et al. (2011) found that, in Cyprinid fish, debromination of BDE-

209 occurs and results in the formation of various penta- and hexa-congeners, although 

not those congeners typically found in biota (i.e., BDE-47, 99, 100). The authors noted 

the selective removal of bromine atoms from the meta positions, suggesting the action of 

deiodinase enzymes, which interconvert T4 to T3 through meta removal of iodine atoms. 

The deiodinase enzyme class is highly conserved in nature (Heyland et al. 2005), and 

represents a potential pathway for exposure to more toxic congeners.  
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1.3.5.6 Excretion 

Excretion is defined as all processes by which a chemical is eliminated from the 

body through endogenous waste. Chemicals can be exhaled directly though the gills or 

metabolism and ultimately exhaled as CO2. Polar molecules that are freely soluble in 

plasma can be removed through renal filtration and pass into urine. Hydrophobic 

chemicals can be conjugated and excreted in bile and feces (De Wolf et al. 2007). Factors 

that affect the half-life of hydrophobic chemicals include the total amount of body fat, 

changes in the amount of body fat, and the level of milk fat production.  

The half-lives of higher brominated PBDEs and TBBPA have been estimated in 

Swedish workers from e-waste recycling facilities. BDE-209 was estimated to have a 

half-life in the range of one week, and TBBPA was estimated at 2 days (Sjodin et al. 

2003).  

The overwhelming route of elimination for Deca-BDE is by fecal excretion, with 

less than 0.01% of the oral dose excreted in the urine of exposed rodents (Hardy 2002).  

Another excretion process that is relevant for females is the transfer of hydrophobic 

chemicals to offspring via the egg-yolk of oviparous organisms or the milk of mammals. 

During maturation of oocytes, large amounts of circulating lipoproteins, namely 

vitellogenin, are transported from the liver to the oocytes. Chemicals can bind to these 

lipoproteins and thereby reach the oocyte. Nyholm et al. (2008) observed significant 

maternal transfer of eight structurally diverse BFRs to eggs of zebrafish (D. rerio). 

Despite the ability of females to “excrete” BFRs via the eggs, it may not be a significant 

route for depuration of the more polar BFRs. Kuiper et al. (2007b) did not find a 
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significant difference in TBBPA levels between male and female zebrafish, suggesting 

that oviposition is not a major route of elimination of TBBPA in zebrafish.  

Maternal transfer has been reported for various lipophilic organohalogen 

compounds in mammals, and the presence of PBDEs in human cord blood (Section 

1.3.5.3.3) indicates placental transfer of PBDEs occurs prenatally, and the presence of 

PBDEs in breast milk indicates postnatal transfer. Frederiksen et al. (2010a) found that 

concentrations of PBDE in fetal and maternal plasma were highly correlated. While 

maternal transfer is a means of elimination for mothers, it is also an exposure route for 

offspring.  

1.3.5.7 Bioaccumulation 

Bioaccumulation is defined as the process by which organisms accumulate 

chemicals both directly from the abiotic environment (i.e., water, air, soil, and sediment) 

and from dietary sources (trophic transfer) (Hodgson 2004). Bioaccumulation is the net 

result of a mix of physiological and physical processes: absorption, distribution, 

metabolism, and excretion (ADME, described for BFRs in sections 1.3.5.2 through 

1.3.5.6). As chemicals must traverse the lipid bilayer of cell membranes to enter the 

body, the potential for bioaccumulation of chemicals tends to be positively correlated 

with lipid solubility. This is important as accumulation of BFRs in tissue can influence 

the toxicity to the organisms following exposure.  

Chemicals can be transferred along food chains from prey organism to predator. 

For highly hydrophobic chemicals, this transfer can result in increasing concentrations of 

the chemical with each progressive link in the food chain, this is biomagnification. 

Biomagnification factors (BMFs) >1 indicate chemical biomagnification (increased lipid 
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normalized chemical concentration with increasing trophic position), and BMFs < 1 

indicate no biomagnification (decreased lipid normalized chemical concentration with 

decreasing trophic position). Trophic magnification factors (TMFs) reflect the average 

degree of biomagnification or biodilution for all species sampled in a food web (Borga et 

al. 2012). 

PBDEs have been detected globally in a wide variety of matrices, both biotic and 

abiotic (de Wit 2002; de Wit et al. 2010; Talsness 2008), yet not all PBDEs appear to 

biomagnify and those that do, do not appear to bioconcentrate or biomagnify to the same 

degree as PCBs (Manchester-Neesvig et al. 2001a; Mizukawa et al. 2009).  Further, 

metabolism, specifically debromination, occurs in a number of species, including fish and 

microbes, which prevent biomagnification from occurring (Robrock et al. 2008; Stapleton 

et al. 2006; Vonderheide et al. 2008).  

Measurements of BFRs in top trophic level organisms (Christensen et al. 2005; 

Lam et al. 2009; Law et al. 2002; Letcher et al. 2010; McKinney et al. 2011) suggest that 

these compounds do biomagnify. A significant positive correlation between trophic level 

and concentration of ∑PBDE and the individual BDE-congeners, 47, 99, and 100 have 

been observed in waterfowl from the South China Region (Zhang et al. 2011). The highly 

brominated congeners BDE 153, 154, 183, and 196 showed a non-statistically significant, 

positive increase in concentration with trophic level. Similarly, in a Lake Michigan food 

web, BDEs-47 and 100 were found to biomagnify (BMFs ranging from 1.07-2.25, and 

1.09-1.52 respectively), whereas BDE-209 did not (BMFs ranging from 0.01-0.78) (Kuo 

et al. 2010). This is in contrast to the study by Law et al. (2006a) which reported a TMF 

for BDE-209 of 10.4 and BMFs ranging from 0.1 to 34 depending on the predator prey 
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linkage (emerald shiner → white fish, and zooplankton → goldeneye, respectively). 

Biomagnification and transformation of PBDEs is related to the specific metabolism and 

dietary habits of each species in the food web and, as such, differences in BMF and TMF 

values between studies can be expected based on the characteristics of the site and 

composition of the species.   

1.3.6 Regulation of the BFRs 

Concern regarding traditional BFRs is motivated by the following considerations;  

(1) Their fate, persistence, potential for long range transport, and ubiquitous 

contamination of the environment and biota 

(2) The ability to affect homeostasis of the thyroid hormone axis, which may result 

in developmental neurotoxicity 

(3) Animal studies have indicated that pre- and postnatal exposures to PBDEs may 

cause long lasting behavioral alterations, particularly in the domains of motor 

activity and cognitive behavior 

(4) Infants and toddlers have the highest body burden of PBDEs, due to exposure 

via maternal milk and house dust 

(5) PBDEs and TBBPA have been linked to adverse reproductive outcomes in 

terrestrial and aquatic animals, which could have population level effects 

(6) The biomagnification potential of PBDEs, presents a potential risk for top level 

predators and humans. 

As a result of these concerns, several jurisdictions have taken action to assess the 

risk from these traditional BFRs and, in some cases, enact bans and restrictions on their 

usage. In the European Union, the risks associated with PBDEs, HBCD and TBBPA are 
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being assessed through the aptly named FIRE project (Flame retardants Integrated Risk 

assessment for Endocrine effects). FIRE is an integrated risk assessment project including 

exposure assessment, in vitro screening, QSAR modeling, and in vivo modeling to assess 

the effects of selected BFRs (FIRE 2004). In addition to the risk assessments, the EU has 

enacted legislation to ban and phase out PBDEs. The Waste of Electrical and Electron 

Equipment (WEEE) and Restriction of Hazardous Substances (RoHS) Directives came 

into force on July 1
st
 2006, and each aim to reduce the amount of toxic materials that are 

discarded. The WEEE Directive seeks to increase the amount of electrical and electronic 

waste equipment that is recycled, while the RoHS Directive aims to reduce the amount of 

hazardous waste generated by the types of equipment covered by the WEEE Directive. 

The RoHS Directive requires that new electrical equipment not contain any of the 

following six banned substances: lead, mercury, cadmium, hexavalent chromium, 

polybrominated biphenyls or polybrominated diphenyl ethers, in quantities exceeding 

maximum concentration values (Europa 2011). Europe also has progressive legislature to 

increase the level of control upon substances which may be carcinogenic, mutagenic, 

toxic to reproduction, endocrine disruptive, persistent, bioaccumulative, and toxic. The 

REACH regulation (Registration, Evaluation, Authorisation, and Restriction of 

Chemicals), represents a single and coherent system for assessing high production 

volume chemicals (> 1 000 tonnes/year/manufacturer), of which there are an estimated 

2600 substances, of which only 3% have been tested (European Commission 

Environmental Directorate General 2007). REACH aims to identify the substances of 

greatest concern, those substances with the highest risk, which may be carcinogenic, 

mutagenic, reproductively toxic, persistent, bioaccumulative, and toxic, and set 



51 

 

restrictions and authorizations for those substances. This regulation represents a 

significant shift in chemical policy from public authorities towards industry.  

In the United States, individual states took the lead on legislation to eliminate 

PBDEs from consumer products. Maine, Washington and Oregon all introduced state 

legislation to phase out Deca-BDE, resulting in introduction of H.R. 4394: Decabromine 

Elimination and Control Act of 2009. The bill was introduced on December 16
th

 2009, 

but never became law. Instead, on December 17
th

 2009, the US Environmental Protection 

Agency (USEPA) announced that the two largest US producers (Albermarle Corporation 

and Chemtura Corporation [formerly Great Lakes Chemical Corporation and Crompton 

Corporation]) and the largest importer (ICL Industrial Products) of Deca-BDE reached a 

voluntary agreement with the USEPA to phase out production, importation and sales of 

the chemical in the United States. Deca-BDE will be phased out for most uses by the end 

of 2012 and entirely by the end of 2013 (OpenCongress 2011). These voluntary 

withdrawals, bans and restrictions on the manufacture and use of PBDEs, have 

necessitated the need for new flame retardants.  

1.4 Novel Halogenated Flame Retardants 

The phase out and ban of PBDEs has paved the way for “novel” BFRs to be used 

as replacements. Covaci et al. (2011) define novel BFRs as “relating to BFRs which are 

new to the market or newly/recently observed in the environment.” Other terms 

describing novel BFRs include “alternate”, “new”, “emerging”, “current-use”, and “non-

PBDE” and may be used interchangeably. These novel BFRs are estimated to have 

production volumes around 180 000 tonnes/year; however, there is a large degree of 

uncertainty with this estimate (Covaci et al. 2011). Several novel BFRs have been 
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identified based on similar physical and chemical properties to the PBDEs to be suitable 

replacement compounds (Figure 9). In their paper, Howard and Muir (2010) identified 

610 chemicals, 62% were halogenated (181 fluorinated, 116 chlorinated, 80 brominated, 

and 10 iodidated), which reflect high persistence (atmospheric half-life > 2 days) and 

bioaccumulation potential (log KOW >5). Within the list of probable persistent and 

bioaccumulative chemicals, several novel BFRs are mentioned that are serving as 

alternatives to PBDEs. Amongst them, are 1,2,-bis(2,4,6-tribromophenoxy)ethane 

(BTBPE), tetrabromobisphenol A (TBBPA) and its derivatives, and tetrabromophthalic 

acid ester (BEHTBP). There is limited information available for these novel BFRs 

regarding their environmental distribution and their potential for human exposure. Given 

that these non-PBDE flame retardants share similar physical, chemical (Table 2), and 

structural properties (e.g., aromatic moieties, high degree of bromination, low aqueous 

solubility) to those of PBDEs, their environmental fate may be expected to be similar to 

certain PBDE mixtures (Stapleton et al. 2008a). This lack of knowledge, combined with 

recent identification of these compounds in environmental samples warrants further 

investigation into their environmental fate and toxicity.  
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Figure 9: Structures of select novel BFRs 

1.4.1 Physical and Chemical Properties 

The physical and chemical properties of the novel halogenated flame retardants 

shown in Figure 9 are not all available from the literature, so they were modeled using 

the USEPAs Estimation Programs Interface Suite (EPISuite) 

(http://www.epa.gov/oppt/exposure/pubs/episuite.htm).  The HFRs were divided as “Test 

Compounds”, which are those BFRs examined in this thesis, and “Emerging HFRs”, 

http://www.epa.gov/oppt/exposure/pubs/episuite.htm
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which are those for which there is recent attention in the literature. The values are 

presented in Table 2, and are further discussed for the test compounds in Chapter 2.
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Table 2: Physical and chemical properties of the test compounds and other emerging HFRs as determined using the EpiSuite 

software. 

Property Test Compounds Emerging HFRs 

Name BTBPE 
TBBPA-

DBPE 
BEHTBP EHTeBB DBDPE TBECH TBCO HCDBCO DP 

Molecular 

Formula 
C14H8Br6O2 C21H20Br8O2 C24H34Br4O4 C15H18Br4O2 C14Br10H4 C8H12Br4 C8H12Br4 C13H12Br2Cl6 C18H12Cl12 

Boiling 

Point (
o
C) 

502.17 646.88 539.75 432.91 600.86 336.82 342.77 414.84 486.83 

Melting 

Point (
o
C) 

213.61 281.21 229.19 177.03 259.71 98.63 102.18 172.82 206.45 

Vapour 

Pressure 

(Pa, 25
o
C) 

3.2x10
-8

 8.5x10
-13

 2.3x10
-9

 4.6x10
-6

 2.5x10
-11

 1.4x10
-2

 9.4x10
-3

 1.4x10
-5

 9.4x10
-8

 

Water 

Solubility 

(mg/L) 

(WSKOW 

estimate) 

6.6x10
-7

 1.2x10
-10

 2.0x10
-9

 1.1x10
-5

 1.2x10
-12

 6.9x10
-2

 6.9x10
-2

 6.8x10
-5

 1.7x10
-8

 

Log KOW 

(KOWWIN 

estimate) 

9.15 11.52 11.95 8.75 13.64 5.24 5.24 7.91 11.27 

Log Koc 

(MCI 

method) 

4.65 6.80 5.94 4.47 6.38 3.54 3.52 5.60 7.68 

Log Koc 

(KOW 

method) 

6.10 7.41 7.40 5.70 11.84 4.55 4.55 6.87 9.78 

Log 

Octanol-

Air 

(KOAWIN 

estimate) 

15.67 20.30 16.86 12.34 19.22 8.01 8.01 11.05 14.79 
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1.4.2 Compounds 

1.4.2.1 Bis(tribromophenoxy)ethane (BTBPE) 

1,2-Bis(2,4,6-tribromophenoxy)ethane (BTBPE, Figure 9) is an additive BFR 

used in the production of plastic materials that require high manufacturing temperatures 

and light stability, for acrylonitrile-butadiene-polystyrene, and high impact polystyrene, 

and is considered a replacement for Octa-BDE. The total annual production of BTBPE in 

1997 was estimated to be approximately 5 000 tonnes (Covaci et al. 2011). BTBPE is 

hydrophobic and, like other BFRs, is expected to persist in the environment. BTBPE is 

mainly used in electronic applications, and has been found in the air and dust at e-waste 

recycling facilities as well as in the serum of the workers (Julander et al. 2005). In 

addition to the measurements of BTBPE in occupational settings, it is now being detected 

in other environmental and biological compartments, such as bird eggs (de Wit et al. 

2010; Gauthier et al. 2009; Verreault et al. 2007). The presence of BTBPE in the 

environment is of particular concern due to the possibility of ether cleavage of BTBPE 

yielding 2,4,6 tribromophenol, a reported developmental neurotoxicant (Hakk and 

Letcher 2003; Lyubimov et al. 1998).  

1.4.2.2 Tetrabromobisphenol A bis(2,3-dibromopropyl ether) (TBBPA-DBPE) 

Tetrabromobisphenol A bis(2,3-dibromopropyl ether), (TBBPA-DBPE, Figure 9), 

is an additive flame retardant used in polymers, including polypropylene, high-density 

polyethylene, low-density polyethylene and high-impact polystyrene. It is commercially 

available as Great Lakes PE-68 or FR-720, and is listed by the OECD as a high-

production-volume chemical. The 2006 production volume of TBBPA-DBPE in China 
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was 4000 tonnes, and in the US production volumes were < 4500 tonnes (Covaci et al. 

2011). TBBPA-DBPE is prepared by reacting TBBPA with allyl chloride followed by the 

addition of two moles of bromine. This BFR has 34% aliphatic bromine and 34% 

aromatic bromine, and a low melting point range (Table 2) which lends to its ability to 

melt -blend into products. It is suitable for use in polyolefin and styrenic resins. TBBPA-

DBPE has recently been identified in the environment (Shi et al. 2009), and as its usage 

increases, concentrations in the environment are expected to rise as well. Presently, there 

is little information regarding the toxicity of TBBPA-DBPE to humans and wildlife, or its 

fate in the environment. The lack of information is largely due to the analytical 

difficulties associated with measuring TBBPA-DBPE in environmental matrices. There is 

cause for concern regarding the potential metabolites and degradation products of 

TBBPA-DBPE. TBBPA-DBPE is a derivative of TBBPA, whose environmental 

distribution and toxicity has been discussed previously (Section 1.3.2.4). TBBPA is the 

brominated form of bisphenol A (BPA). BPA, which despite possessing only mild 

estrogenic activity (compared to 17β-estradiol), has been shown to have a range of 

adverse effects in laboratory animals at high doses (Riu et al. 2011). The structure of 

TBBPA-DBPE also includes 2,3 dibromo-1-propanol (DBP) which was produced in the 

U.S. in 1976 in quantities greater than 4 500 tonnes (Fishbein 1979). DBP was mainly 

used as an intermediate in the preparation of several flame retardants including tris(2,3-

dibromo-propyl phosphate) (Tris). Tris was primarily used to treat children’s sleepwear 

but was banned in 1977 (Blum and Ames 1977). Although production of DBP was 

reduced after 1977, studies have shown that DBP is still detected in indoor air and dust 

(Rudel et al. 2003). 
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1.4.2.3 Bis(ethylhexyl)tetrabromophthalate (BEHTBP) 

Bis(2-ethylhexyl)tetrabromophthalate (BEHTBP, Figure 9) comprises one of the 

brominated chemicals in commercial Firemaster®550 and BZ-54 mixtures (Chemtura 

Corporation), the other brominated component being 2-ethylhexyl-2,3,4,5-

tetrabromobenzoate (EHTeBB), and is considered a replacement for Penta-BDE in 

polyurethane foams. BEHTBP has been in use for over 20 years with annual production 

and/or import volumes in the United States were between 400 and 4 500 tonnes in EPA 

Inventory Update Reporting years (USEPA 2012). There is no production information 

available for EHTeBB (Covaci et al. 2011); however it can be assumed to be similar to 

recent estimates for BEHTBP. BEHTBP has been found in house dust (Stapleton et al. 

2008a), biota (Guerra et al. 2011a; Lam et al. 2009), and in remote atmospheric samples 

(Xiao et al. 2012a). Toxicological data for this BFR is limited, although possible adverse 

health effects of exposure to BEHTBP may be similar to those of its non-brominated 

analog di(ethylhexyl)phthalate (DEHP). DEHP is a commonly used plasticizer that has 

been reported to cause reproductive and developmental toxicities, which have been 

reviewed elsewhere (Latini et al. 2004; Swan 2008).  

1.4.2.4 Decabromodiphenyl ethane (DBDPE) 

Decabromodiphenyl ethane (DBDPE, Figure 9) has been used as an additive 

flame retardant since the early 1990s and has recently been found in environmental 

samples. It is used in high impact polystyrene, wire and cable coverings, textile 

backcoating, and is considered to be a suitable alternative to DecaBDE (de Wit et al. 

2010). The recent phase out and bans of DecaBDE have strengthened the position of 

DBDPE as the preferred BFR for applications in the electrical and electronic equipment 
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domain (referred to as the technosphere), particularly in the European market. 

Measurements of DBDPE in the environment are relatively few, but are increasing, and 

provide evidence that this BFR is widespread and persistent in the environment (Ricklund 

et al. 2010).    

1.4.2.5 Tetrabromoethylcyclohexane (TBECH) 

1,2-Dibromo-4-(1,2-dibromoethyl)cyclohexane, also known as  

tetrabromoethylcyclohexane, (TBECH, Figure 9) and Saytex BCL-462 (Albermarle) is an 

additive BFR used in extruded polystyrene, electrical cable coatings, high impact plastics, 

fabric adhesives, and some types of construction material (de Wit et al. 2010; Tomy et al. 

2008). Production volumes in the US ranged from 4.5 – 230 tonnes/year from 1986 to 

2002, after which there is no production information (Covaci et al. 2011). TBECH is 

synthesized by addition of bromine to vinylcyclohexane, which results in equimolar 

amounts of two diastereoisomers, α- and β-, which under thermally induced conditions 

can further isomerize to two other diastereoisomers δ- and γ- (Gemmill et al. 2011). A 

stereo-selective approach to instrumental analysis for these compounds has been difficult 

due to thermal isomerization in the GC injection port and poor partitioning on GC 

stationary phases (Zhou et al. 2011).  

1.4.2.6 Tetrabromocyclooctane (TBCO) 

1,2,5,6-Tetrabromocyclooctane (TBCO, Figure 9) is a widely used additive flame 

retardant, with applications in textiles, paints, and plastics. TBCO is listed on the non-

Domestic Substance List in Canada, as annual imports are as much as10 tonnes, however, 

production voumes are not available (Covaci et al. 2011). It is prepared by the 
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bromination of 1,5-cyclooctadiene, which results in two diastereomers whose detailed 

structure have been reported by (Riddell et al. 2009). 

1.4.2.7 Hexachlorocyclopentadienyl-Dibromocyclooctane (HCDBCO) 

Hexachlorocyclopentadienyl-dibromocyclooctane (HCDBCO, Figure 9) contains 

both bromine and chlorine elements, and is used as an additive flame retardant mainly in 

styrenic polymers. Currently, there is no information available on production volumes 

(Covaci et al. 2011). Structurally, HCDBCO belongs to the groups of halogenated 

norbornane flame retardants, a subgroup of alicyclic HFRs (Zhu et al. 2008). HCDBCO 

is synthesized by brominating the intermediate product (1,10,11,12,13,13-

hexachlorotricyclo[8.2.1.02.9]trideca-5,11-diene) generated by the reflux reaction of 

hexachlorocyclopentandiene and 1,5-cyclooctadiene (Zhu et al. 2008).  

1.4.2.8 Dechlorane Plus (DP) 

An early chlorinated flame retardant, developed by Hooker Chemical (currently 

OxyChem, Niagara Falls, New York) was called Dechlorane (C10Cl12), and was also 

marketed as a pesticide under the name Mirex. Dechlorane (Mirex) was banned in the 

1970s because of its toxicity and persistence, and subsequently substituted for another 

highly chlorinated flame retardant, Dechlorane Plus (C18H12Cl12). While not a BFR, 

Dechlorane Plus (DP, Figure 9) is a halogenated flame retardant that has recently 

garnered attention due to its detection in environmental media. DP is a high-production 

volume, additive flame retardant, that is a halogenated norbornene derivative containing a 

basic bicyclo[2,2,1]-heptene structure (Shen et al. 2010). DP contains two isomers, syn- 

and anti-DP, both of which have been detected in various matrices around the Great 



61 

 

Lakes. Uses of DP include electrical wires and cables, connectors for computers and 

plastic roofing material. The environmental occurrence of DP was first reported in 2006 

(Hoh et al. 2006) in particle-phase atmospheric samples and sediments near the Great 

Lakes. After this initial, and accidental, detection, DP was identified in several 

environmental compartments in the Great Lakes, and more recently in Asia (Ren et al. 

2008) and Spain (Guerra et al. 2011c). A review of DP and related compounds in the 

environment has recently been completed by Sverko et al. (2011).  

1.4.3 Analytical Methods for Novel HFRs 

Despite the large literature on HFRs, there are a no standard analytical methods 

for sample preparation and instrumental analysis. To address the various techniques 

employed by researchers, Covaci et al. (2007) conducted a review of recent developments 

in analysis of BFRs in abiotic and biotic samples. In general, the analysis of  HFRs is 

usually achieved using gas chromatographic (GC) separation coupled to an electron 

capture detection (ECD), tandem mass spectrometry (MS/MS), or electron-capture 

negative ionization mass spectrometry (ECNI/MS) (Lagalante and Oswald 2008). A 

review of instrumental methods for quantifying PBDEs by Stapleton (2006) outlines the 

advantages and disadvantages of various techniques for injection, GC columns, and 

detectors.  

While GC is generally the method of choice for HFR analysis, liquid 

chromatographic (LC) methods have been increasingly employed for analysis where GC 

determination may be problematic, particularly with respect to hydroxylated and 

methoxylated metabolites (e.g., OH- and MeO-PBDEs), enantiomer specific separations 

(e.g., HBCD), resolving coelution with other halogenated organics, for compounds which 



62 

 

are prone to thermal decomposition or isomerization (e.g., TBCO) and for compounds 

which would require derivatization step (e.g., TBBPA). In their paper, Debrauwer et al. 

(2005) reviewed different atmospheric pressure ionisation techniques (ESI, APCI, and 

APPI) under both positive and negative ionization conditions, to assess the applicability 

of LC/MS for the determination of PBDEs and TBBPA. Of the ionisation techniques, ESI 

and APCI have limited overall applicability as these techniques have largely only been 

successfully applied to the few BFRs they can efficiently ionize, HBCDs and TBBPA. 

APPI is the preferred method of ionization for the determination on higher brominated 

PBDEs (Zhou et al. 2010). Current analytical methods using liquid chromatography 

coupled to mass spectrometry for selected HFRs have been described elsewhere (Cariou 

et al. 2005; Covaci et al. 2009; Guerra et al. 2011b; Lagalante and Oswald 2008). 

To date, many of the monitoring activities of HFRs have been focused on PBDEs, 

HBCD, and TBBPA. There are a large number of other HFRs with various applications 

for which information on their environmental distribution and their potential for human 

exposure is very limited. This lack of knowledge combined with their presence in 

consumer goods, makes it important to analyse and monitor these HFRs in environmental 

matrices. The lack of monitoring has largely been due to the difficulties in measuring and 

quantifying these emerging HFRs, as well as a lack of standards and reference materials 

for these compounds. Reported concentrations of these novel BFRs have largely been a 

result of collateral information resulting from the analysis of traditional BFRs (Ali et al. 

2011b). Consequently, many of the analytical procedures and instrumental analysis for 

the determination of traditional BFRs in various matrices have been applied to these 

novel HFRs. However these traditional methods have not been validated or optimized for 
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the novel HFRs. Lopez et al. (2011) describe and validate an analytical method for the 

extraction, identification, and quantification of novel HFRs in sediments and suspended 

particulate matter, using pressurized fluid extraction followed by several cleanup steps 

(gel permeation chromatography, solid phase extraction, and silica column), before being 

analyzed by GC-ECNI/MS. A  paper by Kolic et al. (2009), outlines a GC coupled with 

High Resolution Mass Spectrometry (HRMS) analytical method for analysis of 17 non-

PBDE HFRs (allyl 2,4,6-tribromophenyl ether [ATE], 2-bromoallyl 2,4,6-tribromophenyl 

ether [BATE], 2,3-dibromopropyl 2,4,6-tribromophenyyl ether [DPTE], 

octabromotrimethylphenylindane [OBIND], pentabromoethylbenzene [PBEB], 

hexabromobenzene [HBB], 1,2-bis(2,4,6-tribromophenoxy) ethane [BTBPE], 

decabromodiphenylethane [DBDPE], Dechlorane Plus [DP], hexachloropentadienyl-

dibromocyclooctane [HCDBCO], tetrabromocyclooctane [TBCO], 2-ethylhexyl-2,3,4,5-

tetrabromobenzoate [EHTeBB], and bis(2-ethyl-1-hexyl)tetrabromophthalate 

[BEHTBP]). The HRMS method limits the number of potential mass inferences, and 

allows for the simultaneous determination of several HFRs to the pg/g level. However, as 

funds and instruments do not always allow for HRMS, other techniques for non-PBDE 

HFRs have been developed. Using the findings of their GC/HRMS study, the same 

laboratory group was able to optimize an LC method for the analysis of these novel 

BFRs, and compare the sensitivity and agreement between previously extracted fish. The 

result was a comprehensive, sensitive LC-APPI-MS/MS method that allowed for the 

determination of 36 novel BFRs in fish (Zhou et al. 2010). The method is optimized for 

numerous BFRs with varying physical and chemical properties and has comparable 

results to the GC/HRMS method.  
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Also noting the reduced availability of HRMS, Ali et al. (2011b) sought to 

develop a rapid and sensitive low resolution GC/MS method for the detection of several 

commonly used and novel BFRs in dust. The authors optimized the sample preparation 

and analysis, using a two-step cleanup procedure followed by GC/ECNI-MS separation 

and detection, with LOQs ranging from 0.5- 20 ng/g for the various BFRs. Geens et al. 

(2010) were able to optimize a GC/EI-MS method for the detection of six novel BFRs. A 

review of analytical aspects, including extraction, cleanup, and instrumental analysis for 

novel HFRs has recently been conducted by Covaci et al. (2011), and are further 

summarized in Table 3 through Table 10. 
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Table 3: Analytical methods employed for the detection of BTBPE 

 

  Pre-treatment 
Extraction 

Procedure 
Clean-up 

Instrumental 

Analysis 

Recovery 

(%) 

RSD 

(%) 

LOD 

(ng/mL, 

ng/g, 

ng/m
3
) 

Reference 

BTBPE 

Household 

air (25m
3
) 

XAD-2 packed 

cassette with 

glass fibre 

filter 

Soxhlet 

(toluene) 

KOH and H2SO4 Silica 

columns, GPC (65:35 

Hex:DCM) 

GC/MS 10m x 

0.25mm i.d. 

0.25µm Equity-5 

column 

18-85% - 0.0118 
(Karlsson et 

al. 2007) 

Household 

dust (1-2g) 
- 

Soxhlet 

(toluene) 

KOH and H2SO4 Silica 

columns, GPC (65:35 

Hex:DCM) 

GC/MS 10m x 

0.25mm i.d. 

0.25µm Equity-5 

column 

53-87% - 0.687 
(Karlsson et 

al. 2007) 

Household 

dust (0.3g) 
- PFE (DCM) 

2.5% deactivated 

Florosil (50mL 50:50 

DCM:Hex) 

GC/MS ECNI 15m 

0.25mm i.d., 

0.25µm 5% phenyl 

methylpolysiloxane 

column 

93 +/- 5% - - 

(Stapleton 

et al. 

2008a) 

Sediment 

(10g) 
Freeze-dried ASE (DCM) 

1.2% deactivated 

Florosil 

GC/MS ECNI 10 

m x 0.25 mm i.d., 

0.25µm DB-5 

column 

- - - 
(Law et al. 

2006b) 

Sediment 

Freeze-dried 

and 

homogenized 

Soxhlet 

(200mL 

50:50 

Hex:Acetone) 

GPC, silica/alumina 

column 

GC/MS ECNI 15m 

x 0.25mm i.d., 0.10 

µm DB-5 HT 

column 

71.9-93.7 

% 
- 8-16 pg/g 

(Shi et al. 

2009) 

Fish  

Homogenized 

and mixed 

with 

diatomaceous 

earth 

ASE (50:50 

DCM:Hex) 

Automated GPC, 1.2% 

deactivated Florosil 

GC/MS ECNI 10 

m x 0.25 mm i.d., 

0.25µm DB-5 

column 

 
- 

 

(Law et al. 

2006a) 

Human blood 
 

SPE (50:50 

DCM:Hex) 

KOH and H2SO4 Silica 

columns 

GC/MS 10m x 

0.25mm i.d. 

0.25µm Equity-5 

column 

- - 1.31 
(Karlsson et 

al. 2007) 
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Gull eggs 

(20g) 

Homogenized 

and ground 

with anhydrous 

sodium sulfate 

Column 

elution 

(50:50 

DCM:Hex) 

Mixed layer silica 

column (neutral, basic 

and acid) 

GC/MS 10 m x 

0.25 mm i.d., 

0.25µm DB-5 

column 

50-166% - 0.02 
(Karlsson et 

al. 2006) 

Gull eggs 

(3g) 

Homogenized 

and ground 

with anhydrous 

sodium sulfate 

175mL of 

50:50 

DCM:Hex 

GPC, SPE, 0.5 g silica 

(12mL 15:85 

DCM:Hex) 

GC/MS 15m x 

0.25mm i.d., 0.10 

µm DB-5 HT 

column 

85-110% 5% 
 

(Gauthier et 

al. 2007) 

Gull eggs 

(3g) 

Homogenized 

and ground 

with anhydrous 

sodium sulfate 

175mL of 

50:50 

DCM:Hex 

GPC, SPE, 0.5 g silica 

(12mL 15:85 

DCM:Hex) 

GC/MS ECNI 15m 

x 0.25mm i.d., 0.10 

µm DB-5 HT 

column 

90 +/- 10% - 
0.05-0.1 

(*MLOQ) 

(Gauthier et 

al. 2009) 

Bird (muscle, 

liver, kidney) 
- 

Soxhlet 

(200mL 

50:50 

Hex:Acetone) 

GPC, silica/alumina 

column 

GC/MS ECNI 15m 

x 0.25mm i.d., 0.10 

µm DB-5 HT 

column 

71.9-93.7 

% 
- 8-16 pg/g 

(Shi et al. 

2009) 

Fish (muscle, 

liver) 
Homogenized 

Soxhlet 

(200mL 

50:50 

Hex:Acetone) 

GPC, silica/alumina 

column 

GC/MS ECNI 15m 

x 0.25mm i.d., 0.10 

µm DB-5 HT 

column 

71.9-93.7 

% 
- 8-16 pg/g 

(Shi et al. 

2009) 

Fish (whole 

fish) 
Homogenized 

ASE (50:50 

DCM:Hex) 

Filtered (1 µm 

polytetrafluoroethylene 

filter), GPC (50:50 

DCM:Hex), Florosil 

column 

GC/MS ECNI 10 

m x 0.25 mm i.d., 

0.25µm DB-5 

column 

85 +/- 3% - 
0.005 ng/g 

ww (MDL) 

(Ismail et 

al. 2009) 

Polar bear 

(fat, 0.5g) 

Homogenized 

with sodium 

sulfate 

PFE GPC, silica SPE 

GC/MS ECNI 15m 

x 0.25mm i.d., 0.10 

µm DB-5 HT 

column 

- - 
0.05 ng/g 

(MLOQ) 

(McKinney 

et al. 2011) 

Invertebrates 

(snail, 

prawn)  

Homogenized Soxhlet 
GPC, multiple silica 

column 
GC/MS ECNI - - - 

(Wu et al. 

2011) 

Tree bark 

(20-30g) 

Cut with 

pruning shears 

Soxhlet 

(50:50 

Hex:Acetone) 

Centrifugation and 

solvent exchange, 

alumina column (8mL 

Hex, 8mL 2:3 

DCM:Hex) 

GC/MS ECNI 15m 

0.25mm i.d., 

0.25µm Rxi-5 MS 

column 

92 +/- 16 % - - 
(Qiu and 

Hites 2008) 
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Table 4: Analytical methods employed for the detection of TBBPA-DBPE 

 

 
Pre-treatment 

Extraction 

Procedure 
Clean-up 

Instrumental 

Analysis 
Recovery (%) RSD (%) 

LOD (ng/mL, 

ng/g, ng/m
3
) 

Reference 

TBBPA-DBPE 

Sediment 

Freeze-dried 

and 

homogenized 

Soxhlet 

(200mL 

50:50 

Hex:Acetone) 

GPC, 

silica/alumina 

column 

GC/MS 

ECNI 15m x 

0.25mm i.d., 

0.10 µm DB-

5 HT column 

87.6-105.5 % - 1.5 
(Shi et al. 

2009) 

Bird (muscle, 

liver, kidney) 
- 

Soxhlet 

(200mL 

50:50 

Hex:Acetone) 

GPC, 

silica/alumina 

column 

GC/MS 

ECNI 15m x 

0.25mm i.d., 

0.10 µm DB-

5 HT column 

87.6-105.5 % - 1.5 
(Shi et al. 

2009) 

Fish (muscle, 

liver) 
Homogenized 

Soxhlet 

(200mL 

50:50 

Hex:Acetone) 

GPC, 

silica/alumina 

column 

GC/MS 

ECNI 15m x 

0.25mm i.d., 

0.10 µm DB-

5 HT column 

87.6-105.5 % - 1.5 
(Shi et al. 

2009) 

 

 

Table 5: Analytical methods employed for the detection of BEHTBP 

 
Pre-treatment 

Extraction 

Procedure 
Clean-up 

Instrumental 

Analysis 

Recovery 

(%) 
RSD (%) 

LOD 

(ng/mL, 

ng/g, ng/m
3
) 

Reference 

BEHTBP 

Household dust 

(0.3g) 
- PFE (DCM) 

2.5% 

deactivated 

Florosil 

(50mL 50:50 

DCM:Hex) 

GC/MS ECNI 15m 

0.25mm i.d., 

0.25µm 5% phenyl 

methylpolysiloxane 

column 

46 +/- 10% - - 
(Stapleton et 

al. 2008a) 

Pererine falcon 

eggs 
Homogenized 

Soxhlet 

(DCM) 

GPC  (50:50 

DCM:Hex) 

GC/HRMS EI 15m 

0.25 mm i.d., 0.10 

µm DB-5HT 

column 

51-85 % 
 

0.6 
(Guerra et al. 

2011c) 
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Fish (whole 

fish) 

Homogenized 

with sodium 

sulfate 

PFE (50:50 

DCM:Hex) 

6% 

deactivated 

alumina 

column 

(50:50 

DCM:Hex) 

GC/MS ECNI 15m 

x 0.25mm i.d., 0.10 

µm 5% phenyl 

methylpolysiloxane 

column 

96.3 +/- 

7.5% 
- - 

(Bearr et al. 

2010) 

Cetacean 

(humpback 

dolphins and 

finless 

porpoises) 

- - 

GPC (90mL 

Hex, 110mL 

50:50 

DCM:Hex) 

GC/MS ECNI 60m 

x 0.25mm i.d. 

0.25µm DB-XLB 

column 

70-120% 10-15% - 
(Lam et al. 

2009) 

 

 

Table 6: Analytical methods employed for the detection of DBDPE 

 
Pre-treatment 

Extraction 

Procedure 
Clean-up 

Instrumental 

Analysis 

Recovery 

(%) 
RSD (%) 

LOD 

(ng/mL, 

ng/g, ng/m
3
) 

Reference 

DBDPE 

Lake water 

(108L) 

XAD-2 packed 

column 

Elution 

(200mL 

MeOH, 

300mL 

DCM) 

Separatory 

funnel  (100 

mL Hex x 3) 

1.2% 

deactivated 

Florosil 

GC/MS 10 m x 

0.25 mm i.d., 

0.25µm DB-5 

column 

- - - 
(Law et al. 

2006a) 

Household air 

(25m
3
) 

XAD-2 packed 

cassette with 

glass fibre 

filter 

Soxhlet 

(toluene) 

KOH and 

H2SO4 Silica 

columns, 

GPC (65:35 

Hex:DCM) 

GC/MS 10m x 

0.25mm i.d. 

0.25µm Equity-5 

column 

18-85% - 0.00784 
(Karlsson et 

al. 2007) 

Outside and in 

of e-waste 

facility 

PUF passive 

sampler 

Soxhelt 

(hexane) 

Florosil 

(20mL Hex) 

GC/MS EI 60m 

0.25mm i.d., 

0.25µm VF5 

column 

53 +/- 15 % - 
40 ng/g 

(LOQ) 

(Muenhor et 

al. 2010) 



69 

 

Household dust 

(1-2g) 
- 

Soxhlet 

(toluene) 

KOH and 

H2SO4 Silica 

columns, 

GPC (65:35 

Hex:DCM) 

GC/MS 10m x 

0.25mm i.d. 

0.25µm Equity-5 

column 

53-87% - 0.455 
(Karlsson et 

al. 2007) 

Household dust 

(0.3g) 
- PFE (DCM) 

2.5% 

deactivated 

Florosil 

(50mL 50:50 

DCM:Hex) 

GC/MS ECNI 15m 

0.25mm i.d., 

0.25µm 5% phenyl 

methylpolysiloxane 

column 

94 +/- 4 % - - 
(Stapleton et 

al. 2008a) 

E-waste 

facility dust 

(0.15-0.25 g) 

Homogenized PFE (Hex) 
Florosil 

(20mL Hex) 

GC/MS ECNI 15m 

0.25mm i.d., 

0.10µm DB-5 

column 

53 +/- 15 % - 
40 ng/g 

(LOQ) 

(Muenhor et 

al. 2010) 

Sediment 

Freeze-dried 

and 

homogenized 

Soxhlet 

(200mL 

50:50 

Hex:Acetone) 

GPC, 

silica/alumina 

column 

GC/MS ECNI 15m 

x 0.25mm i.d., 0.10 

µm DB-5 HT 

column 

72.1-89.3 % 
 

2.5 
(Shi et al. 

2009) 

Human blood - 
SPE (50:50 

DCM:Hex) 

KOH and 

H2SO4 Silica 

columns 

GC/MS 10m x 

0.25mm i.d. 

0.25µm Equity-5 

column 

- - 1.03 
(Karlsson et 

al. 2007) 

Gull eggs (3g) 

Homogenized 

and ground 

with anhydrous 

sodium sulfate 

175mL of 

50:50 

DCM:Hex 

GPC, SPE, 

0.5 g silica 

(12mL 15:85 

DCM:Hex) 

GC/MS 15m x 

0.25mm i.d., 0.10 

µm DB-5 HT 

column 

85-110% 5% - 
(Gauthier et 

al. 2007) 

Gull eggs (3g) 

Homogenized 

and ground 

with anhydrous 

sodium sulfate 

175mL of 

50:50 

DCM:Hex 

GPC, SPE, 

0.5 g silica 

(12mL 15:85 

DCM:Hex) 

GC/MS ECNI 15m 

x 0.25mm i.d., 0.10 

µm DB-5 HT 

column 

90 +/- 10% - 
0.05-0.1 

(*MLOQ) 

(Gauthier et 

al. 2009) 

Bird (muscle, 

liver, kidney) 
- 

Soxhlet 

(200mL 

50:50 

Hex:Acetone) 

GPC, 

silica/alumina 

column 

GC/MS ECNI 15m 

x 0.25mm i.d., 0.10 

µm DB-5 HT 

column 

72.1-89.3 % - 2.5 
(Shi et al. 

2009) 

Fish (muscle, 

liver) 
Homogenized 

Soxhlet 

(200mL 

50:50 

Hex:Acetone) 

GPC, 

silica/alumina 

column 

GC/MS ECNI 15m 

x 0.25mm i.d., 0.10 

µm DB-5 HT 

column 

72.1-89.3 % - 2.5 
(Shi et al. 

2009) 
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Polar bear (fat, 

0.5g) 

Homogenized 

with sodium 

sulfate 

PFE 
GPC, silica 

SPE 

GC/MS ECNI 15m 

x 0.25mm i.d., 0.10 

µm DB-5 HT 

column 

- - 
1 ng/g 

(MLOQ) 

(McKinney 

et al. 2011) 

 

 

Table 7: Analytical methods employed for the detection of TBCO 

 
Pre-treatment 

Extraction 

Procedure 
Clean-up 

Instrumental 

Analysis 

Recovery 

(%) 

RSD 

(%) 

LOD 

(ng/mL, 

ng/g, 

ng/m
3
) 

Reference 

TBCO 

Household dust (100 mg) - - 

Cartrige 

elution (filled 

with acidified 

silica, basic 

silica, or 

Florosil) with 

6mL Hex, 

then 4mL 

DCM 

GC/MS ECNI 

15m 0.25mm 

i.d., 0.10µm 

DB-5 column 

82-88 % - 
20 ng/g 

(LOQ) 

(Geens et al. 

2010) 

Gull eggs (3g) 

Homogenized 

and ground with 

anhydrous 

sodium sulfate 

175mL of 

50:50 

DCM:Hex 

GPC, SPE, 

0.5 g silica 

(12mL 15:85 

DCM:Hex) 

GC/MS ECNI 

15m x 

0.25mm i.d., 

0.10 µm DB-5 

HT column 

90 +/- 10% - 0.05-0.1 
(Gauthier et 

al. 2009) 

 

 

Table 8: Analytical methods employed for the detection of TBECH 

 
Pre-treatment 

Extraction 

Procedure 
Clean-up 

Instrumental 

Analysis 

Recovery 

(%) 
RSD (%) 

LOD 

(ng/mL, 

ng/g, ng/m
3
) 

Reference 

TBECH 
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Household dust 

(100 mg) 
- - 

Cartrige 

elution 

(filled with 

acidified 

silica, basic 

silica, or 

Florosil) 

with 6mL 

Hex, then 

4mL DCM 

GC/MS 

ECNI 15m 

0.25mm i.d., 

0.10µm DB-

5 column 

81-110 % - 
20 ng/g 

(LOQ) 

(Geens et al. 

2010) 

Fish (15 g) 

Homogenization, 

mixed with 

diatomaceous 

earth 

ASE (50:50 

DCM:Hex) 

Automated 

GPC, 1.2% 

deactivated 

Florosil 

GC/MS 15m 

x 0.25 mm 

i.d., 0.10µm 

Restek 1614 

column 

45.5 +/- 0.9 

% 
- - 

(Gemmill et 

al. 2011) 

Gull eggs (3g) 

Homogenized 

and ground with 

anhydrous 

sodium sulfate 

175mL of 50:50 

DCM:Hex 

GPC, SPE, 

0.5 g silica 

(12mL 15:85 

DCM:Hex) 

GC/MS 

ECNI 15m x 

0.25mm i.d., 

0.10 µm DB-

5 HT column 

90 +/- 10% - 0.05-0.1 
(Gauthier et 

al. 2009) 

Beluga 

(blubber, 1g) 
- 

Homogenization, 

centrifugation, 

10mL 45:45:10 

Hex:DCM:Acetone 

Automated 

GPC, 1.2% 

deactivated 

Florosil 

GC/HRMS 

0.25mm i.d., 

0.25µm DB-

5 column 

(60, 30 and 

10m) 

α- 69-92 +/-

13%    β-59-

98 +/-9% 

- 
0.8 pg/g 

(MDL) 

(Tomy et al. 

2008) 

 

 

Table 9: Analytical methods employed for the detection of HCDBCO 

 

Pre-

treatment 

Extraction 

Procedure 
Clean-up 

Instrumental 

Analysis 

Recovery 

(%) 
RSD (%) 

LOD 

(ng/mL, 

ng/g, 

ng/m
3
) 

Reference 

HCDBCO 
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Household air (52.5m
3
) 

PUF passive 

sampler 
- - 

GC/MS NCI 

30m x 

0.25mm i.d., 

0.25µm DB-5 

MS column 

- - 1.3 pg/m
3
 

(Zhu et al. 

2008) 

Household dust - - - 

GC/MS NCI 

30m x 

0.25mm i.d., 

0.25µm DB-5 

MS column 

- 
12,18,97 

and 113 
0.24 

(Zhu et al. 

2008) 

Cetacean (humpback 

dolphins and finless 

porpoises) 

- - 

GPC (90mL 

Hex, 110mL 

50:50 

DCM:Hex) 

GC/MS ECNI 

60m x 

0.25mm i.d. 

0.25µm DB-

XLB column 

70-120% 10-15% - 
(Lam et al. 

2009) 

 

 

Table 10: Analytical methods employed for the detection of DP 

 
  

Pre-treatment 
Extraction 

Procedure 
Clean-up 

Instrumental 

Analysis 

Recovery 

(%) 
RSD (%) 

LOD 

(ng/mL, 

ng/g, ng/m
3
) 

Reference 

DP 

Great Lakes 

Air (~800m
3
) 

High-volume 

air samplers 

fitted with 

XAD-2 resin 

Soxhlet 

(400mL 

50:50 

Acetone: 

Hex) 

3.5% deactivated silica 

column (50:50 

DCM:Hex) 

GC/MS EI 

15m 0.25mm 

i.d., 0.25µm 

DB-5 MS 

column 

98+/- 5 % - - 
(Hoh et al. 

2006) 

Outdoor air 

(China) 

PUF passive 

sampler 

Soxhlet 

(50:50 

Acetone:Hex) 

Fully activated silica 

column 

GC/MS NCI 

30m x 

0.25mm i.d., 

0.25µm DB-

5 MS 

column 

syn-DP 78-

91 +/- 12%                           

anti-DP 76-

85 +/- 9 % 

- 

syn-DP 

0.86pg/m
3
       

anti-DP 

0.88 pg/m
3 

(MDL) 

(Ren et al. 

2008) 
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Sediment (15g) 

Homogenized 

with 

anhydrous 

sodium sulfate 

Soxhlet 

(300mL 

50:50 

Acetone: 

Hex) 

Sulfuric acid addition 

(4mL) and 

centrifugation, alumina 

column (8mL Hex, 

8mL 2:3 DCM:Hex) 

GC/MS EI 

15m 0.25mm 

i.d., 0.25µm 

DB-5 MS 

column 

98+/- 5 % - - 
(Hoh et al. 

2006) 

Sediment (5g) - 
PFE (50:50 

Hex:Acetone) 

Silica column (50:50 

DCM:Hex) 

GC/MS NCI 

30m x 

0.25mm i.d., 

0.25µm DB-

5 column 

78 +/- 12%, 

97 +/- 14% 
- 25-30 pg/g 

(Sverko et 

al. 2010) 

Fish 

Homogenized 

with 

anhydrous 

sodium sulfate 

Soxhlet 

(300mL 

50:50 

Acetone: 

Hex) 

Sulfuric acid addition 

(4mL) and 

centrifugation, alumina 

column (8mL Hex, 

8mL 2:3 DCM:Hex) 

GC/MS EI 

15m 0.25mm 

i.d., 0.25µm 

DB-5 MS 

column 

98+/- 5 % - - 
(Hoh et al. 

2006) 

Gull eggs (3g) 

Homogenized 

and ground 

with 

anhydrous 

sodium sulfate 

175mL of 

50:50 

DCM:Hex 

GPC, SPE, 0.5 g silica 

(12mL 15:85 

DCM:Hex) 

GC/MS 15m 

x 0.25mm 

i.d., 0.10 µm 

DB-5 HT 

column 

85-110% 5% - 
(Gauthier et 

al. 2007) 

Falcon eggs (3-

5g) 
Homogenized 

Soxhlet 

(250mL 

DCM) 

GPC, silica column 

(50:50 DCM:Hex) 

GC-HRMS 

15m x 

0.25mm i.d., 

0.10µm DB-

5 HT column 

- 85-92 % 0.004 
(Guerra et 

al. 2011a) 

Fish (whole 

fish) 
Homogenized 

ASE (50:50 

DCM:Hex) 

Filtered (1 µm 

polytetrafluoroethylene 

filter), GPC (50:50 

DCM:Hex), Florosil 

column 

GC/MS 

ECNI 10 m x 

0.25 mm i.d., 

0.25µm DB-

5 column 

85 +/- 3% - 
0.01 ng/g 

ww (MDL) 

(Ismail et al. 

2009) 

Tree bark (20-

30g) 

Cut with 

pruning shears 

Soxhlet 

(50:50 

Hex:Acetone) 

Centrifugation and 

solvent exchange, 

alumina column (8mL 

Hex, 8mL 2:3 

DCM:Hex) 

GC/MS 

ECNI 15m 

0.25mm i.d., 

0.25µm Rxi-

5 MS 

column 

88 +/- 13 % - - 
(Qiu and 

Hites 2008) 
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1.4.4 Environmental Distribution of the Test Compounds 

BTBPE, TBBPA-DBPE, and the brominated components of FM-550® (BEHTBP 

and EHTeBB) were chosen for study based upon their presence in the Howard and Muir 

list (2010, discussed in Section 1.4), their recent detection in environmental media (Table 

11), as well as the availability of technical and analytical products for purchase.   

Table 11: Environmental distribution of the test compounds 

Abiotic Location BTBPE TBBPA-DBPE BEHTBP 

Dust in 

home 

United 

Kingdom 
120 ng/g [1]* 

  

Dust in 

home 
Boston, USA 18-48 ng/g [2] 

 
65-234 ng/g [2] 

Dust in 

office 

United 

Kingdom 
7.2 ng/g [1] 

  

Air in E-

waste 

facility 

Örebro, 

Sweden 

8.85 ± 2.28 

ng/m
3
 [3]   

Home, 

office and 

day care 

dust 

Belgian 
 

<20-9960 ng/g 
[18]  

Urban air 
Pearl River 

Delta, China 
3.83-67.4 pg/m

3
 

[4] 
131-1240 pg/m

3
 

[4]  

Urban air 
Guangnzhou, 

China 
<MDL-998 ng/g 

[5]   

Sewage 

sludge 

Pearl River 

Delta, China 

0.31-1.66 ng/g 

dry wt [4] 

238-8946 ng/g 

dry wt [4]  

Sediment 
Pearl River 

Delta, China 

0.05-2.07 ng/g 

dry wt [4] 

148-2300 ng/g 

dry wt [4]  

Sediment 
Southern 

China 

4554 ± 608 ng/g 

wet wt [6]   

Sediment 

Lake 

Winnipeg, 

Canada 

<MDL [7] 
  

Water South China 
0.02 ± 0.01 ng/L 

[6]   

Water 

Lake 

Winnipeg, 

Canada 

1.9 ± 0.6 pg/L [7] 
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Seawater 

Barrow Strait, 

Canadian 

Arctic 

0.59 pg/L [8] 
  

Biotic Location BTBPE TBBPA-DBPE BEHTBP 

Carp 

(muscle) 

Pearl River 

Delta, China 
0.15 ng/g lipid wt 

[4] 
<MDL [4] 

 

Carp 
Southern 

China 

518 ±  315 ng/g 

lipid wt [6]   

Carp 
Southern 

China 
<MDL [9] 

  

Walking 

Catfish 

Southern 

China 

<MDL-3.3 ng/g 

lipid wt [9]   

Whitefish 

Lake 

Winnipeg, 

Canada 

0.026-0.22 ng/g 

lipid wt [7]   

White 

Sucker 

Lake 

Winnipeg, 

Canada 

0.19-0.45 ng/g 

lipid wt [7]   

Snail, 

Hydrobiidae 

spp. 

Southern 

China 

1.7-40 ng/g lipid 

wt [9]   

Herring gull 

egg 

Laurentian 

Great Lakes 

0.04-0.70 ng/g 

wet wt [10]   

Glaucous 

gull egg 

Norwegian 

Arctic 

<MLOQ - 0.96 

ng/g wet wt [11]   

Fulmar eggs Faroe Islands 
0.11 ng/g lipid wt 

[12]   
Peregrine 

falcon eggs 
Canada 

13 ng/g lipid wt 
[13]  

1.1- 4.5 ng/g 

lipid wt [13] 

Peregrine 

falcon eggs 
Spain 

3.3-7.4 ng/g lipid 

wt [13]   

Beluga 

whale 

blubber 

Hendrikson 

Island,  

Canadian 

Arctic 

0.1-2.5 ng/g lipid 

wt [14]   

Indo-Pacific 

dolphin 

blubber 

Hong Kong, 

South China   

<0.04-5.3 ng/g 

lipid wt [15] 

Finless 

porpoise 

blubber 

Hong Kong, 

South China   

<0.04-3859 ng/g 

lipid wt [15] 
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*References: [1](Harrad et al. 2008b), [2](Stapleton et al. 2008a), [3](Julander et al. 2005), 

[4](Shi et al. 2009), [5](Wang et al. 2010c), [6](Wu et al. 2010a), [7](Law et al. 2006a), 

[8](Morris et al. 2010), [9](Zhang et al. 2010), [10](Gauthier et al. 2007), [11](Verreault et 

al. 2007), [12](Karlsson et al. 2007), [13](Guerra et al. 2012), [14](Tomy et al. 2008), 

[15](Lam et al. 2009).  

 

1.4.5 Toxicity and Potential for Bioaccumulation  

While methods have been and continue to be developed to detect these novel 

BFRs in environment samples, research into adsorption, distribution in tissues and 

organs, metabolism, and excretion (ADME) has yet to catch up.  Without a better 

understanding of ADME, mechanisms of toxicity will be difficult to determine. Important 

factors such as breakdown in the gastrointestinal tract, absorption of the parent molecule 

into systemic circulation, and metabolism have the ability to mitigate or exacerbate the 

toxicity of a compound. By determining the primary routes and rates of excretion as well 

as the distribution of these novel BFRs and their metabolites in vivo a better 

understanding of their potential toxicity will be gained. 

1.4.5.1 BTBPE 

Despite its recent use as a replacement BFR, BTBPE has been studied the most 

extensively owing to its prior use in other applications, and as such there is more 

information regarding its ADME properties. Hakk et al. (2004), used a single oral dose of 

14
C- BTBPE to examine the ADME properties in male rats. The authors found very poor 

absorption of BTBPE through the intestine (less than 2.0 % of dose), and rapid excretion 

through the feces (100% for un-cannulated rats, and 94% for bile-duct cannulated rats 

after 72 h). The distribution of BTBPE in the rat was driven by lipid-content of tissues 

with the thymus having the greatest concentration (1.3 nmol/g), followed by the adipose 
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tissue (1.2 nmol/g), adrenals (1.0 nmol/g), liver (0.2 nmol/g), and kidney (0.1 nmol/g). 

The biotransformation of BTBPE was determined by the presence of metabolites in the 

feces and, to a lesser extent, urine and bile. Less than 4% of the dose was subject to 

metabolism, including a series of oxidations, debrominations, and ether cleavages. Fecal 

metabolites were characterized as monohydroxylated, monohydroxylated with 

debromination, dihydroxylated/debrominated on a single aromatic ring, 

monohydroxylated on each aromatic ring with accompanying debromination, and 

cleavage on either side of the ether linkage to yield tribromophenol and 

tribromophenoxyethanol. The metabolites observed in the Hakk study were not seen in a 

juvenile rainbow trout (Oncorhynchus mykiss) feeding study by Tomy et al. (2007), likely 

owing to the reduced hydroxylation ability of fish. The Tomy et al. study did report a 

slightly increased availability of BTBPE (27% assimilation efficiency) in fish compared 

to the rat (Hakk et al. 2004). As well, the elimination rates in the rainbow trout were 

significantly longer (half-life = 54 d) than those in the rats, further highlighting the 

differences in ADME between the species. 

Very little quantitative data are available for these novel BFRs, especially with 

regard to trophic transfer. The highest concentrations of these novel BFRs are frequently 

near e-waste sites (particularly in Southern China) and, as such, these areas represent 

good study sites for examining trophic transfer of these compounds. In an aquatic food 

web study in Southern China, BTBPE was measured in fish at concentrations 2 orders of 

magnitude greater (518 + 277 ng/g lipid wt in mud carp, (Wu et al. 2010a)) than those 

seen in fish from Lake Winnipeg, Canada (3.72 ng/g lipid wt, (Law et al. 2006a)) and in 

lake trout from Lake Ontario (0.6-2.6 ng/g lipid wt, (Ismail et al. 2009)). In the Lake 
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Winnipeg food web, the TMF for BTBPE was calculated as 1.0 indicating a potential for 

trophic magnification, however in the Southern China study, the TMF was calculated as 

0.4, indicating trophic dilution. Trophic dilution suggests that biotransformation or 

metabolism of BTBPE is taking place in higher trophic level organisms. In follow-up 

study, Wu et al. (2011) determined the bioaccumulation factors (BAFs) of several current 

and novel BFRs. They found that BTBPE had a log BAF (> 3.7, BAF > 5000) that was 

greater than or comparable to PBDE congeners with similar KOW values, for most of the 

investigated species, (approximate values, Chinese mystery-snail (Cipangopaludina 

chinesis) = 4.2, prawn (Macrobrachium nipponense) = 4.8, Mud carp (Cirrhinus 

molitorella) = 5.3, Crucian carp (Carassius auratus) = 4.1, Northern snakehead 

(Ophicephalus argus) = 3.8, and Water snake (Enhydris chinesis) =5.7), indicating that 

BTBPE is highly bioaccumulative. The authors observed significant positive linear 

relationship between log BAF and log KOW, even for BTBPE, which has a log KOW (7.8) 

above the optimal accumulation range of 5-7. It is unclear why the BAF of BTBPE 

increased, while the BAF of PBDE congeners with similar log KOW (e.g., BDE-99, log 

KOW = 7.2) generally decreased (Wu et al. 2008).  

The relationship between trophic level of birds and the concentration of BFRs has 

been performed for select group of novel HFRs (BTBPE, DP, 2,3,4,5,6-pentabromoethyl 

benzene [PBEB] and pentabromotoluene [PBT]); however, due to its low detectability in 

the samples, BTBPE could not be assessed. Concentrations of PBEB and PBT were both 

positively correlated with trophic level indicating biomagnification; while the 

concentration of both enantiomers of DP showed no correlation with trophic level (Zhang 

et al. 2011).  
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A recent study by Egloff et al. (2011) using in ovo (chicken embryos) and in vitro 

(primary cultures of chicken embryonic hepatocytes) approaches assessed the overt 

toxicity and various transcriptional responses (hepatic messenger RNA expression levels 

of 11 transcripts) of several novel BFRs, including BTBPE and BEHTBP. The authors 

found that neither hepatocyte viability nor embryonic success were affected by the BFRs 

over a range of concentrations (0.1 – 10 mg/mL), however the BTBPE exposure (>0.03 

µM injection) caused up-regulation of CYP1A4/5 and down-regulation of type III 

iodothyronine 5’-deiodinase. 

1.4.5.2 TBBPA-DBPE 

Knudsen et al. (2007) used 
14

C-TBBPA-DBPE in oral and intravenous (IV) 

dosing studies with rats to investigate ADME in male rats. They noted that TBBPA-

DBPE was poorly absorbed into systemic circulation, and calculated the maximum 

bioavailability to be 2.2 % following oral administration. Once the TBBPA-DBPE was 

absorbed, the concentration-time profile of 
14

C revealed a half-life of elimination from 

the blood to be 13.9 h. As with traditional BFRs, TBBPA-DBPE was found to be 

distributed along tissues with lipid content and, 96 h following IV administration, 7.5% 

of the TBBPA-DBPE was distributed in the liver, followed by the adipose tissue (2.5 %), 

muscle (2.2 %), GI tract tissues (1.7 %), skin (1.1 %), and lung (0.2 %). After 96 h 

following oral administration, less than 1% of the dose was measurable in any tissues. 

Animals euthanized at 6, 24, and 72 h following oral administration the liver contained 

4.8, 0.9, and 0.6% of the administered dose, respectively. The rapid clearance from the 

liver suggests that TBBPA-DBPE could be undergoing metabolism; however, an in vitro 

study with rat hepatocytes and rat liver microsomal proteins carried out in parallel found 
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no evidence of metabolism. The authors did note that there were metabolites detected in 

fecal and biliary extracts, however the structural elucidation of these compounds was not 

attempted. The clearance observed is due to the elimination of TBBPA-DBPE through 

the feces; greater than 85% of the orally administered dose was eliminated through the 

feces after 96 h. Knudsen et al. conclude that, in rats, TBBPA-DBPE exhibits low 

systemic bioavailability due to its poor absorption from the gut. The small fraction of 

TBBPA-DBPE that was absorbed was retained in the liver and slowly eliminated in the 

bile. The presence of metabolites in the feces and bile suggested that slow hepatic 

metabolism may be occurring and should be explored further.  

There are limited data regarding the ADME properties of TBBPA-DBPE in fish. 

The maternal transfer and elimination of TBBPA-DBPE was examined in zebrafish by 

Nyholm et al. (2008). The authors found significant transfer (an egg to fish concentration 

ratio greater than 1) of TBBPA-DBPE to the eggs, and noted that hydrophobic 

compounds are more efficiently transferred to the egg than less hydrophobic compounds. 

The ability of TBBPA-DBPE to undergo maternal transfer to fish eggs represents a 

potential risk to the developing embryo.  

1.4.5.3 BZ-54 

Firemaster BZ-54 is a commercial mixture containing bis(2-

ethylhexyl)tetrabromophthalate (BEHTBP) and 2-ethylhexyl-2,3,4,5-tetrabromobenzoate 

(EHTeBB). Little is known about the toxicology of either of these compounds, and there 

are limited data on ADME. In a feeding study with fathead minnow (Pimephales 

promelas) Bearr et al. (2010), found that only 0.59 and 0.19 % respectively of the daily 

dosage (1 mg /fish/day) for BEHTBP (referred to as TBPH) and EHTeBB (referred to as 
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TBB) were accumulated in the fish fed BZ-54 . It was unclear the degree to which the 

parent compounds were being absorbed or directly eliminated, and there is no 

information available on the distribution of these compounds within the fish. The 

minimal accumulation of the compounds may be attributed to the rapid metabolism, as 

demonstrated by the large number of brominated metabolites seen in BZ-54 exposed fish. 

In an in vivo study run in parallel with liver microsomes of common carp (Cyprinus 

carpio), they found that EHTeBB was effectively metabolized (~73% after 24 h), 

whereas BEHTBP showed no signs of metabolism (Bearr et al. 2010).  

While the study by Egloff et al. (2011) found none of the gene targets to be 

responsive to exposure to BEHTBP, the study by Bearr et al. noted damage to integrity of 

the DNA strand, which can be the result of altered glutathione levels, which serve to 

modulate reactive oxygen species which can cause DNA damage. Using the comet assay, 

the authors detected significant (p< 0.05) damage to DNA in the liver (but not in the 

blood) of fish exposed to BZ-54. After the 28-d depuration period, levels of damage were 

reduced in significance and no longer different from the control treatment.  

1.4.5.4 Summary of the Toxicity Novel BFRs  

There is a paucity of toxicity and environmental fate information for these novel 

BFRs. Particularly lacking are studies that take place under environmentally realistic 

conditions, and outside of laboratory conditions. Mesocosm type experiments represent a 

great tool for expanding knowledge of both the toxicity and environmental fate of these 

compounds, under semi-natural and semi-controlled conditions. 
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1.5 Mesocosms 

1.5.1 Definition 

The term “cosm” has been adopted to include discussion of both micro- and 

mesocosms. Cosms are limited in size, time, and mass of both biotic and abiotic 

components. They have boundaries that restrict interaction with the rest of the ecosystem 

(Rand et al. 2000). Odum (1984) defines mesocosms as replicable, artificially bounded 

subsets of naturally occurring environments with several trophic levels. These systems 

provide a bridge between oversimplified single-species laboratory toxicity tests and field 

bioassessments, which can be logistically complicated, prohibitively expensive, and 

inherently variable (Stanley et al. 2005). Aquatic cosms can range from small (<1 m
3
) 

indoor or outdoor experimental microcosms, to larger (>1 m
3
) mesocosms, limnocorrals, 

or streams (Boyle and Fairchild 1997). A common form of an aquatic mesocosm is a 

pond, containing natural water and sediment and a community consisting of at least 

micro-organisms, plankton, macrophytes, macroinvertebrates, or even small fish. The 

utility of ponds as models for addressing questions in ecology and evolutionary biology 

has been demonstrated (De Meester et al. 2005). Mesocosm research has primarily been 

directed at four aspects of the assessment of xenobiotics: 1) estimates of the fate of a 

chemical (Bestari et al. 1998; Fairchild and Sappington 2002; Farmer et al. 1995; Lam et 

al. 2004); 2) assessment of the primary,direct effects on organisms (Gillespie et al. 1996); 

3) validation of mathematical models of fate and effects (Sanderson et al. 2007); and 4) 

determination of secondary and tertiary indirect effects (Baxter et al. 2011). 

1.5.2 Benefits of Mesocosm Studies 

Laboratory-based single-species toxicity tests are the most frequent source of 

effect data in hazard and risk assessments (Van den Brink et al. 2005). The relatively low 
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cost, and high degree of standardization and reproducibility are the major advantages of 

these assays. However, in laboratory systems, the possibility of biotic and abiotic 

degradation and inactivation due to sorption to organic and inorganic materials is 

minimized. Therefore the dose experienced by organisms and the potential for effects is 

maximized, possibly leading to overestimation of the risk (Boyle and Fairchild 1997). 

Mesocosms contain natural, mitigating factors that may act to reduce actual exposure 

under field conditions, providing a more realistic result, as opposed to a more 

conservative laboratory assay. Laboratory studies provide relevant information for acute 

and chronic toxicity of hazardous substances for a single-species; however, they do not 

reflect the responses at a population level and thus do not provide adequate information 

for evaluating the potential impact of chemicals on an ecosystem (Rand et al. 2000).   

Most environmental risk assessments aim to protect populations and/or 

communities, and the best way to study effects on a population is to study the population. 

This may be achieved by conducting field studies, where it is possible to examine a 

treated or impacted situation and compare it to a control or reference site, or to compare 

endpoints in a before and after scenario (La Point and Perry 1989). While field based 

assessments provide a great deal of information, they are often limited by lack of 

replication and range of concentration-responses to adequately characterize the effect. 

Mesocosm studies act as surrogates for full field studies (Culp et al. 2000).  

As enclosed experimental units, mesocosms offer greater tractability than whole-

ecosystems manipulations, and are smaller and less complex than natural ecosystems; yet 

they allow the use of relevant biological conditions (ambient abundance of natural biota), 
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while maintaining the statistical power through replication of treatments and precise 

regulation of concentrations and other physico-chemical variables (Pestana et al. 2009).  

Mesocosm studies require the characterization of the system and establishment of 

“normal” condition, such that cause and effect relationships can be attributed to an added 

stressor. Mesocosm studies should be consistent and repeatable, and the effects observed 

need to be consistent with causation. Ledger et al. (2008) suggest that the utility of 

mesocosms depends on two key factors: the degree of extraneous variability among 

replicates and the extent to which conditions mimic those of natural systems. 

1.5.3 Challenges Associated with Mesocosm Studies 

For a mesocosm study to be effective, it is important to understand and 

acknowledge the limitations of the data, and accordingly design the study to maximize 

sensitivity (Hanson et al. 2003).The limitations of these can be attributed to a variety of 

experimental, analytical, and ecological constraints (Wong et al. 2004). The experimental 

design of a mesocosm study is important because it determines the power to identify 

effects as well as to determine the confidence associated with the reported observations. 

The design influences how the treatment levels are established, and the specific endpoints 

to be measured are determined by the objectives of the study, and are not necessarily 

affected by the experimental design (Rand et al. 2000).  

One of the major trade-offs of the increased environmental realism associated 

with mesocosm studies, is the increased variability of the measured variables and the 

difficulty in detecting effects (Pratt and Bowers 1992). The variability observed within 

and between natural systems makes designing statistically powerful studies difficult. 

Sources of variation may be structural, physicochemical, or biotic and can be due to 
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differences among systems prior to initiation or that occur during the study. The high 

degree of variability increases the likelihood of committing a Type II error (incorrectly 

accepting a false negative) (Hanson et al. 2003). The power to detect effects of treatment 

depends upon the magnitude of the effects, the degree of within-treatment variability, and 

the degree of treatment replication; the greater the within-treatment variability the more 

replication is needed. Replication is a problem in many mesocosm studies and 

consequently emphasis has been placed on modifying mesocosm design to increase 

standardization and reduce within and between system heterogeneity (Smith and 

Mercante 1989). 

1.5.3.1 Ecological Relevance 

One of the greatest challenges of mesocosm derived results, whether toxicity or 

fate and behavior of a chemical, is the extrapolation to more complex natural ecosystems. 

In order to achieve the desired level of realism it has been suggested that mesocosms 

should include all trophic levels, many compartments, structures similar to natural 

conditions, similar flora and fauna that is representative of the natural field environment 

(Williams et al. 2002). While mesocosms strive for realism, no study can be an exact 

model of a natural system. One of the main obstacles in achieving that level of realism is 

scale. The scale of experimental units (mesocosms) is a problem as all of the ecological 

components and processes occurring in the field (mainly lakes and rivers) cannot be 

scaled down to the mesocosm (Ahn and Mitsch 2002). While, mesocosms may not 

accurately represent lotic systems, they can be used as representatives of small bodies of 

water (i.e., ponds) quite accurately. In addition to scale, the shape of the mesocosm may 

also have an effect on their ability to accurately describe pond ecosystems. The physical 
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design of many mesocosms (e.g., uniform depth usually greater than 1 m, steep edges) 

more closely resembles the center of a deep pond, rather than a whole pond ecosystem 

(Williams et al. 2002), which may limit the extrapolation potential of the results. 

Additionally, it has been suggested that the majority of chemical and biological activity 

occurs at the edges of mesocosms (Draggan and Van Voris 1979), and as such there is the 

potential for the creation of microhabitats or processes, which are not reflected in the 

natural environment. This wall effect can influence turbidity, pH, nutrient supply, and 

microbial growth on enclosure walls, and will typically increase as the duration of the 

mesocosm experiment is lengthened (Wozniak et al. 2008). When designing and 

interpreting mesocosm studies, it is important to consider what type of environment the 

cosm is meant to represent, and whether it is representative of the ecosystem for which it 

is meant to be a surrogate.  

Despite the limitations of cosm studies, they are an essential tool in risk 

assessment, and bridge the gap between controlled, single-species laboratory tests and the 

more variable natural environment (Rand et al. 2000). Mesocosm studies have been 

utilized for examining the effects of a wide variety of compounds, in a wide range of 

organisms.  

1.5.4 Utility of Mesocosm Studies 

1.5.4.1 Environmental Fate Studies 

Mesocosms are particularly useful in studies of chemical fate. Factors that should 

be considered in the assessment of the environmental fate of a chemical include physical 

differences such as solar radiation, temperature, transparency of the water; chemical 

differences such as concentration of critical inorganic nutrients, pH, and buffering 
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capacity; and biological differences such as macrophyte population, levels of planktonic 

organic carbon, and rates of metabolic activity (Boyle and Fairchild 1997). These 

conditions will vary regionally according to climate, geology, landform, and resident 

biological communities. Through various statistical techniques the role of these 

factors/conditions on the partitioning, sorption, degradation, and bioavailability of a 

chemical can be examined.  

1.5.4.2 Invertebrate Community Responses 

Mesocosm experiments using natural communities optimize the probability of 

detecting effects (Pratt and Bowers 1992); particularly sub-lethal, population-level 

responses which are of great importance to natural ecosystems. The application of in situ 

bioassays to obtain reliable and sensitive measures of effects is becoming an increasingly 

popular tool for maintaining realism and reducing variability in mesocosm studies. In situ 

bioassays deployed within semi-field experiments have the advantage of testing selected 

species under realistic field conditions compared to laboratory tests and provide a 

mechanistic explanation of effects by linking organism-level physiological or behavioural 

responses and community functional parameters (Caquet et al. 2007). For example, in 

situ Hyalella cages have frequently been used in field studies (Borgmann et al. 2007b; 

Couillard et al. 2008; Golding et al. 2011b).  While these cage-studies have mainly 

focused on metals, they have proven to be useful for assessing accumulation and toxicity. 

In situ artificial samplers, such as Hester Dendy samplers, mimic snags (logs, 

limbs, twigs, and other woody debris), an important habitat for benthic invertebrates, 

resulting in microhabitat standardization, thus decreasing sampling variability and 

permitting comparisons between sites and studies. However, the creation of a 
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microhabitat also acts as a disadvantage as it promotes selectively for specific organisms, 

most commonly the scraper and filterer taxa of the benthic assemblages (Barbour et al. 

1999). Thus artificial samplers may not be fully representative of the benthic assemblage 

at a sampling site. In field settings, artificial samplers present a significant time constraint 

not apparent with traditional sampling (i.e., kick net). Artificial substrates must be 

deployed, and then left for a colonization period (on average 8 weeks), then retrieved. 

During their deployment there is the potential for the loss of the sampler or perturbation 

caused by sedimentation, extremely high or low flows, or vandalism. Therefore the use of 

artificial samplers in rapid biological assessments may not be appropriate; however, in a 

mesocosm setting, where disturbance of substrate could compromise our understanding 

of chemical fate, artificial substrates are ideal. 

Mescocosms are routinely used to gain a mechanistic understanding of pattern 

and process in benthic assemblages, including aspects of community composition, 

disturbance-diversity relationships, secondary productivity, and structure and function of 

biofilm (Ledger et al. 2008). Macroinvertebrate community structure is commonly used 

as an indicator of the condition of an aquatic system, and changes in the presence/absence 

and abundance can indicate that the physical and/or chemical conditions are outside their 

preferred limits (Barbour et al. 1999). Presence of numerous families of highly tolerant 

organisms usually indicates poor water quality or impact due to contamination. Because 

of the utility of community structure information, the establishment of effective methods 

for estimating the abundances of macroinvertebrates, and changes in community 

composition, are crucial in biological monitoring of water quality. The use of in situ 

samplers for collecting the benthic assemblages has not been widely reported in 
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mesocosm studies; however, they have been successfully applied in stream mesocosms 

(Shaw and Manning 1996). 

1.5.4.3 Bioaccumulation in Fish 

Bioaccumulation of a chemical is the result of a mix of physiological and physical 

processes: absorption, distribution, metabolism and excretion, and is further defined in 

“A Textbook of Modern Toxicology 4
th

 Edition” (2004), and is summarized below. 

Absorption is the transport across a biological membrane into systemic circulations (e.g., 

across fish gills, intestine, skin) after the introduction of a chemical through food, water, 

air, sediment or soil. After absorption, a chemical can bind to plasma proteins for 

circulation throughout the body, as well as to tissues components such as fat or bone, this 

is distribution. The chemical can be distributed to a tissue and elicit a toxic response; 

other tissues might serve as permanent sinks (e.g., fat) or as temporary depots, allowing 

for slow release into circulation. During phase-I biotransformation reactions, a polar 

group is introduced into the molecule that increases its water solubility and renders it a 

suitable substrate for phase-II reactions. In phase-II biotransformation reactions, the 

(parent or altered) molecule combines with an endogenous substrate and can be readily 

excreted. This is generally a detoxification process. Excretion refers to the process by 

which a chemical is eliminated from the body through endogenous waste. Chemicals can 

be excreted directly through the gills or broken down and ultimately excreted as CO2, 

H2O, etc. Polar molecules that are freely soluble in plasma can be removed through renal 

filtration and passed into urine. Lipophilic chemicals can be conjugated and excreted in 

bile. Bioaccumulation is typically assessed using laboratory exposures, which have been 

highly standardized and verified (OECD 305). Verification of bioaccumulation also 
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comes from direct measurement of the contaminant in the field. However, attributing 

sources and pathways in the field can be difficult. Mesocosm studies on bioaccumulation 

are useful because they control the source, as well incorporate the natural processes of 

binding and degradation that might not be present in a laboratory exposure. In concert 

with bioaccumulation studies, it is also useful to examine toxicological effects in the fish. 

These can range from physical to biochemical responses. Previously this has been done 

with limited success because of large variation in the fish and the endpoints. However, a 

useful biomarker in fish for certain types of endocrine disruption is the induction of 

vitellogenin.  

Vitellogenin (VTG) is a phospholipoglycoprotein manufactured in the liver of 

mature female fish in response to increasing circulating estrogen levels leading up to 

spawning. This egg yolk precursor is present in very small amounts in males and 

immature females, but exposure to exogenous estrogen receptor agonists has been shown 

to result in elevated concentrations in their plasma (Liu et al. 2007). The synthesis of 

VTG in the liver is under the control of the estrogen receptor and is induced by estrogens. 

Male fish normally do not have measurable quantities of VTG, because of their relatively 

small plasma concentrations of endogenous estrogen. However, the liver is capable of 

synthesizing and VTG in response to exogenous estrogen stimulation. Induction of VTG 

in hepatocytes of fish has been utilized for chemical screening and environmental 

monitoring for estrogenic substances and is considered a reliable biomarker for exposure 

to environmental estrogens or xenobiotics with estrogenic (Chang et al. 2005) (Liu et al. 

2007), (Kuiper et al. 2007a).  
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1.5.5 Guelph Microcosm Facility 

The University of Guelph Microcosm Facility is located at the Guelph Turfgrass 

Institute (ON, Canada) and consists of 30 artificial cosms of approximately 12 000L. The 

mesocosms have a depth of 1.2 m and a diameter of 3.9 m, and are filled with water to a 

depth of approximately 1 m. The water supply for the mesocosms is an irrigation pond 

(62 x 62 x 4 m deep) supplied by a well located on site. The cosms have been used for a 

variety of experiments investigating the environmental fate and toxicity of different types 

of compounds, the breadth of which is discussed in Section 8.9.6. The Guelph 

Microcosm Facility provides an appropriate and suitable environment for testing the fate 

and effects of these novel BFRs. 

1.6 Summary and Objectives  

Traditional BFRs are widely distributed, persistent and bioaccumulative in 

freshwater, estuarine, and marine biota. Novel BFRs are starting to be detected in various 

environmental compartments and may pose similar risks as their traditional counterparts. 

The sparse data regarding novel BFRs, especially the compounds studied in this thesis, is 

further limited by having largely been collected under laboratory conditions. Many 

questions regarding the fate and toxicity of these compounds remain to be addressed. The 

main objective of this thesis was to determine the fate and pathways of uptake and 

degradation of these novel BFRs in the aquatic environment and biota. The research 

described in this thesis used mesocosms and caged aquatic organisms to replicate natural 

conditions and control for confounding factors commonly observed in field studies. In 

order to address the main objective the following goals were met;  

1. Produce an analytical procedure for extraction and analysis of non-PBDE BFRs  
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2. Determine the fate and behavior of non-PBDE BFRs with respect to degradation 

and partitioning between water, sediment, and biota  

3. Determine the effect of the compounds on the composition of the benthic 

macroinvertebrate community   

4. Determine the impacts of the compounds on the growth and survivability of 

Hyalella azteca, exposed via the water column and in association with sediments.  

5. Determine the bioavailability and effects of these compounds in fathead minnow 

(Pimephales promelas), under semi-natural conditions   

1.7 Hypotheses 

The aim of this thesis is to assess the environmental fate of these compounds 

under environmentally realistic conditions and to investigate the effects of exposure on 

the health and development of aquatic invertebrates and fathead minnows (Pimephales 

promelas). Based on their structure and limited literature, these novel BFRs should be 

poorly absorbed. The literature has shown that these compounds can be metabolized and 

that there is the potential for sub-lethal effects in fish. Based on responses to analogous 

compounds such as phenolics and phthalates, these compounds may have estrogenic 

activity that could result in altered growth or reproductive outcomes. It is hypothesized 

that these non-PBDE BFRs will not be as toxic or persistent as the PBDE counterparts, 

specifically that these compounds will; 

 Rapidly dissipate from the environment and not persist in the mesocosms 

 Have no impact on the growth or reproduction of Hyalella azteca 

 Have no impact on the composition of the benthic macroinvertebrate community  
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 Have limited bioavailability to fathead minnows and will not result in alterations 

to physical or biochemical endpoints. 
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2 In silico Approaches to Modelling the Fate and Toxicity of Non-

Polybrominated Diphenyl Ethers Brominated Flame Retardants 

 

2.1 Abstract 

The criteria for classifying a compound as a persistent organic pollutant (POP) 

include measures of persistence and long range transport potential (P), bioaccumulation 

potential (B), and toxicity (T). The experimental determination of these factors is time 

consuming and expensive. As such, a wide range of software tools have been developed 

for predicting physicochemical properties, environmental behaviour, and toxicological 

endpoints. In this study we used a variety of in silico techniques to assess the PBT 

properties of emerging brominated flame retardants (BFRs). These BFRs have been 

identified as replacement compounds for the recently phased out and banned 

polybrominated diphenyl ethers (PBDEs), however very little is known about the PBT 

properties of these compounds. We compared the in silico results from these emerging 

BFRs to those of traditional BFRs and structurally similar compounds. In most cases the 

emerging BFRs had characteristics which were similar or worse than their PBDE 

counterparts; however they still exhibit PBT characteristics. Based on these preliminary 

findings, there is sufficient indication that these compounds are PBT. 

2.2 Introduction 

The potential impacts of anthropogenic compounds with persistent, 

bioconcentrative/bioaccumulative, and toxic (PBT) properties on ecosystems are of 

special concern for environmental risk managers (Gobas et al. 2009; Howard and Muir 

2010; Wang et al. 2008). This has led to increasing international efforts to identify 
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chemicals with PBT properties, as highlighted by the United Nations Stockholm 

Convention enacted in 2004 (www.pops.int). Different jurisdictions are trying to achieve 

the goals of the Stockholm Convention in various ways. For example, in Canada the 

Domestic Substances List (DSL) was used to assess 23 000 existing commercial 

substances of which 4 300 substances were categorized “in” (meaning potentially having 

PBT characteristics, and also based on high production volumes) and are currently being 

assessed under the Chemical Management Programme (Muir and Howard 2006). In 

Europe under the Registration, Evaluation, and Authorization of Chemicals (REACH) 

program 143 000 chemicals have been pre-registered, and it is unclear how many will 

require further, full assessments (Weisbrod et al. 2006). For the overwhelming number of 

these chemicals, there is currently a lack of measured data, and so computer based (in 

silico) techniques have been developed around environmental fate, bioconcentration and 

bioaccumulation, and toxicity.  These in silico methods are appealing as they are fast, 

cost efficient, and can be applied even when a compound is not physically available 

(Helma 2006).  Persistence can be predicted from models using real half-life data, or by 

an inverse property, biodegradability. Bioaccumulation can be predicted from physico-

chemical properties, such as the octanol/water partition coefficient (log KOW), and 

molecular size. Toxicity can be predicted from existing animal toxicity data by read 

across from related compounds, or by structural similarities. These models are used 

extensively to address these data gaps and develop relative rankings of potential hazards 

for further testing and assessments. Screening chemicals for PBT properties in silico 

improves efficiency of the chemical evaluation process by minimizing the number of 

chemicals that require a more demanding, time-consuming, and costly evaluation of risk 
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(Gobas et al. 2009). The criteria for screening chemicals as PBT as suggested under 

various international regulations are listed in Table 12.  

Table 12: Criteria for identifying PBT compounds according to REACH, CEPA, and US 

TSCA.  

 
Criteria 

 
REACH CEPA US TSCA 

Persistence 

Half-life (days) in:  

a) marine water > 

60   

b) fresh- or 

estuarine water > 40  

c) marine sediment 

>180  

d) fresh or estuarine 

water sediment > 

120  

e) soil > 120 

Half-life (days) in:  

a) air > 2  

b) water > 182  

c) sediments > 365  

d) soil > 182  

Half-life (days) in:  

a) water, soil, and 

sediment > 60  

b) air > 2 

Bioaccumulation 
BCF > 2000, 

log BCF > 3.3 

a) BCF/BAF > 

5000, log BCF/BAF 

> 3.7 

b) log KOW > 5 

BCF > 1000, log 

BCF > 3 

Toxicity 

a) long term NOEC 

for marine or 

freshwater 

organisms < 0.01 

mg/L,  

b) classified as 

carcinogenic, 

mutagenic, or toxic 

to reproduction,  

c) other evidence of 

chronic toxicity 

a) have or may have 

an immediate or 

long-term harmful 

effect on the 

environment or its 

biological diversity 

b) constitute or may 

constitute a danger 

to the environment 

on which life 

depends 

c) constitute or may 

constitute a danger 

in Canada to human 

life or health 

a) low concern >10 

mg/L  

b) moderate concern 

0.1 - 10 mg/L  

c) high concern < 

0.1 mg/L 

REACH- Registration, Evaluation, and Authorization of Chemicals, CEPA – Canadian 

Environmental Protection Act, TSCA – Toxic Substances Control Act 

 

A group of compounds that warrants initial screening using in silico modeling are 

the novel brominated flame retardants (BFRs) currently in global commerce. These novel 
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BFRs (e.g., bis(tribromophenoxy)ethane [BTBPE], tetrabromobisphenol A bis(2,3-

dibromopropyl ether) [TBBPA-DBPE], bis(2-ethylhexyl)tetrabromophthalate 

[BEHTBP], and 2-ethylhexyl-2,3,4,5-tetrabromobenzoate [EHTeBB]) are far less studied 

and characterized than the traditional BFRs (e.g., polybrominated biphenyl ethers 

[PBDEs], and tetrabromobisphenol a [TBBPA]), and as such there is a paucity of data 

regarding their phys-chem properties, environmental fate, and potential toxicological 

effects.  

The objectives of this study were to use in silico techniques to characterize the 

physicochemical properties, environmental fate and partitioning behavior, bioavailability, 

and toxicity of selected novel BFRs; BTBPE, TBBPA-DBPE, BEHTBP, and EHTeBB. 

The resulting data were then compared to traditional BFRs (e.g., polybrominated 

biphenyl ethers [PBDEs], and tetrabromobisphenol a [TBBPA]) and structurally similar 

compounds (e.g., di(2-ethylhexyl)phthalate [DEHP]), to determine if these replacement 

compounds have improved PBT characteristics.  

2.3 Methods 

2.3.1 Compounds 

The novel BFRs chosen for analysis in this exercise were, BTBPE TBBPA-

DBPE, BEHTBP, and EHTeBB (Figure 10). In addition to these novel BFRs, the 

traditional BFRs, PBDEs (specifically BDE-47, 99, 100, 209) and TBBPA, and the non-

brominated structural analog of BEHTBP, DEHP, were analyzed to evaluate how the 

novel BFRs compare to their predecessors in terms of persistence, bioaccumulation, and 

toxicity. 
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Figure 10: Structures of the compounds used in this in silico exercise, A) novel BFRs, B) 

traditional BFRs and structural analogs 

2.3.2 Procedure 

The first step in this exercise required estimating the physical and chemical 

properties of these novel BFRs. These data were then used as the inputs for various in 

silico techniques designed to estimate persistence (e.g., BIOWIN, EQC, The Tool), 

bioaccumulation (e.g., Rule of 5, BCFBAF, Gobas Food Web), and toxicity (e.g., 

ECOSAR, T.E.S.T., LAZAR). The justification for the approaches chosen is provided in 
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the specific sub-sections below. The results of this exercise were then used to 

quantitatively compare and rank these compounds based on their PBT characteristics 

using criteria described by Hope et al. (2010)(Table 13).  

Table 13: Criteria used to categorize novel BFRs as persistent, bioaccumulative, or toxic, 

as suggested by Hope et al. (2010) 

 
Category 

Criteria None to low (0) Moderate (1) High (2) 

Persistence (d) < 60 > 60 and < 180 > 180 

Bioaccumulation (log BCF) < 3 > 3 and < 3.7 > 3.7 

Toxicity (fish, mg/L) > 1 > 0.01 and < 1 < 0.01 

 

Three qualitative ranks (none to low, moderate, high) were equated to numeric 

values (0, 1, 2) for each the persistence, bioaccumulation, and fish 96-hr toxicity 

estimates, which were then summed. This approach of scoring and ranking has been used 

previously by USEPA (2007). As per Hope et al. (2010), a total score of 3 was chosen as 

a cut-off point for identifying a compound as persistent organic pollutant.  

2.3.3 Physical and Chemical Properties 

The USEPA Office of Pollution Prevention and Toxics makes freely available the 

Estimation Programs Interface Suite (EPISuite) 

(http://www.epa.gov/oppt/exposure/pubs/episuite.htm). Developed by SRC 

(http://www.srcinc.com/), EPISuite contains 11 programs for estimating physical and 

chemical properties, rate constants, partition coefficients, and estimates of a chemical’s 

bioconcentration, bioaccumulation, and biodegradation potential. The physical and 

chemical properties, specifically; molecular weight, boiling point, vapour pressure, water 

solubility, log KOC, log KOA, and log KOW, of the test compounds were generated using 

http://www.epa.gov/oppt/exposure/pubs/episuite.htm
http://www.srcinc.com/
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the EPISuite software.  The test compounds were entered into the program using 

simplified molecular-input line-entry system (SMILES) notation generated by inputting 

their structures into a SMILES generator (http://cactus.nci.nih.gov/). 

2.3.3.1 log KOW 

The log KOW value is a fundamental characteristic used in most fate and transport 

models and errors in the assumed values are not inconsequential. Model-generated values 

should be regarded as first approximations, and validated empirically when possible. We 

used a variety of freely available programs to estimate the log KOW of these novel BFRs. 

The Virtual Computational Chemistry Laboratory (VCCL, 

http://www.vcclab.org/lab/alogps/) was used to generate log KOW values for the 

compounds as it provides interactive online prediction of log KOW based on several 

algorithms and programs. The VCCL generates values calculated with ALOGPS 2.1 

logP, Pharma Algorithms LogP, Actelion LogP, Molinspiration logP, KOWWIN logP, 

ALOGP, MLOGP implemented in the DragonX software, XLOGP2 and XLOGP3 

programs, and the ChemAxon logP calculator. This allows comparison of several 

programs’ estimates of log KOW. The log KOW values generated by the VCCL for the 

novel BFRs were compared to those experimentally derived (where available), the MSDS 

provided by manufacturers, and the EPA’s High Production Volume Information System 

(HPVIS). For consistency and equitability, the log KOW generated in the KOWWIN 

program was used for each chemical in the subsequent models.  

http://cactus.nci.nih.gov/
http://www.vcclab.org/lab/alogps/
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2.3.3.2 Molecular Descriptors 

Molecular descriptors were generated using SMILES notation in the freely 

available online chemoinformatics program Molinspiration 

(http://www.molinspiration.com/). Molinspiration calculates the polar surface area and 

the number of rotatable bonds, which when used in combination give an effective 

prediction of oral bioavailability (Veber et al. 2002), described in Section 2.3.5. 

2.3.4 Environmental Partitioning and Persistence  

Environmental persistence can be described as resistance to degradation. Within 

the EPISuite program the BIOWIN (version 4.10) subprogram can be used to predict the 

probability of biodegradation. There are a variety of other chemical fate models, which 

have been developed to specifically address environmental persistence and partitioning. 

These range from simple, generic steady-state models, used for screening studies to 

highly complex dynamic chemical fate and hydrodynamical models, to be used for more 

realistic simulation trials (Scheringer et al. 2009).  In this exercise, we used generic 

steady state models and tools to assess the environmental fate and behavior of the test 

compounds. These results were compared to international regulatory criteria used to 

identify persistent organic pollutants (POPs), presented in Table 12.  

The data generated from EPISuite (Table 14) was used as the inputs in the 

Equilibrium Criterion model (EQC) (e.g., log KOW, degradation constants). The EQC, 

developed at The Canadian Centre for Environmental Modelling and Chemistry 

(http://www.trentu.ca/academic/aminss/envmodel/), was used to quantify each 

compound’s behavior in an evaluative environment. The EQC model provides three 

levels of complexity; Levels I and II assume thermodynamic equilibrium is achieved with 

http://www.molinspiration.com/
http://www.trentu.ca/academic/aminss/envmodel/
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Level II including advective and reaction processes, Level III is a non-equilibrium, 

steady-state assessment of chemical fate in the environment, requiring input of emissions 

rates of the compound of interest into various media. In this assessment the first two 

levels were used (as information regarding their rates of emission is limited), with the 

emission scenarios of 100 000 and 1000 kg/h for Level I and II, respectively. The 

behavior of the novel BFRs were compared to previous estimates for PBDEs performed 

by Palm et al. (2002).  

The OECD POV & LRTP Screening Tool (The Tool, available as an Excel 

spreadsheet from http://www.oecd.org/) was used to generate values for overall 

persistence (POV) and long-range transport potential (LRTP). POV is a measure of the 

time scale of degradation of the chemical in the whole environment, determined by 

dividing the total mass at steady-state by the sum of all degradation mass fluxes in air, 

water, and soil (Wegmann et al. 2009). The LRTP of a chemical is assessed within The 

Tool as two values, the characteristic travel distance (CTD) and transfer efficiency (TE). 

The CTD quantifies the distance from the point of release to the point at which the 

concentration of the chemical has decreased to 37% of its initial value. TE is the mass 

flux into a selected target compartment, divided by the emission mass flux. Together the 

CTD indicates how far a chemical travels (transport oriented), and TE addresses how 

much of a chemical reaches a certain distance target (target oriented) (Wegmann et al. 

2009).  

2.3.5 Bioconcentration and Bioaccumulation Potential 

To characterize bioconcentration/bioaccumulation a number of approaches are 

available, with both benefits and weaknesses. First, the absorption capacity of compounds 
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has traditionally been estimated using the octanol/water partition coefficient (KOW). A 

more robust suite of molecular parameters, known as on Lipinski’s “rule of 5”, including 

log KOW, molecular weight, and number of hydrogen bond donors and acceptors, are 

commonly used in the pharmaceutical field for predicting absorption through the human 

intestine. These parameters, while useful for assessing passive membrane permeation, 

overlook the structure-specific properties that may influence bioavailability. These 

structure-specific properties, such as molecular size and shape descriptors, hydrogen-

bonding capabilities, and surface properties, can influence both metabolic and transport-

mediated enzymatic clearance mechanisms (Veber et al. 2002). It has been suggested by 

Veber et al. (2002) that the success of molecular weight in Lipinski’s rule of 5 as a 

predictor of oral bioavailability, is at least partially a result of the correlation of higher 

molecular weight with higher polar surface area or hydrogen bond count and with 

increased molecular flexibility. 

Polar surface area (PSA), calculated by the atom-based method of Ertl et al. 

(2000), refers to surface belonging to polar atoms, and correlates with the total hydrogen 

bond count (the sum of hydrogen bond donors and acceptors). The PSA descriptor 

correlates well with passive molecular transport through membranes, and tends to 

increase with increasing molecular weight. Rotatable bonds, defined as any single bond, 

not in a ring, bound to a nonterminal heavy (i.e., non-hydrogen) atom, and are a measure 

of molecular flexibility, which increases membrane permeation ability (Veber et al. 

2002). The number of rotatable bonds also increases with increasing molecular weight. 

Based on their studies with the SmithKline Beecham compound oral bioavailability 

database, Veber et al. (2002) developed the following rule for predicting oral 
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bioavailability to rats (defined as over a range of  20-100%) ; a PSA < 140 Å
2 

and 

number of rotatable bonds < 10. While this method of structural analysis is becoming 

common in assessing drug bioavailability, its applications for assessing the 

bioavailability of industrial chemicals, like BFRs, has not been widely used.  

The Rule of 5, and the above PSA method were developed for oral bioavailability 

in humans, or more generally homeotherms, and are more commonly used in human 

health risk assessments. With environmental risk assessments, estimates of bioavailability 

are more commonly expressed as a bioconcentration or bioaccumulation factor. The 

standard bioconcentration assay for fish, OECD Guideline 305, yields a bioconcentration 

factor (BCF), which is calculated both as the ratio of the chemical concentration in biota 

to that in water, as well as the ratio of the rate constants of uptake and depuration, both 

assuming steady state and first order kinetics. The experimental determination of a BCF 

can be time consuming and expensive, and as such in silico methods for estimating BCF 

have been developed. Many of these in silico methods are based on extrapolation of data 

from measured chemicals (Weisbrod et al. 2006), across chemical classes and species. 

These extrapolations are frequently based on quantitative structure-activity relationships 

(QSARs) or quantitative structure-property relationships (QPSRs) and various 

correlations between BCF and physicochemical properties of the chemical, frequently the 

n-octanol/water partition coefficient (KOW). The majority of these models estimate the 

BCF from the general form of the regression equation; 

log BCF = a log KOW + b 

Where a and b are empirically determined constants, and the assumption is that 

bioconcentration is a thermodynamically driven partitioning process between water and 
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the lipid phase of the exposed organism, where KOW is a surrogate for biological lipids 

(Meylan et al. 1999). This form of equation gives reliable results for many non-ionic, 

nonmetabolized chemicals with log KOW values less than 6 (Wang et al. 2008). This 

relationship breaks down for the more hydrophobic chemicals with KOW values greater 

than 6 and those which are metabolized to an appreciable extent (Meylan et al. 1999). For 

those chemicals, non-linear and bilinear relationships have been applied with greater 

success (Wang et al. 2008), a review of these, and other approaches is available 

elsewhere (Arnot and Gobas 2006). Current programs for predicting bioconcentration 

(e.g., BCFWIN) have expanded  (database containing 694 chemicals) and refined (weight 

of evidence approach for chemicals with multiple BCF values) the KOW regression 

approach, allowing for better estimates of BCFs for chemical classes and molecular 

structures within their domain (Arnot and Gobas 2006; Gobas et al. 2009). 

These KOW based models provide adequate estimations of BCF values, however 

bioconcentration is a dynamic process that may involve properties beyond the 

hydrophobicity of a chemical, such as environmental (e.g., temperature, redox potential, 

bioavailability) and organismal (e.g., life history traits, lipid concentration, trophic 

position,  metabolism) properties. These models provide an important estimate of the 

likelihood of a chemical accumulating in an organism, but they do not account for 

accumulation from dietary sources, trophic transfer, and metabolism and as such may 

overestimate the BCF. To that end various aquatic food web models have been developed 

and are used to predict the BCF, bioaccumulation factor (BAF), and the biota-sediment 

accumulation factor (BSAF), and are continually being revised and improved. Food web 

models may often suffer from large site specific differences between the ecosystems and 
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indeed the food web itself, however they are still useful for initial and ranking 

assessment, and can be verified with field measurements (Arnot and Gobas 2006). 

The Arnot and Gobas (2003) food web model provides a generic site assessment 

of bioaccumulation by calibrating BAF predictions to measured BAF data, thus 

eliminating many of the site specific characteristics that might influence a 

bioaccumulation estimate (Weisbrod et al. 2006). The model delivers BCF and BAF 

predictions for general trophic levels (lower, middle, upper) and requires only a log KOW 

value. In this exercise, the log KOW value generated from the EPISuite program was used 

in the model. The BCFWIN program (v 3.0) was used to generate biotransformation rate 

constants and biological half-lives for each compound using methods outlined in Arnot et 

al. (2009). The estimate of the biotransformation half-life is modeled upon the 

contribution of various structural fragments in the parent compound. The contribution of 

each fragment and the number of that fragment in the parent compound was subjected to 

Principal Component Analysis (PCA, PC-ORD for Windows, Version 4.25, MjM 

Software, Gleneden Beach, Oregon, USA) to identify the patterns in the contribution of 

fragment and the overall biological half-life. The predicted BCF and BAF values, both 

with and without biotransformation, were compared to the PBT criteria outlined in Table 

12. 

2.3.6 Toxicity 

ECOSAR is one of the most extensively validated and used QSAR program 

(Sanderson et al. 2003) and allows for estimates of acute and chronic toxicity to aquatic 

organisms (e.g., fish, daphnids, and algae). The ECOSAR program can be freely 

downloaded via the USEPA website 
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(http://www.epa.gov/oppt/exposure/docs/episuitedl.htm) or as part of EPISuite. The 

structure activity relationship (SAR) in the ECOSAR program is used to predict the 

toxicity of chemicals based on the similarity of structure to chemicals for which the 

toxicity to aquatic organisms has previously been measured. The ECOSAR database has 

over 100 SARs for over 50 classes of organic chemicals. The SARs are all based on 

algorithms reflecting a linear regression relationship between the logarithm of the aquatic 

toxicity of the chemicals used to develop the SAR for the specific chemical class 

(training set) and the logarithm of their octanol/water-partition coefficients (log KOW) 

(Reuschenbach et al. 2008). The ECOSAR program loses some predictive power for 

compounds with log KOW greater than 5.0, whereas when the log KOW is less than or 

equal to 5.0, valid predictions can be obtained for estimating acute toxicity. While these 

BFRs have properties that put them outside the current effective domain of ECOSAR 

(e.g., log KOW values greater than 6 weakens the predictive strength of ECOSAR 

estimates), hazard rankings can still be created, and initial prioritization, categorization, 

and data gaps can be filled by analogy. Acute and chronic toxicity values for fresh and 

saltwater organisms (fish, algae, daphnid, and shrimp) were estimated using the 

ECOSAR program (Version 1.10) for each compound and compared to the traditional 

BFRs and the structural analogs.   

In addition to ECOSAR, the Toxicity Estimation Software Tool (T.E.S.T., version 

4.0 USEPA, 2011) and Lazy Structure Activity Relationship (LAZAR, available at 

http://lazar.in-silico.de/predict) prediction models were used to estimate the 96-hr LC50 

for fathead minnow.  T.E.S.T. allows the estimation of toxicity values using several 

different QSAR methodologies. In this exercise, we used the value generated from the 

http://www.epa.gov/oppt/exposure/docs/episuitedl.htm
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consensus model, which estimates the toxicity by taking an average of the predicted 

toxicities from the other QSAR methods (hierarchical, FDA, single model, group 

contribution method, and nearest neighbor), provided the predictions are within the 

respective applicability domains. The LAZAR method uses a nearest neighbour approach 

to predict chemical endpoints by searching the training set database for compounds that 

are similar with respect to a given toxic activity (based on structural fragments) and 

calculating a prediction from their activities, and is further described in Helma (2006). 

The predicted 96-hr LC50 fish toxicity values were then compared to the PBT criteria 

outlined in Table 12. 

Much of the concern regarding the toxicity of BFRs is not related to their acute 

toxicity, but rather to their ability to disrupt the endocrine system (Section 1.3.5.4.1). The 

Endocrine Disruptor Knowledge Base (EDKB), developed by the US Food and Drug 

Administration (FDA, 

http://www.fda.gov/scienceresearch/bioinformaticstools/endocrinedisruptorknowledgebas

e/default.htm), was utilized to assess the potential for these compounds to disrupt the 

mammalian endocrine system, with respect to estrogen receptor binding, androgen 

receptor binding, uterotropic activity, cell proliferation, and reporter gene assays. The 

EDKB database contains data across these assay types for chemicals across a broad 

structural spectrum; 3 257 chemicals including drugs, food, cosmetics, pesticides, 

industrial chemicals, and metals (Ding et al. 2010). The chemicals are assigned a relative 

score in each assay based on the response of a reference chemical. For estrogenic activity, 

17β-Estradiol is used as the reference chemical and defined to have an activity value of 2. 

Estrogen activity values for the chemicals in the EDKB database range from -4.5 

http://www.fda.gov/scienceresearch/bioinformaticstools/endocrinedisruptorknowledgebase/default.htm
http://www.fda.gov/scienceresearch/bioinformaticstools/endocrinedisruptorknowledgebase/default.htm


109 

 

(weakest) to 2.94 (strongest). For androgen activity, R1881 is used as the reference 

chemical and has a defined activity value of 2 for androgen receptor binding, with values 

in the database ranging from -3.56 to 3.18. Within the database, those compounds which 

are inactive are assigned an activity value of -10 000, and those with very weak binding 

ability are assigned placeholder values from -5 to -10 000. For compounds not in the 

EDKB database, a structure similarity search was performed, which returns compounds 

that share structural components and assigns them a similarity score. Previously, a 

similarity score greater than 0.40 has been used as an acceptable cutoff for comparisons 

(Ding et al. 2010). Here we searched the EDKB database for compounds with structural 

similarity scores > 0.4, and used the relative activity values to assess whether these BFRs 

are likely to have endrocrine disrupting properties (activity scores > 0). 
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2.4 Results 

2.4.1 Physical and Chemical Properties 

The physical and chemical properties of the test compounds generated in the 

EPISuite program are shown in Table 14. 

Table 14: Physical and chemical properties of the compounds as calculated using 

EPISuite. The dashed horizontal line separates the novel BFRs from the traditional BFRs 

and structural analogs (shaded grey). 

Name 
Molecular 

formula 
MW 

B.P.  

(
o
 C) 

M.P.  

(
o
 C) 

VP (Pa) 

Water 

solubility 

(mg/L)  

log KOA 

BTBPE C14H8Br6O2 687.64 502.17 213.61 3.2 x10
-7

 6.6x10
-7

 15.67 

TBBPA-

DBPE 
C21H20Br8O2 943.62 646.88 281.21 8.5 x10

-13
 1.2 x10

-10
 20.30 

BEHTBP C24H34Br4O4 706.15 539.75 229.19 2.3 x10
-9

 2.0 x10
-9

 16.86 

EHTeBB C15H18Br4O2 549.93 432.91 177.03 4.6 x10
-6

 1.1 x10
-5

 12.34 

BDE-47 C12H6OBr4 485.8 405.51 161.73 3.2 x10
-5

 1.5 x10
-3

 10.69 

BDE-99 C12H5OBr5 564.69 436.21 182.8 1.4 x10
-4

 3.9 x10
-4

 11.16 

BDE-100 C12H5OBr5 564.69 436.21 182.8 3.3 x10
-6

 7.9 x10
-5

 11.98 

BDE-209 C12OBr10 959.16 589.71 254.5 6.2 x10
-10

 2.8 x10
-11

 18.42 

TBBPA C15H12Br4O2 543.88 486.34 206.22 4.6 x10
-9

 1.0 x10
-3

 18.23 

DEHP C24H38O4 390.57 416.95 63.87 2.7 x10
-3

 1.1 x10
-3

 12.56 

MW = Molecular weight (Da), B.P. = Boiling point, M.P. = Melting point, VP = vapour 

pressure at 25
o
C. 



111 

 

Several programs and methods (EPISuite, Molinspiration, and VCCL) were used 

to calculate the log KOW for the test compounds. The Material Safety Data Sheets 

(MSDS) were also consulted for the novel BFRs where available, and all values are 

reported in Table 15.  
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Table 15: Computed Log KOW values for the test compounds from various chemistry computational programs, the average 

value (standard deviation in parenthesis), as well as the reported values in the MSDS for the novel BFRs where available. 

 
KOWWIN Molins

*
 

ALOGP

S 

AC 

logP 

ALOG

P 

MLOG

P 

XLOGP

2 

XLOGP

3 
MSDS 

BTBPE 9.15 8.22 6.87 7.44 7.94 5.69 8.18 7.71 3.32
a
 

TBBPA-

DBPE 
11.52 9.20 8.18 8.62 10.52 7.66 12.52 10.60 

7.2
b
, 6.2

c
, 

>4.04
a
 

BEHTBP 11.95 9.37 8.36 10.91 10.57 7.16 11.79 10.65 N/A 

EHTeBB 8.26 7.48 6.70 7.38 7.24 6.01 7.93 7.13 N/A 

BDE-47 6.77 6.78 6.37 6.18 6.38 5.45 6.69 6.22 
 

BDE-99 7.66 7.52 6.69 6.88 7.13 5.80 7.49 6.91 
 

BDE-100 7.66 7.52 6.69 6.88 7.13 5.80 7.49 6.91 
 

BDE-209 12.11 9.44 7.68 10.37 10.87 7.39 11.48 10.36 
 

TBBPA 7.20 6.83 6.57 6.26 6.72 5.26 7.29 6.77 
 

DEHP 8.39 7.94 7.07 8.12 7.57 5.43 8.60 7.45 
 

*Molinspiration, 
a 
Chemtura, 

b 
ICL Industrial Products, 

c 
DBSG, N/A – not available 
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There is a fairly large range of Log KOW values calculated for each novel BFR; 

5.69-9.15 (BTBPE), 7.66-12.52 (TBBPA-DBPE), 7.16-11.95 (BEHTBP), and 6.01-8.26 

(EHTeBB). With the exception of TBBPA-DBPE, the KOWWIN program provides the 

greatest estimate for log KOW. For each compound the MLOGP yields the smallest 

estimate of log KOW. Regardless of the program or methodology used, each value is great 

enough (>5) to trigger concerns about bioaccumulation. It is interesting to note that the 

MSDS for BTBPE and TBBPA-DBPE report values considerably lower than the 

estimated values, particularly for BTBPE, which was based on methods from Leo et al. 

(1971). The log KOW value generated from the EpiSuite program was used for all 

compounds in the remaining exercises. 

2.4.2 Environmental Fate 

The results of the BIOWIN (version 4.10) program indicate that all of the novel 

BFRs are not likely to undergo rapid biodegradation (Table A 2). Using the EPA’s PBT 

profiler, the degradation rates of the test compounds in air, water, soil, and sediment were 

estimated, and are shown in Table 16.  
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Table 16: Estimated half-life values (days) in different matrices as estimated by the 

USEPA's PBT Profiler 

 Matrix 

 
Air Water Soil Sediment 

BTBPE 1.1 180 360 1600 

TBBPA-DBPE 1.5 180 360 1600 

BEHTBP 0.75 60 120 540 

EHTeBB 1.7 180 360 1600 

BDE-47 16 180 360 1600 

BDE-99 29 180 360 1600 

BDE-100 29 180 360 1600 

BDE-209 460 180 360 1600 

TBBPA 5.4 180 360 1600 

DEHP 0.75 15 30 140 

 

These values were used in conjunction with the other physical and chemical 

parameters (Table 14) and entered into the fugacity based modeling program EQC. The 

percentages of the chemicals partitioning into the different compartments at equilibrium, 

are listed inTable 17, for each novel BFR the preference is to partition into the soil (> 

97%) and sediment (2%) matrices.  Partitioning into the air is predicted to be very limited 

(< 0.0005 %), and follows the rank BTBPE > BEHTBP > EHTeBB > TBBPA-DBPE, 

with similarly low distribution into water (< 0.000002%), following the rank EHTeBB > 

BTBPE > BEHTBP > TBBPA-DBPE.  
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Table 17: Partitioning and loss process at Level I and II as determined in by the EQC 

model 

EQC RESULTS BTBPE TBBPA-DBPE BEHTBP EHTeBB 

Percentage distribution at level I and II 

Air 5.3x10
-3

 4.6x10
-6

 1.1x10
-4

 6.6x10
-5

 

Water 7.8x10
-5

 3.3x10
-7

 1.2x10
-6

 2.0x10
-4

 

Soil 97.7 97.8 97.8 97.8 

Sediment 2.2 2.2 2.2 2.2 

Suspended Particles 6.8x10
-2

 6.8x10
-2

 6.8x10
-2

 6.8x10
-2

 

Fish 5.5x10
-3

 5.5x10
-3

 5.5x10
-3

 5.5x10
-3

 

Level II Percentage Loss by 

Advection in air 0.6 5.8x10
-4

 4.4x10
-3

 8.3x10
-3

 

Reaction in air 1.7 1.1x10
-3

 1.7x10
-2

 1.4x10
-2

 

Reaction in soil 96.6 99 99.3 98.9 

Advection in water 9.6x10
-4

 4.2x10
-6

 5.0x10
-6

 2.5x10
-3

 

Reaction in water 1.5x10
-4

 6.8x10
-7

 2.4x10
-6

 4.0x10
-4

 

Advection in sediment 0.5 0.5 0.2 0.5 

Reaction in sediment 0.5 0.5 0.5 0.5 

Residence Times (d) 

Overall 513 526 176 526 

Reaction 520 529 176 529 

Advection 416667 95833 95833 95833 

 

The dominant loss pathway for each novel BFR is though reaction in soil, 

accounting for over 96%, with minimal loss from advection and reaction in sediments, 

accounting for less than 0.5%. BTBPE was the only compound which demonstrated some 

loss due to advection and reaction in air (0.6 and 1.7% respectively), indicating a small 

potential for long range transport, which is supported by field measurements of BTBPE 



116 

 

in remote locations (de Wit et al. 2010). The test compounds all show a long 

environmental persistence, ranging from 175 (BEHTBP) to 525 days (TBBPA-DBPE). 

The results of the EQC program are less conservative than those generated by The Tool 

(Table 18), where overall persistence (POV) estimates range between 173 (EHTeBB) and 

2324 days (BTBPE and TBBPA-DBPE).  The Tool indicates that all of these compounds 

are capable of long-range transport, with characteristic travel distances (CTD) all greater 

than 2000 km. 

Table 18: Results from the OECDs The Tool, showing overall persistence (POV), 

characteristic travel distance (CTD) and transfer efficiency (TE). 

 

Overall 

Persistence 

(POV, days) 

Characteristic 

Travel Distance 

(CTD, km) 

TE % 

BTBPE 2324 2860 13 

TBBPA-DBPE 2324 2861 13 

BEHTBP 519 2861 13 

EHTeBB 173 2232 8 

BDE-47 518 2996 11 

BDE-99 519 2899 13 

BDE-209 519 2861 13 

TBBPA 519 2794 12 

DEHP 43 2753 12 

 

2.4.3 Bioavailability 

2.4.3.1 Oral Absorption 

Using Lipinski’s “Rule of 5” and Verber’s criteria for absorption, each test 

compound was evaluated for the likelihood of absorption. These methods typically 

describe oral absorption of drugs in mammals, but can be used to screen POPs. Table 19 

shows the criteria and the value for each descriptor for each BFR.  
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Table 19: Summary of the physicochemical properties used in the assessment of 

bioavailability. Entries in bold fail the listed criteria for likelihood of absorption.  

Physicochemical 

Property 

Molecular 

Weight 

(Da) 

Log 

KOW 

Number 

of H-

bond 

donors 

Number 

of H-

bond 

acceptors 

Polar 

Surface 

Area (Å
2
) 

Number 

of 

Rotatable 

Bonds 

Criteria for 

Absorption 
< 500 < 5 < 5 < 10 < 140 < 10 

BTBPE 687.6 8.2 0 2 18.5 5 

TBBPA-DBPE 943.6 9.2 0 2 18.5 10 

BEHTBP 706.1 9.4 0 4 52.6 16 

EHTeBB 535.9 7.5 0 2 26.3 7 

BDE-47 485.8 6.7 0 1 9.2 2 

BDE-99 564.7 7.5 0 1 9.2 2 

BDE-100 564.7 7.5 0 1 9.2 2 

BDE-209 959.2 9.4 0 1 9.2 2 

TBBPA 543.8 6.8 2 2 40.5 2 

DEHP 390.6 7.9 4 0 54.6 16 

 

With the “Rule of 5” (the first four columns in Table 19) the failure to meet any 

one of the criteria suggests that absorption will likely be poor. Each BFR evaluated 

violates two of the four criteria (data in bold) suggesting that absorption will be poor. 

Verber’s criteria (the last two columns of Table 19) are most effective for assessing the 

likelihood of absorption when used in combination and both criteria are met. The results 

suggest that BTBPE, TBBPA-DBPE, and EHTeBB are all likely to be absorbed, which is 

in contrast to the “Rule of 5”. BEHTBP fails the criteria for the number of rotatable 

bonds, but passes on the polar surface area criteria, suggesting that absorption, if any, will 

be very limited.  
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2.4.3.2 Biotransformation 

The biotransformation rates for each compound were determined using the 

BCFWIN program in EPISuite. The rate constants for fish of varying mass, as well as the 

biological half-life are shown in Table 20. 

Table 20: Biotransformation rate and half-life estimated from the BCFWIN program 

 
Biotransformation rate constant (d

-1
) Biological half-life 

(days), 10 g fish at 

15
o
C  

10 g 100 g 1 kg 10 kg 

BTBPE 0.0002 0.0001 0.00006 0.00003 3750 

TBBPA-DBPE 0.0001 0.00006 0.00003 0.00002 6379 

BEHTBP 0.09 0.5 0.3 0.02 7 

EHTeBB 0.1 0.08 0.05 0.03 5 

BDE-47 0.02 0.01 0.006 0.003 36 

BDE-99 0.02 0.01 0.007 0.004 32 

BDE-209 0.001 0.0007 0.0004 0.0002 581 

TBBPA 0.3 0.2 0.1 0.06 2 

DEHP 1 0.6 0.3 0.2 1 

 

Biotransformation of the novel BFRs varies considerably, with BTBPE and 

TBBPA-DBPE showing a resistance to biotransformation, with half lives estimated at 

3750 and 6379 days, respectively, while BEHTBP and EHTeBB each have a half life less 

than 10 days.  To examine which molecular fragments/descriptors might explain the 

variation in biological half-life, the relative scores of each fragment (Table A 1) for each 

compound were analyzed in a PCA correlation matrix (Figure 11). 
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Figure 11: PCA of the contribution of molecular fragments and descriptors as they 

contribute to the biological half-life of the compounds. 

The fragments which contribute favorably to biotransformation, are those with 

negative coefficients (e.g., ester, aromatic alcohol, carbon with 4 single bonds and no 

hydrogens, aromatic ether, CH [linear] group, and benzene, Table A 1), which results in 
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the counterintuitive direction of their vectors, such that their direction indicates a 

resistance to biotransformation (e.g., a negative value for the ester vector would indicate 

favorable biotransformation). The remaining fragments all have positive coefficients, 

which mean they are more resistant to biotransformation, and as such the direction of 

their vector is indicative of resistance to biotransformation. Axes 1 and 2 explain 42 and 

23 % of the variation in biological half-life, respectively. Table 20 shows TBBPA-DBPE, 

BTBPE, and BDE-209 as having the longest half-life; these compounds ordinate with the 

positive coefficient fragments, aromatic bromine and mono-aromatic ether. Conversely, 

BEHTBP, EHTeBB, and DEHP all have a very short half-life and ordinate inversely to 

the ester fragment, which given this fragments negative coefficient; this indicates that the 

ester fragment is largely responsible for the biotransformation ability and short biological 

half-life of these compounds.    

2.4.3.3 Bioaccumulation 

The log bioconcentration factor (BCF) and log bioaccumulation factor (BAF), 

were determined for generic fish at upper, middle, and lower trophic levels using the 

Arnot-Gobas prediction program built into EPISuite. The results are shown assuming no 

biotransformation and with biotransformation for BCF (Table 21) and BAF (Table 22). 
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Table 21: Estimated log BCF (L/kg) values for the test compounds in generic upper, 

middle, and lower trophic level fish, as calculated using EPISuite Arnot-Gobas prediction 

method with and without biotransformation. Values in bold would flag international 

criteria for bioaccumulative substances, which range from 3.0 to 3.7 (USEPA TSCA 

Release Inventory, and Canadian TSMP respectively). 

 

BCF 

Without biotransformation With biotransformation 

Lower 

Trophic 

Level 

Middle 

Trophic 

Level 

Upper 

Trophic 

Level 

Lower 

Trophic 

Level 

Middle 

Trophic 

Level 

Upper 

Trophic 

Level 

BTBPE 2.97 2.91 2.73 2.93 2.87 2.69 

TBBPA-DBPE 0.73 0.69 0.54 0.71 0.66 0.52 

BEHTBP 1.22 1.17 1.00 -0.02 -0.02 -0.04 

EHTeBB 3.31 3.25 3.06 1.89 1.85 1.71 

BDE-47 4.41 4.36 4.18 3.90 3.85 3.70 

BDE-99 3.99 3.93 3.72 4.08 4.03 3.87 

BDE-209 0.32 0.29 0.19 -0.01 -0.02 -0.04 

TBBPA 4.23 4.17 3.97 2.48 2.44 2.30 

DEHP 3.57 3.51 3.31 2.27 2.22 2.09 
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Table 22: Estimated log BAF (L/kg) values for the test compounds in generic upper, 

middle, and lower trophic level fish, as calculated using EPISuite Arnot-Gobas prediction 

method with and without biotransformation. Values in bold would flag international 

criteria for bioaccumulative substances, which range from 3.0 to 3.7 (USEPA TSCA 

Release Inventory, and Canadian TSMP respectively). 

BAF 

Without biotransformation With biotransformation 

Lower 

Trophic 

Level 

Middle 

Trophic 

Level 

Upper 

Trophic 

Level 

Lower 

Trophic 

Level 

Middle 

Trophic 

Level 

Upper 

Trophic 

Level 

BTBPE 5.77 6.06 6.42 5.73 6.01 2.69 

TBBPA-DBPE 3.47 3.75 4.12 3.44 3.72 4.09 

BEHTBP 4.01 4.30 4.66 0.91 0.69 0.38 

EHTeBB 6.10 6.38 6.74 4.19 3.85 3.27 

BDE-47 6.34 6.63 7.00 5.70 5.76 5.83 

BDE-99 6.53 6.82 7.16 6.00 6.16 6.37 

BDE-209 2.88 3.16 3.53 1.12 1.01 0.84 

TBBPA 6.50 6.79 7.13 4.16 3.66 2.86 

DEHP 6.32 6.60 6.95 4.24 3.79 3.02 

 

The results of the Arnot-Gobas bioconcentration/bioaccumulation estimations 

without biotransformation suggest that these compounds would qualify as 

bioaccumulative based on international criteria of log BCF/BAFs > than 3.0 (or 3.7 in 

Canada). The estimates also show that as trophic level increases the extent of 

bioconcentration decreases, suggesting the limited ability for direct uptake from the water 

in higher trophic level fish. Conversely, as trophic level increases the bioaccumulation 

factor increases, suggesting trophic magnification and the increased role of dietary uptake 

for the accumulation of these compounds. When biotransformation is factored into the 

model, all of the novel BFRs have BCFs below the international criteria for identifying a 

substance as bioaccumulative. The BAF estimates with biotransformation are also 

considerably different than those with no biotransformation, specifically for BEHTBP 

and EHTeBB, but more generally, at the upper trophic level for all compounds. BTBPE 

did not show a significant difference in BAF in the lower and middle trophic levels 
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compared to the BAF with no biotransformation; at the upper trophic level there is 

considerable trophic dilution from the biotransformation, such that BTBPE would no 

longer be considered bioaccumulative. TBBPA-DBPE is the only novel BFR for which 

the BAF continues to increase with trophic level, despite the incorporation of 

biotransformation. The same pattern is observed in BDE-47 and BDE-99. 

2.4.3.4 Food Web Accumulation 

The Gobas Food Web model (Gobas 1993) was used to assess the relative 

amounts of the test compounds that would biomagnify in this simplified food web. The 

results for the fish in the food web are shown in Figure 12, assuming no 

biotransformation and with biotransformation, using the rate constants for a 10 g and 1 kg 

fish (Table 20).   
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Figure 12: Estimated concentrations of the test compounds in fish species as determined by the Gobas food web model (Gobas 1993). 

A) Assuming no biotransformation, B) With biotransformation rates from Table 20, where sculpin, alewife, and smelt are assumed to 

be 10 g, and the salmon is assumed to be 1 kg.  
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The generic freshwater food web model without biotransformation, shown in 

Figure 12 A, shows a decline in concentration of TBBPA-DBPE, and BEHTBP from the 

mid trophic level fish (sculpin and alewife) to the salmonids at upper trophic level 

salmonids, whereas BTBPE and EHTeBB show little or no change in concentration 

across fish species, and the traditional BFRs (with the exception of BDE-209) increase in 

concentration with increasing trophic level. When biotransformation is factored into the 

model (Figure 12 B), the concentrations of the novel BFRs show a significant decline in 

concentration as trophic level increases, particularly for EHTeBB. 

2.4.4 Toxicity  

The aquatic organisms (fish [both fresh and saltwater], daphnids, green algae, and 

mysid shrimp) used in the ECOSAR program represent group model-organisms and thus 

not a specific species. The LC/EC50 (µg/L) results are summarized in Table 23, for the 

specific ECOSAR class of each compound. In most cases the estimated toxicity is beyond 

the solubility limits of the compounds and acute and chronic toxicity cannot be accurately 

determined. 
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Table 23: ECOSAR values of selected BFRs. Values in bold are within the solubility range of the compound, whereas the non-

bold values may not be soluble enough to measure the predicted effect. 

 

  Organism (LC, EC50 µg/L) 

 

ECOSAR Class 
Fish, FW 

(96 hr) 

Fish, SW 

(96 hr) 

Daphnid 

(48 hr) 

Green 

Algae (96 

hr) 

Mysid 

Shrimp (96 

hr) 

Fish, FW 

(30-day) 

Daphnid 

(16-day) 

BTBPE Neutral Organics 9.69x10
-2

 7.04x10
-1

 1.70x10
-1

 1.61x10
-1

 1.70x10
-4

 3.95x10
-2

 1.99x10
-1

 

TBBPA-DBPE Benzyl Halides 4.10x10
+1

 
 

4.10x10
+1

 4.10x10
+1

 
   

BEHTBP Esters 5.08x10
-1

 
 

4.95x10
-4

 5.83x10
-2

 
 

2.37x10
-4

 
 

EHTeBB Esters 2.00x10
+1

 
 

3.15x10
-1

 2.00 
 

8.25x10
-2

 
 

BDE-47 Neutral Organic 2.10x10
+1

 5.40x10
+1

 1.80x10
+1

 2.60x10
+1

 1.66x10
-2

 3.00 6.00 

BDE-99 Neutral Organic 4.00 1.70x10
+1

 4.00 6.00 1.30x10
-3

 6.94x10
-1

 1.53 

BDE-209 Neutral Organic 6.56x10
-4

 4.57x10
-2

 9.29x10
-4

 2.32x10
-3

 2.99x10
-9

 1.93x10
-4

 1.24x10
-3

 

TBBPA Polyphenols 2.30x10
+1

 
 

2.30x10
+1

 1.98x10
+2

 
 

6.00 6.00 

 Neutral Organic 9.00 
 

1.30x10
+1

 1.30x10
+1

 
 

1.63 3.00 

DEHP Training Set NES* 
 

NES 
  

NES NES 

 Esters 1.00x10
+1

 5.00 1.00x10
+1

 1.57 6.78x10
-5

 1.90x10
-1

 1.10 

 Neutral Organics 5.83x10
-1

 
 

1.04 9.98x10
-1

 
 

1.14x10
-1

 3.01 

*NES = No effect at saturation
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Given that these novel BFRs are outside the domain of the other in silico programs 

(T.E.S.T., and LAZER) were used to estimate the 96-hr LC50 in fathead minnow and are listed 

in Table 24 along with the ECOSAR 96 hr-LC50 value for freshwater fish. 

Table 24: Summary of 96 hr LC50 (mg/L) data for fish generated using various modeling 

programs and the reported MSDS values 

  Fish 96hr LC50 mg/L 

 Estimated 

Solubility 

(mg/L) 

T.E.S.T LAZER ECOSAR MSDS 

BTBPE 0.0000007 0.0190 0.0151 0.0001 1410 

TBBPA-DBPE 0.0000000001 0.0306 0.0030 0.0410 >100 

BEHTBP 0.000000002 0.0016 0.0032 0.0005 >12 

EHTeBB 0.00001 0.0276 0.0070 0.0200 >12 

BDE-47 0.002 0.1100 0.0084 0.0210 
 

BDE-99 0.0004 0.1000 0.0098 0.0040 
 

BDE-100 0.00008 0.0432 0.0098 0.0040 
 

BDE-209 0.00000000003 0.0016 0.0166 0.0000006 
 

TBBPA 0.001 0.0299 0.0017 0.0230 
 

DEHP 0.001 0.0474 0.0018 0.0100 
 

 

The majority of these estimates of toxicity fall outside the range of solubility for the 

compounds, and should be interpreted cautiously, especially given the known low, acute toxicity 

of the traditional BFRs (Hardy 2002), which here are presented to have high toxicity. 

The potential of these compounds to disrupt the endocrine system was assessed based on 

structurally similar compounds (similarity score > 0.4) within the EDKB database. The database 

did not contain many highly similar structures, with the highest scores being 0.54 (2,4,6-

tribromophenol), 0.54 (tetrabromobisphenol A), 0.61 (bis(2-ethylhexyl)phthalate), and 0.55 

(dihydrotestosterone benzoate), for BTBPE, TBBPA-DBPE, BEHTBP, and EHTeBB 

respectively. The results of the database search with respect to the estrogenic assays, are 

summarized in Table 25. 
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Table 25: Summary of the results from the EDKB database search relating to estrogenicity. 

 
ER Binding Receptor Assay ER Gene Reporter Assay Escreen Assay  Uterotrophic Assay 

 
Records

a
  

Active
b
/ 

Inactive 
Unique

c
 Records  

Active/ 

Inactive 
Unique Records 

Active/ 

Inactive 
Unique Records 

Active/ 

Inactive 
Unique 

BTBPE 2 0/2 2 3 1/2 3 1 1/0 1 n/a n/a n/a 
TBBPA-DBPE 5 2/3 4 5 0/5 5 n/a n/a n/a 4 0/4 2 
BEHTBP 24 16/8 15 26 10/16 21 7 7/0 4 10 2/8 8 
EHTeBB 20 13/7 14 24 9/15 19 5 5/0 3 10 2/8 7 

BDE-47 1 0/1 1 4 1/3 4 1 1/0 1 n/a n/a n/a 
BDE-99 n/a n/a n/a 3 1/2 3 1 1/0 1 n/a n/a n/a 
BDE-209 n/a n/a n/a 3 1/2 3 1 1/0 1 n/a n/a n/a 
TBBPA 85 69/16 48 42 25/17 36 14 12/2 11 39 18/21 23 
DEHP 31 21/10 24 44 14/30 40 7 7/0 4 104 22/82 76 
a 
Total number of records returned from the database with similarity scores > 0.4, 

b
 refers to compounds which had an active 

score > -5, 
c 
total number of unique chemicals returned. n/a = no similar compounds available 
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   The relative activity scores for the records deemed active (score > -5, Table 25), were 

plotted in Figure 13.  

 

Figure 13: Activity scores for compounds that were structurally similar (> 0.4 similarity score) 

and deemed active (>-5 activity score), relative to 17β-estradiol in assays designed to assess 

estrogenicity from the EDKB database. 

The results in Figure 13 show that for BEHTBP, EHTeBB, TBBPA, and DEHP there are 

structurally similar compounds which have estrogenic activities approaching that of 17β-

estradiol. In most cases, the active compounds had activity scores which were negative relative 

to 17β-estradiol. 
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2.4.5 Comparison of Novel and Traditional BFRs 

2.4.5.1 Persistence 

The persistence of the novel and traditional BFRs was not different in water, soil, or 

sediment, when estimated by the PBT Profiler (Table 16), however the novel BFRs had a shorter 

half-life in air (0.75 – 1.7 d) compared to the traditional BFRs (5.4- 460 d). In a study using the 

EQC program by Palm et al. (2002), BDE-47, 99, and 209 were found to have an overall 

residence time 216, 219, and 220 d, respectively. In our study, the overall residence time for the 

novel BFRs ranged from 176 – 526 d, indicating that these novel BFRs are more persistent than 

PBDEs. The estimates from The Tool also indicate that the novel BFRs have longer overall 

persistence times than the traditional BFRs. These results indicate that, (with the exception of 

degradation in air), these novel BFRs are more persistent that the traditional BFRs. 

2.4.5.2 Biotransformation and Bioaccumulation 

There is little difference between the novel and traditional BFRs in terms of the 

likelihood of absorption. Each BFR failed at least two of the “rule of 5” criteria, indicating that 

BFRs, both novel and traditional are likely to be poorly absorbed. Once the BFRs are absorbed, 

there is significant difference in the extent of biotransformation. BTBPE and TBBPA-DBPE 

were found to have the longest biological half-life, while BEHTBP and EHTeBB had among the 

shortest half-life. The traditional PBDEs have biological half-lives ranging from 32-581 d, 

indicating that BEHTBP and EHTeBB have more favorable biotransformation characteristics, 

which are largely driven by their ester fragments (Figure 11). 
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The BCF and BAF estimates for the novel BFRs are less than the traditional BFRs, with 

the exception of BDE-209. Both the novel and traditional BFRs have BAF values that would 

classify them as persistent, however with biotransformation there BEHTBP and BTBPE (at the 

upper trophic level) would no longer be considered persistent. The estimated accumulation of the 

novel BFRs in the Gobas model food web was less than their traditional counterparts and 

structural analogs, with the exception of BDE-209. The novel BFRs showed a considerable 

decline in accumulation in the top level salmonids, whereas BDE-47 and 99 did not. Together, 

these results suggest that these novel BFRs are less bioaccumulative than some of the traditional 

BFRs 

2.4.5.3 Toxicity 

The results from the 3 toxicity estimating programs used indicates that these compounds 

are toxic, however the relative ranking differs based on which estimation method was used ( 

Table 26).  

Table 26: Relative ranking of compounds based on 96-hr LC50 values for fish. 

Rank T.E.S.T. LAZAR ECOSAR 

1 (most toxic) BDE-209 TBBPA BDE-209 

2 BEHTBP DEHP BTBPE 

3 BTBPE TBBPA-DBPE BEHTBP 

4 EHTeBB BEHTBP BDE-99 

5 TBBPA EHTeBB BDE-100 

6 TBBPA-DBPE BDE-47 DEHP 

7 BDE-100 BDE-99 EHTeBB 

8 DEHP BDE-100 BDE-47 

9 BDE-99 BTBPE TBBPA 

10 (least toxic) BDE-47 BDE-209 TBBPA-DBPE 
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The discrepancy between toxicity values depending on the program used is cause for 

caution when interpreting the results. Based on the PBDEs, where toxicity generally increases 

with decreasing degree of bromination, such that BDE-209 is the least toxic (Darnerud 2003), the 

LAZAR program would seem to give the most appropriate result. Based on the ranking from the 

results of the LAZAR program, TBBPA-DBPE, BEHTBP, and EHTeBB appear to be more toxic 

than the PBDEs, but less toxic than TBBPA. BTBPE is less toxic than all compounds with the 

exception of BDE-209. However, there is only one order of magnitude between the LC50 

estimates for the most (TBBPA, 0.0017 mg/L) and least (BDE-209, 0.017 mg/L) toxic, 

indicating that there is a narrow range in toxicities based on these in silico estimates. 

The predicted estrogenicity of BTBPA and TBBPA-DBPE does not appear to differ from 

the PBDEs. BEHTBP and EHTeBB appear to have estrogenic properties that are comparable to 

TBBPA and DEHP, two compounds that show estrogenic characteristics (Sections 1.3.2.4 and 

1.4.2.3).    

2.4.5.4 Scoring 

In this exercise several tools were used to estimate each individual PBT characteristic 

resulting in several values and measures of each endpoint. For the purposes of scoring only one 

value was used. For the scoring of persistence, the half life in sediment was chosen as it is the 

most conservative, and represents the compartment where the BFRs are most likely to be found. 

For the scoring of bioaccumulation, the BAF with biotransformation of the upper trophic 

organism was used as it incorporates accumulation from aqueous and dietary sources. For the 

toxicity scoring, the 96 hr LC50 fathead minnow value generated by LAZAR was used, as the 
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toxicity values followed established patterns of toxicity for PBDE congeners. The results of the 

scoring are presented in Table 27. 

Table 27: Scoring of the novel BFRs based on their estimated PBT characteristics according to 

the criteria outlined in Table 13. 

 
Score 

 

Compound 
Persistence 

(Sediment) 

Bioaccumulation  

(BAF upper 

trophic, with 

biotransformation) 

Toxicity 

(LAZAR) 
Total 

BTBPE high none to low moderate 3 

TBBPA-DBPE high high high 6 

BEHTBP high none to low high 4 

EHTeBB high moderate high 5 

BDE-47 high high high 6 

BDE-99 high high high 6 

BDE-100 high high high 6 

BDE-209 high none to low moderate 3 

TBBPA high none to low high 4 

DEHP moderate moderate high 4 

 

The scoring indicates that there is little difference between these novel and traditional 

BFRs, and that each would be characterized as PBT based on the cut-off value of 3. 

2.5 Limitations and Uncertainty 

This preliminary exercise in evaluating the PBT characteristics of the novel BFRs has 

certain limitations. The majority of the models utilized in this exercise depend on entering 

physical and chemical parameters, most often, the log KOW. As seen in Table 15, depending on 

the method of estimation, there can be a large discrepancy between the calculated values. Given 

the prominent use of log KOW in other models to estimate environmental fate and toxicity, any 

error in its estimation is will be propagated in the other models. In this exercise we used the log 



134 

 

KOW value generated using the widely used and verified EPISuite program, which for most 

compounds was the largest estimate of log KOW. In addition to the possible estimation 

differences (both over and under) incurred by the use of the EpiSuite log KOW value, each model 

used has its own inherent uncertainties built into it, further propagating the uncertainty of the 

final estimates of persistence, bioaccumulation, and toxicity.   

The estimates of acute toxicity generated in this exercise are generally outside of the 

solubility range of the compounds (Table 24). However, these estimates are still useful in terms 

of ranking and prioritizing the compounds. These BFRs were poorly represented in the EDKB 

training set, with only a small number of structurally similar compounds, and a limited degree of 

similarity between those compounds. This makes extrapolating estimates of estrogenicity across 

these compounds difficult. However, it is worthwhile identifying the estrogenic properties of 

structurally similar compounds such that hypotheses can be generated related to the expected 

activity of these compounds.    

2.6 Discussion 

The results of this in silico fate and toxicity modeling exercise demonstrate that these 

novel BFRs have PBT characteristics (Table 27). The EQC program suggests that these 

compounds may persist in the environment for just as long, and in some cases, longer than 

certain PBDE congeners. The model also indicates that BTBPE has the potential for long range 

atmospheric transport, which is consistent with the recent detection of BTBPE in remote, arctic 

locations (de Wit et al. 2010). BEHTBP and EHTeBB have also recently been detected in remote 

locations, the Canadian Arctic and the Tibetan Plateau (Xiao et al. 2012a), however the results of 

the EQC program did not suggest that long range atmospheric transport would be likely. The 
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overall persistence and LRTP as described by The Tool, indicated that all of these novel BFRs 

are persistent, and are each capable of travelling over 2000 km. While this result is supported by 

the aforementioned detection of BTBPE, BEHTBP, and EHTeBB in remote locations, as of yet 

TBBPA-DBPE has not been detected in remote locations. These contradictive findings highlight 

the need for improved modeling techniques for the novel BFRs and verification of the results 

with field derived data.  

The results of this exercise are inconclusive with respect to the bioaccumulative nature of 

these compounds. The conflicting results between the “Rule of 5” and Verber’s criteria for 

BTBPE, TBBPA-DBPE, and EHTeBB highlight the need for experimental determination of 

absorption, but they do suggest that there will be limited, if any, oral bioavailability. This finding 

is further supported by the results of the BCF Arnot-Gobas predictions for BTBPE, TBBPA-

DBPE, BEHTBP, and EHTeBB, which are all below the criteria for flagging a compound as 

bioaccumulative based on the BCF.  The BAF predictions without biotransformation indicate 

that all of the test compounds would be flagged as bioaccumulative. However, with 

biotransformation introduced, the BAF at the upper trophic level is considerably reduced, such 

that BTBPE and BEHTBP would no longer be considered bioaccumulative. The extent of 

biotransformation in the novel BFRs differs greatly, with BTBPE and TBBPA-DBPE having 

estimated biological half-lives of 3750 and 6379 d respectively, while BEHTBP and EHTeBB 

are each less than 10d. The PCA of the contributions of each fragment indicate the presence of 

esters in BEHTBP and EHTeBB is largely responsible for their rapid biological half-life. 

Bromine substitutions on a benzene ring contribute to resistance to biotransformation (Arnot et 

al. 2009); BDE-209 has 10 bromine substitutions, BTBPE has 6, and TBBPA-DBPE has 4; 
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which lend to their resistance to biotransformation. While TBBPA-DBPE has 4 aromatic 

bromine, it also has 4 aliphatic bromine, which adds considerably to its resistance to 

biotransformation, and serves to differentiate its biological fate from other BFRs with similar 

number of aromatic bromine, namely BDE-47 (4 aromatically substituted bromine), BDE-99 (5), 

and TBBPA (4). The extent of biotransformation is apparent in novel BFRs when examining the 

simplified food web model (Figure 12) which shows trophic dilution of these compounds. Field-

derived BAF measurements are lacking for these compounds, however Wu et al. (2011) found 

BTBPE to be bioaccumulative (log BAF values ranging from 4.1 – 5.7); suggesting that these 

model estimates may be accurate, but should be validated for the other compounds.  

The results of the ECOSAR toxicity testing do not provide adequate information to assess 

the potential toxicity of these compounds. These compounds are outside of the domain of 

ECOSAR and even the generated results are largely beyond the solubility limit of the 

compounds. The other in silico techniques for estimating toxicity also resulted in values outside 

of the solubility limit of these compounds. The conflicting results in terms of toxicity rank 

between the 3 techniques used highlight the need for more refined QSAR programs. The models 

used in this study assess acute toxicity by means of cellular narcosis, and for BFRs, chronic and 

receptor mediated toxicity is likely to be more relevant. In this exercise, BEHTBP and EHTeBB 

were identified as possibly having estrogenic properties; however there was a relatively high 

degree of uncertainty with this prediction. Other QSAR models have also found BFRs to have 

endocrine disrupting characteristics (Harju et al. 2007; Kovarich et al. 2011; Yang et al. 2009) 

however the implication of these QSAR findings have yet to be verified in vivo. Indeed, 
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assessments of the toxic potential of these compounds need to be verified in laboratory and field 

assays. 

The scoring and comparison of these novel and traditional BFRs indicated that there is 

not a significant difference in terms of the overall PBT characteristics. There is need to verify the 

results of this in silico exercise with experimental data given the level of inconsistency and the 

fact that criteria for PBT have been exceeded, thus warranting the need for higher tiered 

examination (i.e., lab- and field-based). 
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3 The Environmental Fate of non-PBDE BFRS in Outdoor Mesocosms 

3.1 Abstract 

The environmental fate and persistence of brominated flame retardants (BFRs) in the 

environment is an important issue, but field based fate studies are very limited. We conducted an 

aquatic mesocosm experiment to assess the behaviour of three brominated flame retardants, 

bis(tribromophenoxy)ethane (BTBPE), tetrabromobisphenol A bis(2,3-dibromopropyl ether) 

(TBBPA-DBPE), and BZ-54 (a commercial mixture containing bis(2-

ethylhexyl)tetrabromophthalate (BEHTBP) and 2-ethylhexyl-2,3,4,5-tetrabromobenzoate 

(EHTeBB), in a ratio of 1:4). Analysis by GC-NCI-MS revealed the partitioning between the 

particulate and sediment phase, and the degradation rates in each compartment were estimated 

using first order kinetics regression analysis. The degradation rates differed in each 

compartment, with the rates being greater in the particulate as compared to the sediment 

compartment for each compound. The degradation products were more pronounced in the 

particulate compartment and corresponded to known photodegradation products.  

3.2 Introduction 

Brominated flame retardants (BFRs) are widely distributed, persistent and 

bioaccumulative in freshwater, estuarine, and marine sediments and biota. Although our 

understanding of factors that govern the fate of BFRs in the environment is improving (Covaci et 

al. 2011), field-based testing of these factors remains limited. Due to their physical and 

chemicals properties, BFRs tend to partition to particulate organic carbon and dissolved organic 

carbon (DOC) in the water column and sediment after entering an aquatic ecosystem (see Section 
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1.3.3). Once BFRs have migrated to the sediment and become associated with the sediment 

particles, they can be remobilized back into the water column by diffusion from sediment pore 

waters and resuspension of particles due to turbulence and bioturbation. The dynamic between 

the water and sediment interface represents two interacting compartments which are subject to 

different physical, chemical, and biological conditions (FOCUS 2006). The overall 

environmental fate of the compound depends on the behaviour in each compartment.   

Previous work has indicated various mechanisms and processes which influence the fate 

and toxicity of BFRs, including photodegradation (Davis and Stapleton 2009; Stapleton and 

Dodder 2008), and adsorption onto particles (Leppanen and Kukkonen 2004). Much of this 

information has been determined from modelling techniques and laboratory studies, which do 

not necessarily reflect environmental exposures, and has been limited to traditional BFRs, with 

very limited information available for novel BFRs.   

Modelling efforts have demonstrated that polybrominated diphenyl ethers (PBDEs) have 

limited potential for long range transport (Palm et al. 2002; Wania and Dugani 2003); however 

the presence of various PBDE congeners in remote locations (de Wit et al. 2010) indicates that 

there may be processes influencing their mobility which are not accounted for by the models. 

Similar inconsistencies were observed between the results of the modelling exercise in Chapter 2 

and the detection of some of these novel BFRs in remote areas, highlighting the need for 

increased studies.  

Laboratory studies have been quite effective in determining degradation products and 

pathways for BFRs (Section 1.3.4.1). These studies have largely focused on photodegradation 

reactions in artificial matrices, such as solvents which facilitate photodegradation kinetics by 
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providing minimal radiation shielding as well as even exposure to light sources (Davis and 

Stapleton 2009). These laboratory-based studies of environmental fate benefit from 

standardization and reproducibility; however the inherent simplicity of these assays limits their 

environmental realism. Naturally-occurring processes such as intensity and spatial distribution of 

light, wind, flow, and variation in dissolved oxygen and temperature cannot be reproduced easily 

or accurately under laboratory conditions (Smith and Mercante 1989). Factors such as these are 

known to affect the bioavailability of some classes of contaminants (Segstro et al. 1995) and/or 

cause a change in the overall physiological condition of an organism, potentially making it more 

susceptible to anthropogenic stressors. Other factors such as organic matter and suspended 

solids, not normally present in laboratory exposures, can influence bioavailability and predictions 

of field responses by laboratory toxicity tests (La Point and Perry 1989). Mesocosms and outdoor 

microcosms are widely used in aquatic ecotoxicological studies as they realistically represent 

natural systems and allow for experimental manipulation of natural processes and, ultimately, 

may provide more realistic exposure scenarios for ecological risk assessment. Although the 

primary aim of higher-tier studies in aquatic systems, particularly meso- or microcosm studies, is 

usually to test hypotheses related to effects in aquatic ecosystems, these studies can provide 

useful information regarding environmental fate and behaviour under natural conditions. 

The demonstrated persistence of PBDEs in the environment was a crucial factor in the 

regulatory ban on their manufacture and use. The bans and phase out of PBDEs has led to the 

demand for non-PBDE BFRs (United States Environmental Protection Agency 2005). There is 

limited information available for these non-PBDE BFRs regarding their environmental 

distribution and fate. Three commercial, non-PBDE BFRs were chosen for analysis in this study, 
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bis(tribromophenoxy)ethane (BTBPE), tetrabromobisphenol A bis(2,3-dibromopropyl ether) 

(TBBPA-DBPE), and BZ-54 (a commercial mixture containing bis(2-

ethylhexyl)tetrabromophthalate (BEHTBP) and 2-ethylhexyl-2,3,4,5-tetrabromobenzoate 

(EHTeBB), in a ratio of 1:4). Given that these non-PBDE flame retardants share properties 

similar to those of PBDEs, their environmental fate may be expected to be similar to certain 

mixtures of PBDE (Stapleton et al. 2008a). These compounds have been detected in various 

environmental compartments, including sediments (Shi et al. 2009; Wu et al. 2011), dust (Ali et 

al. 2011a; Stapleton et al. 2008a), air (Xiao et al. 2012a), and biota (Gauthier et al. 2007; Lam et 

al. 2009; Shi et al. 2009; Wu et al. 2011). While the frequency of detection for these compounds 

is increasing, there is still a limited understanding of the environmental fate of these compounds. 

This is particularly true for BEHTBP and EHTeBB, which are typically used in the same 

formulations, in the ratio of 1:4 (BZ-54), and 1:2.5 (FM-550). However, BEHTBP is also used in 

other applications (e.g., DP-45) without the presence of EHTeBB. In the environment, the 

observed ratios of BEHTBP and EHTeBB tend to differ from those of the technical mixture 

(Davis et al. 2012; Stapleton et al. 2008a; Xiao et al. 2012b), and it is unclear whether this is due 

to different sources or fate and behaviour.  

The purpose of this research was to investigate the environmental fate of four BFRs 

(BTBPE, TBBPA-DBPE, BEHTBP, and EHTeBB) in outdoor mesocosms. We hypothesized 

that the compounds would not persist in the mesocosm environment and would rapidly degrade. 

Given that this mesocosm study controlled the source of the BFRs, any deviations in the ratio of 

BETHBP to EHTeBB from the technical mixture are attributed to differences in environmental 
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behaviour, and not sources. We hypothesized that the ratio of EHTeBB:BEHTBP would remain 

unchanged in each environmental compartment compared to the technical product.  

3.3 Materials and Methods 

3.3.1 Chemicals and Materials 

Technical TBBPA-DBPE was provided in kind by Shenzhen Dehayer Chemical Co.,Ltd 

(China). Commercial BTBPE was purchased from Shanghai Mintchem Development Co.,Ltd 

(China). A sample of BZ-54 was donated by Great Lakes Chemical (West Lafayette, IN). 

Analytical standards of all BFRs were provided by Wellington Laboratories (Guelph, Ontario, 

Canada). The physical and chemical properties of the test compounds are discussed in Section 

2.4.1, and the structures are presented in Table 28.  
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Table 28: Physical and chemical properties of the test compounds. 

 
Structure 

Molecular 

Formula 
CAS # 

Molecular 

Weight 

BTBPE 

 

C14H8Br6O2 37853-59-1 687.64 

TBBPA-

DBPE 

 

C21H20Br8O2 21850-44-2 943.62 

BEHTBP 

 

C24H34Br4O4 26040-51-7 706.15 

EHTeBB 

 

C15H18Br4O2 183658-27-7 549.93 

 

Individual stock solutions were prepared by dissolving the compounds in isooctane. 

Isotopically labelled decabromodiphenyl ether (
13

C-BDE-209, 49.4 ng/mL @ 200 µL) was 

supplied by Wellington Laboratories (Guelph, Ontario) and used as an internal standard. All 

solvents were purchased from OmniSolv and were at least of analytical grade.  

3.3.2 Design of the Study and Treatment of the Mesocosms 

This fate study took place over two years, with the cosms being established in May 2008, 

treated in July 2008, and again in July 2009.  The process of which is briefly described here. The 

University of Guelph Microcosm Facility is located at the Guelph Turfgrass Institute (ON, 

Canada) and consists of 30 artificial cosms of approximately 12, 000 L. The mesocosms have a 

depth of 1.2 m and a diameter of 3.9 m, and are filled with water to a depth of approximately 1 



144 

 

m. The water supply for the mesocosms is an irrigation pond (62 x 62 x 4 m deep) supplied by a 

well located on site. Sediment trays (52.1 x 25.4  x 5.7 cm; ITML Horticultural Products, 

Brantford Ontario, Canada) containing organic rich soil (1:1:1 mixture of 

topsoil:manure:compost, Waterdown Garden Supply, Troy, ON, Canada) were added to each 

mesocosm such that >50% of the bottom surface of the cosm was covered (~12 m
2
). The 

sediment used in the mesocosms had high organic content, with 11.6% dry total C, 1.6% dry 

inorganic C, and 10.0% dry organic C (analysed by the University of Guelph Lab Services 

Division).  Water was circulated from the central irrigation pond into all mesocosms for three 

weeks at a flow rate of approximately 12 m
3
 per 24 h, to decrease heterogeneity of water 

chemistry, zooplankton, and algal assemblages. Circulation was discontinued on June 25
th

, one 

week prior to treatment. Each treatment (solvent control, BTBPE, TBBPE-DBPE, and BZ-54) 

was applied to three separate randomly selected mesocosms (n = 3, Figure A 11), and was 

designed to achieve a target concentration of 500 ng (compound)/ g (sediment) in the upper 5 cm 

upon partitioning into the sediment; which is consistent with concentrations of observed in 

sewage sludge from the San Francisco Bay area (Klosterhaus et al. 2008). The test compounds 

were dissolved in 125 mL of DMSO and 5 mL of toluene.  

The following year, two mesocosms (Figure A 12) from each treatment were re-treated 

(July 16
th

, 2009) with the same BFR at the same concentration, but no additional water was 

added. Treatment of the mesocosms involved subsurface injection of the compounds (300 mg of 

commercial BTBPE and 350 mg of TBBPA-DBPE, and 1 mL of commercial BZ-54, dissolved 

in 125 mL of DMSO (no toluene), and equal volume of solvent for the control treatment, 

representing 0.001% solvent v/v) into a stream created by a paint mixer attached to a handheld 
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drill as described previously by McGregor et al. (2007), creating a nominal concentration in the 

water of approximately 0.03 mg/L. Five injections of 25 mL were made at several locations in 

the mesocosms in an effort to achieve homogeneous distribution of the compounds.  

3.3.3 Sampling of Water and Sediment  

Water-column samples (~4 L) for various analyses were collected using a depth-

integrated water column sampler (Solomon et al. 1982). Aliquots were transferred to a 1 L amber 

glass bottle for residue analysis of BFR, to a 500-mL PET bottle for hardness/alkalinity analysis, 

and to 2, 100-mL glass bottles for analysis of nutrients. Total hardness and alkalinity were 

analyzed on d -1, 7, 14, 28, 42, and 70 with standard titration kits (Hach Company, Ames, Iowa, 

USA).  Total nitrogen was analyzed by the automated colorimetric hydrazine technique and total 

phosphorus was analyzed by the continuous flow analyzer stannous chloride method at the 

National Laboratory for Environmental Testing (NLET SOP 1190 and SOP 1150, Environmental 

Canada, Burlington, Ontario) for d -1, 7, 14, 28, 42, and 70. Measures of pH, conductivity, 

temperature, and dissolved oxygen (DO) were taken daily (Mon-Fri) starting at d -14, using a 

YSI 6600 Multi Parameter Water Quality Meter Sonde.  

In the 2008 study, in situ 500 mL wide mouth (76 mm diameter) glass jars filled with 

sediment were deployed at the beginning of the study and collected on d 1, 4, 7, 14, 28, 42, 70, 

and 329. Concerns regarding the “realism” (specifically the effect of the glass walls in 

preventing diffusive and microbial interactions) of this sampling method lead to the use of 

copper tubes as coring devices and removable sediment trays in the 2009 study. Sediment 

samples were collected in triplicate from each cosm, on d 1, 4, 7, 14, 28, 42 and 70, using copper 

tubes (approx.100 mm length, 15 mm internal diameter) to core the upper 3 cm of the sediment. 
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Separate sediment trays (33 x 18 x 10 cm) with floats attached by rope were deployed for 

sediment sampling, as they could be raised to the surface for sample collection with minimal risk 

of disturbance and resuspension of sediments. On sampling days, two sediment samples were 

collected from one sediment tray, while the third sample was collected from a tray on the 

opposite side of the mesocosm. After collection, each copper tube was covered in aluminum foil 

and placed in -18
o
C freezer. Once frozen, the sediment cores were pushed out of the copper tube 

using wooden doweling, wrapped in aluminum foil, and then placed back in the freezer until 

chemical analysis. After rinsing in DCM, MeOH, and acetone, the same copper tubes were used 

for the same cosm at each subsequent sampling day. 

3.3.4 Extraction of Samples 

3.3.4.1 Filters 

Water (~1 L) was filtered using a Millipore filtration unit attached to a 1 L Erlenmeyer 

flask, through a pre-weighed, pre-rinsed (deionized water) glass fibre filter (Whatman #1). The 

samples were processed in order of treatment, and the apparatus was rinsed with deionized water, 

methanol, and acetone between each pond. For samples that have excessive amounts of 

particulate matter, a second filter was used. After filtration, the filters were removed and placed 

in aluminum weighing trays and dried for 16 h at 40
o
C. The filters were weighed, and the 

amount of particulate matter was determined as the net difference. The amount of organic carbon 

in the particulates was determined using the methods in (Legendre and Michaud 1999).  
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3.3.4.2 Sediments 

Approximately 1 g sediment (wet wet) was spiked with 100 µL of 
13

C-labelled BDE-209 

then extracted using accelerated solvent extraction (ASE 200, Dionex Inc., Sunnyvale, 

California, USA). Samples were extracted three times with 100% DCM at a temperature of 

100
o
C and at 1500 psi. The extract (~30 mL) was concentrated to ~2 mL using a RotarVap 

(Buchi R-114 Switz) at 27
o
C. The concentrated extract was loaded onto an acidified silica gel 

chromatography column. Silica gel (high purity, 60-200 mesh, VWR International, Mississauga, 

Ontario, Canada) was activated at 250
o
C overnight, and then deactivated with 22 % (w/w) 

sulfuric acid (98%).  Acidified silica gel columns were manually prepared by filling a 

borosilicate glass column (i.d. 0.8 cm) with 2.0 g of anhydrous sodium sulphate, followed by 2.0 

g of 22% acidified silica, which was then covered with approximately 2 cm of anhydrous sodium 

sulphate. The column was then pre-washed with 40 mL of 85:15 hexane:dichloromethane, 

followed by the addition of 2 mL of isooctane, then the concentrated extract. Once the sample 

was loaded, 40 mL of the same solvent mixture were allowed to drip through the column. After 

which two additional 40 mL volumes of 85:15 Hex:DCM were passed through, resulting in a 

final volume of 120 mL. The elutant was transferred to a round bottom flask and 2 mL of 

isooctane were added. The elutant was then concentrated under RotarVap (Buchi, Flawil, 

Switzerland), to approximately 2 mL, and transferred to a glass microcentrifuge tube.  Traces of 

sulphur in the extract were removed via a reaction with acid-washed copper granules in a 

microcentrifuge tube, under agitation by a vortex. The final extract was reduced in volume to 

approximately 200 µL using an automated nitrogen evaporation system (Turbo Vap II, Zymark 
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Inc., Hopkinton, Massachusetts, USA), and transferred to a 2 mL amber GC vial, which was then 

sealed.  

3.3.5 Analysis  

The identification and quantification of the BFRs was performed using a gas 

chromatograph (Agilent 6890 Series, Agilent, Mississauga, Ontario, Canada) coupled to a mass 

spectrometer, operated in negative in electron capture negative ionization mode  (GC/ECNI-

MS), with methane as the ionization gas with a flow rate of 3.25 mL/min. The GC is equipped 

with an autosampler (HP7683 Series) and a split-splitless injector (Agilent 7683 Series), which 

injected 1 µL at 290
o
C in the pulsed pressure mode (11 psi, with a pulse time of 1.0 minutes) 

onto a 1614-15 m Restek (Bellefonte, Pennsylvania, USA) column  (0.25 mm i.d. x 0.1 µm df). 

The oven temperature was programmed for an initial temperature of 190
o
C, held for 5 minutes 

and raised to a final temperature of 315
o
C at a rate of 5

o
C/min. The temperatures of the 

quadrupole and ion source were 150 and 230
o
C, respectively. BTBPE, TBBPA-DBPE, 

BEHTBP, and EHTeBB were monitored through the m/z 330, 291, 464, and 356 respectively, 

and were quantified by monitoring bromide ions (m/z 79 and 81). Full-scan mass spectra (m/z 60-

800) were recorded for each sample using ECNI mode. Select samples were also run in full scan 

EI mode to further elucidate structures of degradation products.  

3.3.6 Quality Assurance/ Quality Control 

Standards of PBDEs were analyzed by the same method to determine if any of the 

observed peaks in the samples were due to field or laboratory contamination with PBDE 

congeners. The stock solution and technical products used to treat the mesocosms were evaluated 

for impurities. Matrix spikes were performed by adding 200 µL of the test compounds at a 
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concentration of 100 ng/mL to the hydromatrix prior to extraction. Recovery and breakdown of 

the compounds through the method were assessed, and modifications to the method (i.e., reduced 

acidification) were made to maximize recovery and minimize degradation. 

Method spikes were prepared by adding 200 µL of 49 ng/mL labelled BDE-209 to the 

cells and were extracted in parallel to the field samples. Method (pre-ASE) and procedural (post-

ASE) blanks were run with every batch of samples (8-10) and were extracted in a manner 

identical to that of the samples. When a test compound was detected in laboratory blanks, the 

method detection limit (MDL) was calculated as three times the standard deviation of the blank 

levels blanks (i.e., 3 x SD), then normalized to the average mass of the sample matrix, and used 

to blank correct samples from that treatment. For compounds not detected in blanks, the MDL 

was set at the laboratory instrumental detection limit (IDL), which is calculated from the 

calibration curve as 3 times the baseline noise at the retention time when the compound would 

elute, normalized to the average mass for that sample matrix.  

Three quality-control criteria were used to ensure the correct identification of the target 

compounds: (a) retention times matched those of the standard compounds within ± 0.1 min, (b) a 

signal-to-noise ratio was > 3, and (c) isotopic ratios for the selected ion pairs were within ± 15% 

of the theoretical values. 

3.3.7 Data Analysis and Statistics 

Measured concentrations were subjected to regression analysis with time (days post-

treatment) as the independent variable. Observations for each compound were fit separately to 

linear models (SigmaPlot version 10.0). Linear regression equations were used to estimate the 

half-life of the compound in each compartment using first order kinetics.  
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The arithmetic and geometric means were calculated and reported for each compound 

and matrix. A time weighted average was also calculated using the average environmental 

concentration as calculated by 

∑
(       )
 (       )

 
 

Where xn is the concentration at time (t) n, n-1 is the previously sampling time, and T is the total 

time in days.   

The ratio of EHTeBB:BEHTBP in samples where both compounds were detectable was 

determined. The calculated ratios were compared to the technical product used to treat the 

mesocosms, and plotted against time. 

3.4 Results 

3.4.1 Identification of the Test Compounds  

The fragmentation patterns of the test compounds are shown in Figure 14 under negative 

chemical ionization (ECNI) conditions. Due to its high sensitivity and selectivity to bromine and 

less fragmentation, ECNI was selected as the primary ionization mode to quantify the test 

compounds.  
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Figure 14: Mass spectra for the test compounds in negative chemical ionization mode; A) 

BTBPE, B) TBBPA-DBPE, C) BEHTBP, and D) EHTeBB. 
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3.4.2 Method Performance 

Blank samples were processed within each sample batch (8-10 samples) throughout the 

whole analytical procedure. Samples were processed in a trace organic contaminant cleanroom 

with a positively pressured, HEPA and carbon filtered air, despite the ultra-clean conditions, 

concentrations of various PBDE congeners were detected (Figure A 8), likely due to the fact that 

samples were contaminated when collected and initially prepared under regular laboratory 

conditions. The test compounds were not detected in the laboratory or method blanks, and as 

such the MDL is equal to the IDL (Table A 10). Table 29 presents the recovery of each analyte 

through the entire method, as well the calculated IDL. Excellent linearity was demonstrated for 

all compounds over several orders of magnitude. Method precision (relative standard deviation, 

RSD) was evaluated for 5 replicate samples of each compound over the course of a 24 hour run. 

The % RSD values ranged from 8 to 62%, with BEHTBP having the highest values. 

Table 29: Summary of the method performance for each BFR 

    

Recovery (%) 

Compound 

Instrument range 

of linearity 

(ng/mL) 

IDL (ng/g) % RSD Range 
Mean 

(n=10) 
Stdev 

BTBPE 
20-20000 ng/mL 

(r
2
 = 0.99) 

1.9 8-12 63-93 78.6 8.8 

TBBPA-DBPE 
1.0- 1000 ng/mL 

(r
2
 = 0.89) 

1.4 14-19 54-77 64.9 6.8 

BEHTBP 
20-1610 ng/mL 

(r
2
 = 0.98) 

1.3 22-62 60-88 77.4 5.9 

EHTeBB 
1.5-240 ng/mL 

(r
2
 = 0.97) 

4.6 15-32 50-85 63.7 8.9 
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3.4.3 Environmental Fate of the BFRs 

The 2008 study served as a pilot study to develop methods for the extraction and 

detection of these compounds from environmental matrices, and as such the results are not 

presented here. There were large changes in concentration throughout the 2009 study, making 

the fitting of the data with first order kinetics difficult (Figure 15). Examples of the fate in the 

particulate and sediment compartment are shown for representative mesocosms in Figure A 6 

and Figure A 7.   
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Figure 15: Summary of the concentration of the BFRs in the particulates (top) and sediment 

(bottom) compartment over time in the 2009 study. Values are the mean (standard deviation) 

from each mesocosm.  

 

3.4.3.1 Half-life 

The regression equations derived in Figure 15, were used to calculate the half-life in each 

compartment (Table 30); however the data did not fit first order kinetics very well, with r
2
 values 

typically < 0.30, and only one P-value < 0.05. 
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Table 30: Estimation of the half-life in each compartment based on the regression equation 

derived in Figure 15. P-values <0.05 are in bold.  

 
Particulate Sediment 

 

Half-life 

(days) 
r
2
 P-value 

Half-life 

(days) 
r
2
 P-value 

BTBPE 35 0.11 0.251 187 0.03 0.280 

TBBPA-DBPE 32 0.28 0.076 102 0.08 0.095 

BEHTBP 25 0.06 0.481 9303 0.01 0.748 

EHTeBB 9 0.64 0.017 
   

 

EHTeBB was not detected frequently in the sediments, and thus estimation of its half-life 

in that compartment could not be made. The estimated half-lives in sediment for each of the test 

compounds (with the exception of EHTeBB) are within the range that would identify a 

compound as persistent based on some international criteria (Table 12). The estimated half-lives 

in sediment for BTBPE and TBBPA-DBPE are well below the predicted half-lives (1600 days), 

whereas BEHTBP is considerably greater than the predicted value (540 days) (Table 16). All the 

compounds were found to degrade more quickly in the particulate, as compared to the sediment 

compartment. Because the regression equations were not significant, the summary concentrations 

expressed as ng BFR per g of OC in particulates are presented on a per pond basis in Table 31, 

and as ng BFR per g OC in sediment in Table 32, with the full data in Section 8.5. 
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Table 31: Summary of the concentration of the BFRs in the particulates from the 2009 study.  

 

   
Concentration (ng/g OC) 

  

Days to 

reach 

maximum 

concentration 

Maximum 

concentration 

Arithmetic 

mean 
Median 

Geometric 

mean 
AEC

a
 

BTBPE 
Pond 2 3 775 289.9 94.2 102 182 

Pond 15 3 18600 3910 790 928 4160 

TBBPA-DBPE 
Pond 7 1 3.4 1.1 0.3 0.5 0.8 

Pond 13 1 2.2 0.8 0.7 0.6 0.4 

BEHTBP 
Pond 3 1 16300 5060 2270 1250 2740 

Pond 12 3 97300 33900 19200 1050 15700 

EHTeBB 
Pond 3 1 757 148 8.2 12.7 46.0 

Pond 12 3 2260 1300 1300 877 345 
a
 AEC = Average Environmental Concentration
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Table 32: Summary of the concentrations of the BFRs in the sediment from the 2009 study.  

 

   
Concentration (ng/g OC

a
) 

  

Days to reach 

maximum 

concentration 

Maximum 

concentration 

Arithmetic 

mean 
Median 

Geometric 

mean 
AEC

b
 

BTBPE 
Pond 2 4 298.8 142.5 57.4 83.1 105.9 

Pond 15 3 165.6 77.9 38.4 56.8 54.7 

TBBPA-DBPE 
Pond 7 3 0.01 0.004 0.002 0.002 0.001 

Pond 13 28 0.006 0.003 0.003 0.002 0.003 

BEHTBP 
Pond 3 56 32.6 32.6 32.6 32.6 32.5 

Pond 12 8 36.8 34.6 34.2 34.6 35.3 
a
 Organic carbon = 10.0% 

b
 AEC = Average Environmental Concentration 
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3.4.3.2 Degradation Products 

Several brominated compounds were detected in the particulates filtered from the 

mesocosm water. As there were no standards available for these compounds, their 

concentrations were determined based on the regression curve for the respective BFR in 

that treatment (e.g., BTBPE equivalents). Concentrations of the degradation products 

mirrored the behavior of the test compound in that pond over the course of the study 

(Figure 16). The degradation product in the TBBPA-DBPE treated pond had a 

concentration greater than the parent compound on d 14, 21, and 28; the degradation 

products in the other treatments had concentrations less than the respective parent 

compound.  
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Figure 16: Summary of the fate and behavior of the test compounds (solid shapes) and 

their degradation products (open shapes) in the particulates over 42 days. Top – BTBPE 

treatment (Ponds 2 and 15), middle – TBBPA-DBPE treatment (Ponds 7 and 13), bottom 

– BZ-54 treatment (Ponds 3 and 12), showing only BEHTBP and its degradation product. 
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The presence of 2,4,6-tribromophenol (TBP) in the BTBPE treated cosms, was 

verified with a labelled standard of TBP provided by Wellington Laboratories. The TBP 

follows the general behaviour of BTBPE in each pond. 
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The degradation product from the TBBPA-DBPE treated cosms (

 

Figure 16, middle) was not able to be identified; but based on the full scan spectra 

the structure was determined to contain 2 bromine atoms. 
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The major unknown peak (shown in Figure 16, bottom) between EHTeBB and 

BEHTBP (retention time 28.00 min.) has a mass of 385 and is tribrominated (Error! 

eference source not found.). The spectra of the peak (Figure 17 B-C) matched the 

expected spectra of a tribrominated anhydride (Figure 17 D) with the formula C8O3Br3. 

The formation of an anhydride from the phthalate is supported by the hydrolysis of the 

ester groups. This product is consistent with a photodegradation product of BEHTBP 

suggested by Davis et al. (2009).  
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Figure 17: A) Ion specific (m/z 79) chromatograph of the particulates from the BZ-54 treated Pond 12, 1 d post treatment showing 

(from left) EHTeBB, unknown degradation product(*), and BEHTBP. B) Mass spectra of the peak * at 28 minutes. C) Isotopic 

distribution around the dominant mass. D) Expected distribution of mass for a tribrominated anhydride, C8O3Br3.
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There were several other brominated peaks identified in the particulate phase 

from the BZ-54 treated ponds (Figure 17 A). Due to the low response, the products were 

not able to be identified. However, based on the isotopic distribution there is evidence of 

debromination, through to a monobrominated product observed at 27.42 min., the spectra 

of which is given in Figure 18.  

 

Figure 18: Mass spectra of the peak at 27.42 minutes, showing the isotopic distribution of 

a monobrominated compound with a mass of 406.4 

The peak had a mass spectra consistent with a monobrominated product with a 

mass of 406.4. Based on the isotopic pattern we were unable to determine a plausible 

structure; however a molecular formula of C16H22O2Br2 was suggested, but could not be 

reconciled with the BEHTBP as a parent compound. 

Brominated degradation products were detected in the sediment, however due to 

matrix interference they were not able to be accurately determined. TBP was not detected 

in the BTBPE treated mesocosms, nor were the BEHTBP degradation products. In the 

TBBPA-DBPE treated mesocosms, TBBPA was detected (Figure 19); however this was 

not consistent and frequently below the IDL.    
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Figure 19: Ion specific (m/z 79) chromatograph of the sediment sample from the 

TBBPA-DBPE treated pond 7, at 3 d post treatment. The mass spectra for TBBPA is 

presented below. The earlier eluting peaks were not able to be identified. 

3.4.3.3 Ratio of the Components of BZ-54  

The ratio of EHTeBB to BEHTBP in each compartment was compared to the 

technical mixture. It was expected that, if the environmental behavior of each compound 

was similar, then the ratios should stay consistent and be equal to the technical product. 

The ratios suggest differential environmental fate, with EHTeBB dissipating more 

rapidly, regardless of matrix (Figure 20). The slope of the regression line for the 

particulates (0.78, r
2
 = 0.82), and technical product (0.95, r

2
 = 0.98) were similar, while 

the slope of the relationship for sediments (1.58, r
2
 = 0.97) was greater. The ratios of 

EHTeBB:BEHTBP in particulates remained fairly constant over the duration of the test, 

favoring BEHTBP, suggesting increased degradation of EHTeBB (Figure 21). 
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Figure 20: Peak areas of EHTeBB and BEHTBP in particulates, sediment, and the 

technical product used to treat the mesocosms, and the linear regression for each.  

 

 
Figure 21: The ratio of EHTeBB:BEHTBP in the particulates over the course of the 2009 

study. The mean and standard deviation of the ratio of the technical product are presented 

as the dashed horizontal lines. One data point (EHTeBB:BEHTBP = 9.2) was determined 

to be an outlier by Grubbs test (P < 0.05) and was not included in the graph. 
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3.5 Discussion 

The estimated half-lives of each NBFR in the particulate and sediment 

compartments were highly variable because of the poor fit of the data. A number of 

physical (e.g., burial, degradation, sediment to water diffusion and resuspension), 

experimental (e.g., homogeneous distribution of the compounds in the mesocosms), and 

analytical (e.g., matrix interference in the sediments) factors contributed to a level of 

uncertainty in determining the half-lives of each compound. Our data indicated that 

resuspension of the BFR was occurring, noting the increased and fluctuating 

concentrations in both the particulates and sediments over time. The modelled half-lives 

of these compounds ranged from 540 to 1600 days in sediment (Section 2.4.2).  While the 

half-life of the compounds could not be accurately determined in this study due to 

fluctuating concentrations, the estimated environmental half-lives in sediment ranged 

from 102 to 9303 days, reflecting inputs into the sediment from the particulates as well as 

dissipative processes like diffusion and degradation, indicating that BTBPE, TBBPA-

DBPE, and BEHTBP persist in the environment. EHTeBB was not often detected in the 

sediments the 2009 study and as such an estimate of its half-life in sediment could not be 

made. The estimated half-lives in sediment were greater than those determined in the 

particulate compartment. The greater half-life in sediment is supported in our study by 

the increased formation of degradation products in the particulate as compared to the 

sediment compartment, indicating that in the particulate compartment, there is more 

opportunity for degradation. Studies have shown that volatilization, photo and microbial 

degradation of BFRs does occur (Sections 1.3.4 and 2.4.2). The presence of known 

photodegradation products (Davis and Stapleton 2009) in the particulate compartment 

indicates that photodegradation is playing an important role in the degradation of 
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BEHTBP. Given that the intensity of sunlight is much less at the water-sediment 

interface, it is not surprising that photodegradation would be less in the sediment 

compartment, which is more likely to be driven by microbial processes (Section 1.3.4.2). 

The identity of the photodegradation product, a tribromo-anhydride, is supported by the 

expected isotopic distribution as well as the mechanism of ester hydrolysis forming an 

anhydride.  

The presence of TBP in the particulates from the BTBPE treated mesocosms 

indicates that ether cleavage would have occurred, but there was no indication of 

debromination. The presence of TBBPA in the TBBPA-DBPE treated mesocosms is not 

surprising given the relative instability of TBBPA-DBPE in aquatic environments. 

TBBPA can degrade to 2,4,6-TBP via photolytic degradation (Eriksson and Jakobsson 

1998) 

Previous studies have found the ratio of EHTeBB:BEHTBP in household dust 

(Ali et al. 2011a) and sludge (Davis et al. 2012) to differ from the technical products FM-

550 (2.5:1), and BZ-54 (4:1).  These studies suggested that differential sources could be 

in part responsible for the altered ratio, noting that the excess BEHTBP observed could 

be from its use as the sole BFR in the plasticizer DP-45 (Davis et al. 2012).  The other 

suggestion for the altered ratio is differential migration of EHTeBB relative to BEHTBP 

out of consumer products, and differential degradation during the wastewater treatment 

process and in the environment. In our study, the source of both EHTeBB and BEHTBP 

came from a single source of BZ-54 in a ratio of 4:1. The observed ratios in the various 

compartments indicate that there is increased degradation of EHTeBB relative to 
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BEHTBP. This is further confirmed by the estimates of the half-lives in the particulates 

where EHTeBB had a half-life of 10 days compared to the 80 days for BEHTBP.  

3.6 Conclusions 

To our knowledge this is the first field-derived persistence data available for these 

novel BFRs. The results indicate that these compounds are persistent in sediments, and 

undergo degradation in the water column and to a lesser extent in the sediments. The lack 

of degradation observed in the sediments is also indicative of the longer half-lives that 

were estimated for that compartment as compared to the in the particulates. Extrapolative 

estimates based on either singular lab or field studies are considered to be inadequate as a 

basis for risk assessment. Due to the uncertainty associated with the estimates and 

measurements in this study, the results should be interpreted with caution.  
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4 Effects of Non-PBDE BFRs on Common Freshwater 

Macroinvertebrates Exposed in Outdoor Mesocosms  

4.1 Abstract 

The recent ban and phase out of the polybrominated diphenyl ethers (PBDEs) has 

resulted in the increased use of non-PBDE brominated flame retardants (BFRs). These 

emerging BFRs are poorly characterized in terms of their environmental fate and toxicity. 

The physical characteristics of these BFRs (e.g., large log KOW and KOC, poor water 

solubility), lend to their partitioning into in sediments. Considering that BFRs are likely 

to occur in sediments, the lack of toxicity information for benthic macroinvertebrates is 

surprising, given benthic macroinvertebrates inhabit these bottom substrates for the 

majority of their lifespan and at part of their life-cycle. In this study we assessed the 

effects of three emerging BFRs, bis(tribromophenoxy)ethane (BTBPE), 

tetrabromobisphenol A bis(2,3-dibromopropyl ether) (TBBPA-DBPE), and BZ-54 (a 

commercial mixture containing bis(2-ethylhexyl)tetrabromophthalate (BEHTBP) and 2-

ethylhexyl-2,3,4,5-tetrabromobenzoate (EHTeBB), in a ratio of 1:4), on Hyalella azteca 

and the benthic macroinvertebrate community through the use of in situ exposure and 

sampling techniques in the mesocosms. The in situ Hyalella cages showed a high degree 

of variability for most endpoints, regardless of their placement (e.g., water column vs. 

sediment) in the mesocosm; which made it difficult to detect statistically significant 

treatment effects. After 70 d, BTBPE was detected in the H. azteca (0.03 – 1.4 ng/g ww), 

however this was not associated with any adverse effects on growth or reproduction in 

the H. azteca. The benthic macroinvertebrate community was sampled with Hester-

Dendy samplers, which had been in place in the mesocosms for 70 d. There was large 
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variability in the abundance and diversity between the mesocosms; however the BZ-54 

treated mesocosms had the greatest abundance, and the least amount of diversity. Due to 

the inherent variability in the system it was not possible to fully attribute this result to the 

BZ-54 treatment, but it does highlight the need for continued work on the benthic 

macroinvertebrate community. 

4.2 Introduction 

The polybrominated diphenyl ethers (PBDEs) are a persistent, bioaccumulative and 

toxic group of brominated flame retardants (BFRs) (United Nations Environment 

Programme 2006). As a result of these properties, strict restrictions and bans have been 

placed on the use of PBDEs, leading to increased demand for non-PBDE BFRs as 

replacement compounds (United States Environmental Protection Agency 2005). Several 

BFRs have been identified as suitable replacement compounds, including 1,2,-bis(2,4,6-

tribromophenoxy)ethane (BTBPE), tetrabromobisphenol A bis(2,3-dibromopropyl ether) 

(TBBPA-DBPE), and bis(2-ethylhexyl)tetrabromophthalate (BEHTBP), a component of 

the commercial BZ-54 (Great Lakes Chemical Corporation) mixture. Given that these 

non-PBDE flame retardants share properties similar to those of PBDEs, their 

environmental fate may be expected to be similar to certain mixtures of PBDE (Stapleton 

et al. 2008a). PBDEs, particularly highly brominated congeners, have large log KOC 

values and tend to partition into sediments (Hale et al. 2003). Therefore, it is likely the 

sediment compartment that poses the greatest risk of exposure of non-PBDE to biota in 

aquatic systems. There is limited information available for these emerging BFRs 

regarding their environmental distribution and effects on aquatic invertebrates.   
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The freshwater amphipod, Hyalella azteca (Amphipoda: Hyalellidae) is 

considered an ideal organism for testing the toxicity and bioaccumulation of 

contaminants in freshwater systems (Borgmann et al. 2005; Mitchell et al. 2011; 

Nuutinen et al. 2003); it is sensitive to contaminants, tolerates a wide range of dissolved 

oxygen, salinity, grain size and organic matter content of sediment, is easily cultured, and 

has a relatively short maturation period, and is widely distributed in freshwaters of North 

America (Borgmann et al. 2007a; Borgmann et al. 2005; Borgmann et al. 1989; Wang et 

al. 2004). As an epibenthic organism, H. azteca is exposed to contaminants from both the 

particulate phase (sediments, food) and the dissolved phase (overlying water). However, 

the relative importance of these three exposure routes depends on the specific 

contaminant (Borgmann et al. 2007b; Stephenson and Turner 1993). Work with metals 

indicates that uptake is generally equal between water and sediment phases. For example, 

a study by Stephenson and Turner (1993) found that H. azteca accumulated up to 58% of 

its body-burden of cadmium from food under field conditions. Similar results were 

observed in a laboratory bioaccumulation study where dietary Cd contributed between 40 

and 55 % of the Cd body-burden in H. azteca exposed to Cd in food plus water 

treatments (Golding et al. 2011a). Studies with uranium have found that bioaccumulation 

in and toxicity to H. azteca suspended in cages in overlying water was the same as those 

exposed directly to uranium spiked sediments, indicating uptake is primarily through 

dissolved phase rather than the sediment (Alves et al. 2008).  Similarly, Borgmann and 

Norwood (1999)), found no difference in bioaccumulation of lead between H. azteca 

exposed in cages above or directly on lead-spiked sediments. The relative contribution of 

overlying water compared to sediment exposure for accumulation and toxicity of organic 
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compounds has not been addressed to the same extent as it has been for metals. Bartlett et 

al. (2004) found that the primary route of uptake of tributyltin (TBT), an organometallic 

compound, by H. azteca was predominantly via the dissolved, and not the particulate 

phase, and that accumulation of TBT was not significantly different between sediment-

exposed and caged animals. Studies with other organics, (e.g., PAH) have generally 

focused on toxicity to H. azteca and have not addressed the difference in accumulation 

based on exposure routes (Hawthorne et al. 2007; Kreitinger et al. 2007).  

H. azteca is an ideal species used in toxicity testing, however the response of a 

single species is not sufficient for prediction of effects at the ecosystem level. Benthic 

macroinvertebrates are an ideal aquatic community with which to assess the exposure of 

anthropogenic contaminants at the ecosystem level. They are ubiquitous and are 

represented by a large and diverse number of species that constitute a broad range of 

trophic levels and pollution tolerances; benthic macroinvertebrates serve as a primary 

food source for fish, including many recreationally and commercially important species; 

and they have the potential to transfer contaminants to higher trophic levels. 

Macroinvertebrate communities respond to a combination of factors, including 

availability of oxygen, structure of habitat, nutrients, and contaminants (Dyer and 

Belanger 1999; Grubbs and Taylor 2004). The ability of macroinvertebrates to integrate 

environmental changes in physical, chemical, and ecological characteristics of their 

habitat over time and space is well documented (Basset et al. 2004), making them ideal 

organisms for biological monitoring of environmental quality in aquatic ecosystems. The 

impact of BFRs on the composition and diversity of benthic macroinvertebrates has not 

been extensively studied. Despite the tendency of various traditional BFRs to 
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bioaccumulate in macroinvertebrates (Klosterhaus and Baker 2010; Thorsson et al. 2008; 

Voorspoels et al. 2003), toxicity information is limited to a few organisms (e.g., copepods 

(Wollenberger et al. 2005), bivalves (Canesi et al. 2005; Parolini and Binelli 2012; Riva 

et al. 2007)), with little information regarding effects at the community level. Further, 

most of what is known about effects of BFRs on invertebrates is limited to a small 

number of compounds, namely BDE-209 and TBBPA. Information regarding the uptake 

and impacts of novel BFRs on macroinvertebrates has not been addressed. Considering 

that BFRs are likely to occur in sediments, the lack of toxicity information for benthic 

macroinvertebrates is surprising. It is clear that more toxicity information is needed.  

While standard laboratory assays are an efficient and economical means of 

assessing effects of environmental contaminants on aquatic biota (either single species or 

a community), their simplistic design does not approach the environmental realism 

required to achieve a realistic approximation of exposure (Stanley et al. 2005). Naturally 

occurring processes such as intensity and spatial distribution of light, wind, flow of water, 

and variation in dissolved oxygen and temperature cannot be reproduced easily and 

accurately under laboratory conditions. Factors such as these are known to affect the 

bioavailability of some classes of contaminants and/or cause a change in the overall 

physiological condition of an organism, potentially making it more susceptible to 

anthropogenic stressors (Segstro et al. 1995). Other factors such as organic matter and 

suspended solids, not normally present in water-only exposures in laboratory tests, can 

influence bioavailability and toxicity of some compounds. Outdoor model aquatic 

systems, mesocosms (see Section 1.5), allow for incorporation of natural processes and 

provide more realistic exposure scenarios for ecological risk assessment. These systems 
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provide a bridge between single-species laboratory toxicity tests and field 

bioassessments, which can be logistically complicated, prohibitively expensive, and 

inherently more variable. Populations of organisms in aquatic mesocosms can also be 

highly variable (Shaw and Manning 1996) and, as such, in situ testing (e.g., test 

organisms confined to an exposure apparatus in the mesocosms) has become an accepted 

method to reduce this variability while maintaining environmental realism. In situ 

bioassays provide information about effects, without being confounded by interspecies 

interactions (predation, competition), variability, or sampling bias. In situ cages 

containing H. azteca have been deployed in lakes and rivers to assess the effects of 

various contaminants (Burton et al. 2005; Couillard et al. 2008), however they have not 

been utilized in outdoor, pond mesocosms.  

Often the ability to determine environmental effects of contaminants is 

constrained by an inability to match habitat between reference and exposure areas 

(Barbour et al. 1999). In an effort to standardize field sampling of benthic 

macroinvertebrates and reduce some of the inadequacies of sampling natural substrate, 

such as large variance between replicates, many artificial substrates have been developed 

(Basset et al. 2004). The use of artificial substrates has several advantages over standard 

collecting methods for sampling freshwater benthic macroinvertebrates. As a "passive" 

sample collection device, artificial substrates permit standardized sampling by 

eliminating subjectivity in sample collection technique, and thus reduce variability. 

Artificial samplers permit non-destructive sampling of the environment, permit flexibility 

in sampling programs, and are cost effective (Barbour et al. 1999). Hester-Dendy 

samplers are commonly utilized for monitoring and sampling of freshwater 
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macroinvertebrates and detecting chemical stressor effects of benthic macroinvertebrate 

communities within lentic habitats. Hester-Dendy samplers mimic snags (logs, limbs, 

twigs, and other woody debris), an important habitat for benthic invertebrates, resulting 

in microhabitat standardization and thus decreased sampling variability. Although 

artificial substrates have many benefits, they also have criticisms worth noting such as; 

colonization time, partial colonization of natural community, and vandalism or loss (De 

Pauw et al. 1994). As is the case with in situ Hyalella cages, the use of Hester-Dendy 

samplers is quite common in field settings; however their use in pond mesocosms has not 

been explored.  

The overall objective of this study was to characterize potential impacts on H. 

azteca and benthic macroinvertebrates exposed to several new BFRs in outdoor 

mesocosms. We compared the bioavailability, potential for bioaccumulation, and toxicity 

of three non-PBDE BFRs to H. azteca, exposed in situ via the water column and 

sediment in outdoor mesocosms, as well as differences in the benthic macroinvertebrate 

communities with respect to exposure to BFRs. The objectives of the study were: 1) 

determine the suitability of using in situ Hyalella cages in a mesocosm environment, 2) 

assess the effects of exposure to BFRs on the survival, growth, and reproduction of caged 

H. azteca, 3) evaluate how cage placement (water column versus sediment) in the 

mesocosm affects exposure and therefore toxicity and bioaccumulation of BFRs, and 4) 

assess the response of the benthic macroinvertebrate community in terms of composition. 

We hypothesized that the tendency of these BFRs to partition strongly onto sediments, 

will limit uptake by H. azteca regardless of exposure method (sediment or water column) 

and with limited uptake, there will be no difference between BFR treatments in terms of 
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growth and reproduction in H. azteca. Further, we hypothesised that there would be no 

difference  between treatments with respect to the specific benthic macroinvertebrate 

measures of abundance, diversity, evenness, tolerance, and community structure.   

4.3 Materials and Methods  

4.3.1 Test Compounds 

Three non-polybrominated diphenyl ether (PBDE) BFRs were chosen for analysis 

in this study, bis(tribromophenoxy)ethane (BTBPE), tetrabromobisphenol A bis(2,3-

dibromopropyl ether) (TBBPA-DBPE), and BZ-54® (a commercial mixture containing 

bis(2-ethylhexyl)tetrabromophthalate (BEHTBP) and 2-ethylhexyl-2,3,4,5-

tetrabromobenzoate (EHTeBB)). Technical TBBPA-DBPE was provided in kind by 

Shenzhen Dehayer Chemical Co.,Ltd (China). Commercial BTBPE was purchased from 

Shanghai Mintchem Development Co.,Ltd (China). A sample of BZ-54 was donated by 

Great Lakes Chemical (West Lafayette, IN). Analytical standards of all BFRs were 

provided by Wellington Laboratories (Guelph, Ontario, Canada). The physical and 

chemical properties of the test compounds are discussed in 2.4.1 and the structures are 

presented in Table 28.  

4.3.2 Design of the Study and Treatment of the Mesocosms   

This experiment took place during the second year of a study of fate and effects of 

BFR in mesocosms, and the mesocosms were setup as described in Chapter 3 (Section 

3.3.2).  
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4.3.3 Sampling of Water and Sediment  

Water-column samples (~4 L) for various analyses were collected using a depth-

integrated water column sampler (Solomon et al. 1982). Aliquots were transferred to a 1 

L amber glass bottle for residue analysis of BFR, to a 500-mL Nalgene bottle for 

hardness/alkalinity analysis, and to 2, 100-mL glass bottles for nutrient analysis. Total 

hardness and alkalinity were analyzed on d -1, 7, 14, 28, 42, and 70 with standard 

titration kits (Hach Company, Ames, Iowa, USA).  Total nitrogen was analyzed by the 

automated colorimetric hydrazine technique and total phosphorus was analyzed by the 

continuous flow analyzer stannous chloride method at the National Laboratory for 

Environmental Testing for d -1, 7, 14, 28, 42, and 70. Measures of pH, conductivity, 

temperature, and dissolved oxygen (DO) were taken daily (Mon-Fri) starting at d -14, 

using a YSI 6600 Multi Parameter Water Quality Meter Sonde.  

Sediment samples were collected in triplicate from each cosm, on d 1, 4, 7, 14, 

28, 42 and 70. Separate sediment trays (33 x 18 x 10 cm) with floats attached by rope 

were deployed for sediment sampling, as they could be raised to the surface for sample 

collection with minimal risk of disturbance and resuspension of sediments. On sampling 

days, two sediment samples were collected from one sediment tray, while the third 

sample was collected from a tray on the opposite side of the mesocosm, using copper 

tubes (approx.10 cm length, 1.5 cm internal diameter) to core into the sediment and 

retrieve a plug. After collection, each copper tube was covered in aluminum foil and 

placed in -18
o
C freezer. Once frozen, the sediment cores were pushed out of the copper 

tube using wooden doweling, wrapped in aluminum foil, and then placed back in the 

freezer until chemical analysis. After rinsing in DCM, MeOH, and acetone, the same 

copper tubes were used for the same cosm at each sampling day. 
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4.3.4 Hyalella Cages and Experimental Design 

H. azteca were cultured as described in Borgmann et al. (1989) at the 

Environment Canada laboratory, Burlington, Ontario. Exposure cages were similar in 

design to those described by Borgmann et al. (2007b), and consisted of two pieces of 

clear acrylic tubing (approximately 4 cm each in length with an outside diameter of 7.6 

cm) each sealed at one end with 300 µm Nitex® mesh. A connector (a 2-cm length of 

clear acrylic tubing with an inside diameter of 7.6 cm) was attached to the open end of 

the top half of each cage so that the bottom half of the cage then could be fitted securely 

into the connector to seal the cage closed. A 2.5 cm by 2.5 cm square tab of clear acrylic 

sheeting with a hole drilled in the centre was attached to the top half of the cage, to which 

a plastic tent peg could be tied to anchor the cage to the sediment or to which fishing line 

could be tied to suspend the cage in the water column (Figure 22). 
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Figure 22: Schematic of the experimental setup to assess exposure and toxicity of BFRs 

to H .azteca. Each mesocosm contained two cages suspended in the water column, and 

two cages pegged to the sediment. Twenty juvenile H. azteca were added to each cage 

two days prior to treatment. 

 

Cages were prepared for in situ exposures in the Burlington laboratory on the day 

of deployment. Each pre-labelled cage received one square of 5 x 5 cm cotton gauze pre-

soaked in distilled water, ground Tetra-min® (Ulrich Baensch, Melle, Germany) fish 

food flakes small enough to pass through a 700 µm screen but large enough to be retained 

by a 300 µm screen (10 mg), and 20 juvenile amphipods (1-2 weeks old). Assembled 

cages were placed in 10-L buckets (one bucket per treatment) containing dechlorinated 

Burlington City tap water (originating from Lake Ontario; hardness 130 mg/L, alkalinity 

90 mg/L, pH 7.9-8.6), which is used to culture these H. azteca, for transportation to the 

cosms. Air bubbles were removed from the cages with a disposable plastic pipette prior 
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to transport.  Cages were deployed in their respective mesocosms within four hours of 

being assembled in the laboratory. Cages were removed from the buckets at the 

Microcosm Facility, submerged in the mesocosm, and air bubbles were again removed 

from the cages with a disposable plastic pipette. Two cages per mesocosm were anchored 

with tent pegs to the sediment in plastic trays (33 x 18 x 10 cm) that had ropes attached to 

floats at the surface to allow for ease of removal and sampling, and two cages per 

mesocosm were suspended in the water column, approximately 20 cm from the water 

surface by tying them to a float with Dacron fishing line (Figure 22). 

Cages were removed from the mesocosms every two weeks and disassembled. 

Cages were scrubbed with a toothbrush to remove fouling organisms from the mesh. The 

parental (F0) H. azteca were counted and returned to the cage, along with fresh food (15 

mg on week 2, and 30 mg/week from week 4 to test termination) and cotton gauze was 

replaced when necessary (e.g., excessive biofouling, physical breakdown). If 

reproduction had occurred, juveniles were removed from the cage, counted, and 

discarded. 

After a ten-week exposure, cages were removed from the cosms and transported 

to the Burlington laboratory in 10-L buckets filled with mesocosm water (one bucket per 

mesocosm). Air bubbles were removed with a disposal plastic pipette prior to transport. 

Transportation of cages from the mesocosms to the laboratory took place within two 

hours. Cages were disassembled in the laboratory and rinsed with dechlorinated 

Burlington City tap water to remove amphipods. Juvenile amphipods were counted and 

discarded. Adult amphipods were counted, rinsed three times with dechlorinated 

Burlington City tap water, weighed as a group to obtain total wet weight per cage, 
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transferred to cryovials, temporarily stored at -20° C, and then transferred to -80° C 

within 24 h for storage pending chemical analysis. 

Mortality was determined based on counts of adults at each sampling period, and 

the mortality rate was calculated as; 

– ln(Nfinal//Ninitial)/t 

 Where Nfinal is the number of adults surviving at the end of the exposure period, Ninitial is 

the number of adults at the beginning of the study (40 per pond and exposure type), and t 

is the duration of the study (70 d). Growth endpoints for H. azteca were expressed as total 

biomass (mg wet weight), average adult mass (total biomass / number of adults surviving 

at day 70), and biomass production (average adult mass * percent surviving). 

Reproductive endpoints measured include total number of offspring produced, number of 

juveniles normalized to biomass, number of adults, and average adult mass, and the 

reproduction rate was calculated as;  

ln(cumulative number of juveniles) = b t + a 

Where b is the reproduction rate, t is time (days), and a is a constant. Reproductive rates 

were compared within mesocosms and treatments, between treatment and exposure 

combinations, and between exposure scenarios.  

4.3.5 Macroinvertebrate Sampling and Identification 

One Hester-Dendy sampler  (14 variable spaced, 3 mm plates, 7.5 cm diameter, 

approximate total surface area 44 cm
2
, WILDCO, FL, USA) was secured to a planting 

tray with zip ties and placed approximately 10 cm above the sediment in each pond at day 

zero (July 16
th

, 2009) and left for 70 days to allow for colonization by 

macroinvertebrates. After 70 days the Hester-Dendy samplers were collected. Loss of 
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organisms was reduced by gently raising the Hester-Dendy sampler to 10 cm below the 

waters surface and sliding it into a 500 µm sieve bucket just before the water surface was 

breached. Each sample was transferred into a 2-L glass jar, and preserved with 200 mL of 

Kahle’s solution (18 parts 70% ethanol, 1 part glacial acetic acid, 1 part formalin). In the 

laboratory, the samples were sieved to 500 µm and all macroinvertebrates removed using 

standard quality assurance and quality control procedures (Jones et al. 2007) at 10X 

magnification. Macroinvertebrates were counted and identified to the family level of 

resolution. All macroinvertebrates were identified using either Merritt et al. (2008) or 

Peckarsky et al. (1990). 

4.3.6 Extraction and Chemical Analysis 

Samples of water from the cosms (1-L) were filtered in order from Control, 

BTBPE, TBBPA-DBPE, and BZ-54, (with methanol and acetone rinsing between each 

mesocosm), through pre-weighed Whatman #1 glass fibre filters in a Millipore vacuum 

filtration unit. Filters containing the suspended solids (e.g., phytoplankton and 

resuspended sediments) were dried overnight at (50
o
C), and weighed the following 

morning. The filters were then frozen (-18
o
C) until extraction. 

The filters, sediments, and H. azteca were extracted and processed in a trace 

organic contaminant cleanroom with a charcoal and HEPA filtered environment and a 

negative pressure foyer. H. azteca from each mesocosm/exposure combination were 

pooled to increase biomass for extraction and tissue analysis. All samples were 

homogenized with equal parts diatomaceous earth (0.5 g for filters, 1 g for sediments, 

various masses for H. azteca) and packed into a 34 mL (narrow) stainless steel cell for 

extraction on a Dionex ASE 200 (Automated Solvent Extractor) with 100% 
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dichloromethane. A method blank and spike blank (10 µL of labelled BDE-209, 49.4 

ng/mL @ 200 µL) were prepared for each treatment group and extracted in parallel. All 

samples from the same mesocosm were extracted on the same day. After extraction, 

samples were pulled through sodium sulphate into 250 mL round bottom flasks. The 

extracts were then concentrated to ~2 mL using rotary evaporation at ~30
o
C on a Buchi 

R-114 Switz RotarVap. The concentrated extracts were loaded onto glass 

chromatographic columns packed with 2 g of anhydrous sodium sulfate and 3 g of 22% 

acidified (sulphuric acid) 60-200 mesh silica gel. Following a pre-wash with 25 mL of 

DCM, the sample was added to the column and eluted using 60 mL of 1:1 DCM and 

hexane. The elutant was then rotary evaporated to approximately 2 mL and solvent 

exchanged into isooctane, then transferred to a 15 mL disposable centrifuge tube where 

they were concentrated using a LV TurboVap to a final volume of 200 µL. The extracts 

were then transferred into 2 mL amber GC vials. 

The identification and quantification of the BFRs was performed using gas 

chromatography (HP 6890 Series) coupled to a mass spectrometer, operated in negative 

in electron capture negative ionization mode  (GC/ECNI-MS), with methane as the 

ionization gas with a flow rate of 3.25 mL/min. The GC is equipped with an autosampler 

(HP7683 Series) and a split-splitless injector (Agilent 7683 Series), which injected 1 µL 

at 290
o
C in the pulsed pressure mode (11 psi, with a pulse time of 1.0 min.) onto a 1614-

15 m Restek column  (0.25 mm i.d. x 0.1 µm df). The oven temperature was programmed 

for an initial temperature of 190
o
C, held for 5 min. and raised to a final temperature of 

315
o
C at a rate of 5

o
C/min. The temperatures of the quadrupole and ion source were 150 

and 230
o
C, respectively. BTBPE, TBBPA-DBPE, BEHTBP, and EHTeBB were 
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monitored through the m/z 330, 291, 464, and 356 respectively, and were quantified by 

monitoring bromide ions (m/z 79 and 81). 

4.3.7 Data Parameters and Statistical Analysis 

Water chemistry parameters were averaged for the entire study duration and 

analyzed using one way analysis of variance (ANOVA), where data met the assumptions 

of normality and homogeneity of variance, followed by a pair-wise multiple comparison 

procedure (Tukey test). Differences were considered significant at p < 0.05. Statistical 

analyses were conducted using SigmaPlot 11.0 (Systat Software, Inc. Chicago, IL). The 

water chemistry parameters were further analyzed on a bi-weekly basis using principal 

component analysis (PCA) (PC-ORD for Windows, Version 4.25, MjM Software, 

Gleneden Beach, Oregon, USA) to identify patterns in the grouping of the cosms. For 

responses that were normally distributed, the region defined by µ ± 1.96 σ incorporates 

about 95% of the population and was defined as the normal range (Kilgour et al. 1998). 

Cosms were identified as being outside the normal range, or outliers, if they had a 

Euclidean distance greater than two standard deviations from the grand mean as 

calculated in the PCA. Identification as an outlier based on PCA did not result in 

exclusion of the cosm from further statistical analysis, rather indicated that the cosm was 

outside the normal operating range of the system, and served to help identify effects of 

BFR treatment on community structure. 

Survival, growth, and reproductive endpoints for H. azteca were analysed using 

one-way ANOVA, endpoints that did not meet equal variance were analysed using 

Kruskal-Wallis ANOVA on ranks. Significant differences (p < 0.05) were compared to 

controls using Dunnett’s test. Statistical analyses were conducted using SigmaPlot 11.0 
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(Systat Software, Inc. Chicago, IL). Given the small and unequal sample sizes, 

comparisons between the endpoints for the water and sediment exposures were assessed 

using a two tailed unequal variance t-test (Welch–Satterthwaite test) as described by 

Ruxton (2006), where;  
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The degrees of freedom calculation yields a nonintegrer value, and was rounded down to 

the nearest whole number before consulting the standard t-tables. 

A one-tailed Student’s t test was used to compare the slopes of the regression line 

used to determine the reproduction rate in the H. azteca; differences were deemed 

significant at p < 0.05. The water chemistry parameters were further analyzed as they 

correlate to the H. azteca endpoints in a principal component analysis (PCA) (PC-ORD 

for Windows, Version 4.25).  Mesocosms were identified as outliers if they had a 

Euclidean distance greater than two standard deviations from the grand mean (Kilgour et 

al. 1998) as calculated in the PCA.  

Benthic macroinvertebrate community composition was evaluated in terms of 

abundance, as well as with various summary metrics. In expressing species data as a 
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single summary measure (i.e., diversity), the choice of measure can have a strong 

influence on the result, and may mask effects. To minimize the potential of this error, 

three indices were used for benthic macroinvertebrate taxa comparisons; Simpson’s 

diversity index, Pielou’s Evenness index, and the Family Biotic Index. The various 

indices, described in Table 33, place different weight on various parameters such as the 

number of different species, the number of individual organisms that are present, and 

their relative tolerance to pollution. 

Table 33: Description of indices used in the present study (as described by Turkmen and 

Kazanci (2010)).  

Metric Formula Comments 

Simpson Diversity Index 

(1-Δ) 
     

∑   (    )

 (   )
 

 A measure of dominance, 

neglects all but the most 

abundant species 

 Index values (Δ) are 

between 0-1 

Pielou Evenness Index  

(   ) 

   
  

     
 

     ∑ (
  

 
)(  

  

 
)  

 The values are between 0-

1, as the value approaches 

1, it means the individuals 

are distributed equally 

    is the Shannon 

Diversity Index 

Family Biotic Index  

(FBI) 
     ∑

    

 
 

 Based on categorizing 

macroinvertebrates based 

on their responses to 

organic pollution 

 Pollution tolerance scores 

(ai) range from 0 

(intolerant) to 10 (tolerant) 

N = Total number of individuals, ni = number of individuals of the ith species, S = 

number of species, H’max = ln S, ai is the tolerance score for the ith family, derived from 

(Mandaville 2002). 
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The Simpson Diversity Index yields values between 0 and 1, with values close to 

1 indicating a diverse system. The Pielou Evenness Index yields results between 0 and 1, 

and as the value approaches 1 it reflects that the individuals are distributed equally 

between the families. The Family Biotic Index was originally developed as an oxygen 

depletion index derived from organically polluted streams. The scoring criteria developed 

by Hilsenhoff (1988) follows that FBI scores in the range of 5.76 - 6.50 indicate fairly 

poor conditions with substantial pollution likely; 6.51 - 7.25 indicates poor conditions 

with very substantial pollution likely, and the upper most end of the scale being 7.26 - 

10.00, indicating very poor conditions with severe organic pollution likely. Here, the FBI 

scores are used for a standardized comparison between the ponds, accounting for the 

intrinsic tolerance characteristic of the taxa and not just the presence/absence as in the 

other summary indices, and are not intended to be compared to the Hilsenhoff ranking 

system. As with the H. azteca, due to the small sample size and unequal variance, 

comparisons between the treatments for each summary index were made using a two 

tailed unequal variance t-test (Welch–Satterthwaite test).  

Multivariate techniques were employed to analyze the taxa observed in the 

benthic macroinvertebrate community and the environmental chemistry parameters 

simultaneously. The species data were subjected to PCA to identify and assess benthic 

macroinvertebrate community differences between treatments. Additionally, an indirect 

gradient analysis was performed using principle component correlation.  This consisted 

of a PCA based on a community structure (species composition) matrix and a second 

matrix of water chemistry parameters which were evaluated for correlations with the 

community structure derived site scores for each PCA axis. This method generates 
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environmental vectors (having a significant correlation to the observed pattern, p < 0.05) 

on the ordination plot indicating the direction in which that variable influences the data in 

the ordination space. The original PCA of benthic macroinvertebrate community 

structure was overlaid on the correlation plot to gain further insight into the relationship 

with the environmental parameters. Similarly to the species composition data, separate 

PCAs incorporating the water chemistry parameters and summary indices were 

performed.  

To assess the suitability of using these in situ test systems in the mesocosms, the 

coefficient of variation (CV) for each endpoint examined with respect to the H. azteca 

and the benthic macroinvertebrates was determined. The CV may be used to assess the 

statistical “goodness” or “effectiveness” of a variable and in mesocosms, it has been 

suggested that suitable test variables are those with CVs less than 20–30% (Kraufvelin 

1998). 

4.4 Results 

4.4.1 Physicochemical Parameters 

Mean water chemistry values are presented in Table 34. There were no significant 

differences between the treatments over the 70 d. The physical and chemical parameters 

of the ponds were analyzed on a bi-weekly basis using PCA to identify any grouping that 

occurred based on those parameters (Figure A 18).  The loadings of the various 

parameters on the ordination axes was fairly consistent throughout the study (Table 35), 

with the exception of hardness, which as the study progressed had increased loadings on 

the first axis, indicating an increased importance in driving the ordination.  

.
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Table 34: Mean (± standard deviation) physical and chemical water quality parameters taken for each respective treatment 

throughout the study period (July 2nd to August 13th, 2009). *Point temperature refers to the temperature value from the 

Sonde at the time of measurement. 

  Temperature (
o
C) 

pH 

(n=53) 

Cond. 

(µS/cm, 

n = 53) 

Hard.                    

(mg/L, n 

= 8) 

Alk.                     

(mg/L,  

n = 8) 

D.O. 

(mg/L, 

n = 53) 

Chloro a                 

(µg/L, n 

= 53) 

Total P                

(mg/L, 

n = 7) 

Total N                     

(mg/L, 

n  = 7)   

Min. 

(n=53

) 

Max. 

(n=53

) 

Point* 

(n=45) 

Control 

Pond 4 
18.0 

(1.0) 

20.9 

(1.2) 

19.6 

(1.9) 

9.8 

(0.1) 

575.0 

(13.4) 

199.1 

(16.9) 

154.8 

(7.9) 
8.9 (2.9) 7.0 (3.9) 0.4 (0.1) 1.7 (0.1) 

Pond 9 
17.8 

(1.2) 

20.8 

(1.4) 

18.8 

(1.9) 

10.1 

(0.2) 

580.5 

(14.9) 

197.6 

(13.0) 

146.5 

(8.4) 
7.6 (2.5) 

9.2 

(11.6) 
0.4 (0.1) 2.1 (0.4) 

Average 
17.8 

(1.0) 

20.6 

(1.2) 

19.2 

(1.9) 

9.9 

(0.2) 

577.8 

(14.4) 

198.4 

(14.6) 

150.6 

(8.9) 
8.2 (2.8) 8.1 (8.7) 0.4 (0.1) 1.9 (0.3) 

BTBPE 

Pond 2 
18.3 

(0.9) 

21.0 

(1.2) 

19.5 

(1.8) 

10.0 

(0.2) 

576.8 

(10.8) 

189.1 

(22.4) 

144.6 

(13.3) 

11.2 

(1.1) 

10.3 

(7.1) 
0.5 (0.1) 1.8 (0.1) 

Pond 15 
18.7 

(1.5) 

21.8 

(1.2) 

19.7 

(1.7) 

10.2 

(0.1) 

605.1 

(9.8) 

196.1 

(21.8) 

140.3 

(15.8) 
9.9 (3.2) 8.4 (6.8) 0.3 (0.2) 1.6 (0.1) 

Average 
18.5 

(1.3) 

21.4 

(1.3) 

16.9 

(1.7) 

10.1 

(0.2) 

591.0 

(17.5) 

192.6 

(21.6) 

142.4 

(14.3) 

10.6 

(2.5) 
9.3 (7.0) 0.4 (0.1) 1.7 (0.2) 

TBBPA-

DBPE 

Pond 7 
17.5 

(1.0) 

21.4 

(1.3) 

18.8 

(1.8) 

10.2 

(0.1) 

583.5 

(13.2) 

189.6 

(8.5) 

144.6 

(7.6) 
8.5 (3.1) 6.2 (3.2) 

0.2 

(0.04) 
1.5 (0.2) 

Pond 13 
18.3 

(1.0) 

21.3 

(1.3) 

19.5 

(1.9) 

10.1 

(0.1) 

574.8 

(8.9) 

184.3 

(25.8) 

134.0 

(14.9) 
9.1 (2.8) 9.0 (3.1) 

0.4 

(0.05) 
2.0 (0.1) 

Average 
18.1 

(1.1) 

21.1 

(1.3) 

19.2 

(1.9) 

10.2 

(0.1) 

579.2 

(12.0) 

186.9 

(18.8) 

139.3 

(12.7) 
8.8 (2.9) 7.6 (3.4) 0.3 (0.1) 1.8 (0.3) 

BZ-54 

Pond 3 
18.0 

(0.9) 

20.4 

(1.0) 

19.7 

(2.8) 

9.8 

(0.1) 

582.9 

(15.1) 

186.6 

(15.1) 

145.0 

(11.0) 
8.6 (2.8) 7.1 (3.1) 0.3 (0.1) 1.8 (0.4) 

Pond 12 
17.7 

(0.9) 

20.2 

(1.1) 

19.2 

(1.6) 

9.9 

(0.2) 

574.8 

(12.7) 

198.8 

(27.7) 

142.5 

(17.8) 
8.4 (3.7) 8.3 (4.8) 

0.3 

(0.04) 
1.7 (0.1) 

Average 
18.0 

(0.9) 

21.2 

(1.4) 

19.5 

(1.8) 

9.9 

(0.2) 

576.9 

(12.5) 

192.7 

(22.5) 

143.8 

(14.3) 
8.5 (3.3) 7.7 (4.1) 0.3 (0.1) 1.8 (0.3) 
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Table 35: Correlation of water quality parameter to the ordination axis shown for biweekly periods. The eigenvalues and the 

percent of variation explained by each axis are reported. 

Study 

Period 

(Days) 

Ord. 

Axis 
[H+] Cond. Hard. Alk. D.O. Temp 

Total 

P 

Total 

N 

Chloro 

A 

Eigenval

ue 

% of 

Variance 

Explaine

d 

Total % 

of 

Variance 

Explaine

d 

-14 to - 1 
1 4.00E-3 0.95 0.50 0.53 0.09 0.38 0.00 0.02 0.02 2741.1 79.1 

 

2 0.13 0.05 0.55 0.34 2.00E-3 0.27 0.41 0.06 0.13 582.1 16.8 95.9 

0 to 14 
1 0.08 0.95 0.48 0.05 0.49 0.19 0.05 0.34 0.07 1404.1 70.0 

 

2 0.02 0.05 0.50 0.06 0.01 0.13 0.26 0.21 0.21 347.5 17.3 87.3 

15 to 28 

1 1.00E-3 0.42 0.93 0.42 0.04 0.25 0.06 0.03 0.09 3206.5 67.1 
 

2 0.18 0.12 0.03 0.57 0.13 0.03 
3.00E-

3 
1.00E-3 0.01 904.8 18.9 86.1 

29 to 42 
1 0.03 0.82 0.63 0.69 0.02 0.01 0.07 1.00E-3 0.26 1541.5 72.4 

 

2 0.01 0.18 0.22 0.22 0.30 0.35 0.01 0.11 0.36 429.6 20.2 92.5 

43 to 56 
1 0.06 0.72 0.88 0.66 0.02 0.08 

2.00E-

3 
0.08 0.58 2150.2 71.4 

 

2 0.02 0.27 1.00E-3 0.33 0.07 0.02 0.30 0.12 0.05 710.8 23.6 95.0 

57 to 70 
1 0.18 0.76 0.77 0.46 0.07 0.07 0.01 0.06 1.00E-3 1915.8 64.4 

 

2 0.03 0.22 3.00E-3 0.52 0.21 0.13 0.09 0.04 0.03 804.9 27.1 91.5 

Arithmetic 

Mean 

1 0.17 1.00 1.00E-3 0.06 0.05 0.05 0.12 0.14 0.01 797.7 61.7 
 

2 0.12 0.00 0.80 0.73 0.06 0.02 0.02 0.27 0.06 374.6 29.0 90.7 

GeoMean 

1 0.19 1.00 3.00E-3 0.06 0.01 0.05 0.18 0.15 0.09 801.5 61.0 
 

2 0.12 3.00E-3 0.81 0.76 0.07 0.03 
4.00E-

3 
0.08 0.29 400.8 30.5 91.5 
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4.4.2 Concentration of BFRs in the Mesocosms 

The concentration of the compounds in the mesocosms in 2009 did not follow 

first order kinetics. There were large changes throughout the study, and dissipation times 

could not be calculated for either the particulate or sediment values. Summary 

concentrations expressed as ng BFR per g of particulate and ng BFR per g OC in 

sediment are presented in Chapter 3 (Table 31 and Table 32).The EHTeBB component of 

the BZ-54 product was not detected in the sediments. 

4.4.3 BFR Uptake by H. azteca  

After 70 d, adult H. azteca from the BTBPE treated mesocosms had measurable 

concentrations of BTBPE in both those exposed via the water column (n = 39) and the 

sediment (n = 61) (Figure 23), whereas none of the other treatments resulted in detectable 

levels of BFRs. H. azteca from the cages that were pegged to the sediment had a higher 

concentration than those from the cages suspended in the water column, however when 

averaged by exposure method the difference between the two exposure types was not 

statistically significant (p = 0.33).  
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Figure 23: Uptake of BTBPE by H. azteca exposed in the BTBPE treated mesocosms. 

Bars are the arithmetic mean (and standard deviation) from the two mesocosms in the 

treatment, with the number above the bar being the number of surviving adults at d 70 

combined from each exposure.  

4.4.4 H. azteca Survival, Growth, and Reproduction 

Although tissue concentrations of BTBPE were higher in H. azteca from cages 

associated with sediment, survival, growth, and reproduction in these cages was similar 

to, or greater than, that from cages suspended in the water column, indicating that there 

was no association between bioaccumulation of BTBPE and any measured adverse 

outcome in H. azteca (Table 36). The highest mortality was seen in the TBBPA-DBPE 

sediment treatment; however this was not significantly different from the controls, where 

the H. azteca exposed to sediment in Pond 9 had 100% mortality (Table A 14). The 

sediment-exposed H. azteca in Pond 9 also failed to produce offspring, due to the 

complete mortality, whereas Pond 7 from the TBBPA-DBPE treatment failed to produce 

any offspring, despite having surviving adults (35 and 85% mortality in the water and 



194 

 

sediment exposures, respectively). There were no significant differences within 

treatments (p = 0.05) with respect to exposure method. The reproduction rate in the 

sediment exposed BTBPE treatment was significantly greater than the rate from the 

sediment exposed H. azteca in the control treatment. 
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Table 36: Summary of H. azteca survival, growth, and reproductive endpoints after 70 days. Values presented are the mean 

with standard deviation in parenthesis, with the exception of reproduction rate, where the slope and the standard error of the 

slope (in parenthesis) from the regression line are presented. * Indicates a significant difference compared to the matched 

Control exposure endpoint. 

Endpoint 
Control BTBPE TBBPA-DBPE BZ-54 

Water Sediment Water Sediment Water Sediment Water Sediment 

Mortality (%) 29 (19) 54 (65) 51 (12) 24 (2) 39 (5) 59 (37) 33 (18) 51 (34) 

Mortality rate 
0.0005 

(0.004) 
0.03 (0.04) 

0.01 

(0.004) 

0.004 

(0.0003) 

0.007 

(0.001) 
0.02 (0.02) 

0.006 

(0.004) 
0.01 (0.01) 

Total biomass 

(mg) 

116.9 

(16.5) 

74.4 

(105.1) 
81.9 (35.8) 

129.3 

(23.9) 
92.2 (0.5) 75.9 (74.8) 

112.2 

(23.3) 
85.2 (71.9) 

Average adult 

mass (mg wet 

weight/ 

amphipod) 

4.6 (0.0) 2.0 (2.8) 3.7 (0.2) 4.3 (0.6) 3.8 (0.3) 4.3 (0.7) 4.2 (0.2) 4.1 (0.9) 

Biomass 

Production 
2.0 (0.9) 1.9 (2.6) 2.9 (0.4) 2.5 (1.6) 2.3 (0.0) 1.9 (1.9) 2.8 (0.6) 2.1 (1.8) 

Total 

juveniles 

produced 

46 (42) 38 (54) 52 (39) 64 (65) 53 (75) 28 (39) 142 (31) 63 (62) 

Juveniles/ 

adult 
1.9 (2.0) 1.0 (1.4) 2.5 (1.5) 3.5 (0) 2.3 (3.2) 0.9 (1.3) 5.4 (0.1) 2.1 (2.1) 

Juveniles/ 

total biomass 
0.4 (0.4) 0.3 (0.4) 0.6 (0.2) 0.5 (0.4) 0.6 (0.8) 0.2 (0.3) 1.3 (0.0) 0.7 (0.2) 

Juveniles/ 

average adult 

mass 

13.0 (4.8) 9.5 (13.4) 10.0 (9.9) 40.5 (24.3) 13.8 (18.8) 5.8 (8.2) 34.2 (9.4) 14.1 (12.1) 

Reproduction 

rate
Ϯ
 

0.09 (0.01) 0.05 (0.01) 0.18 (0.07) 
0.12 

(0.02)* 
0.13 (0.03) 0.07 (0.01) 0.14 (0.04) 0.13 (0.03) 

Ϯ
Values presented are the rate (standard error of the slope), from the regression line ln(cumulative number of juveniles) = b t + a, where b is the slope, 

all other values are the mean (standard deviation).
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4.4.5 Comparison of Correlation Analysis Between Exposure Types   

A principal component analysis (PCA) of the geometric mean of the physical and 

chemical measurements in the water as they correlate to the responses in H. azteca from 

the two exposure types was performed to explore some of the variation observed between 

exposure types (Figure 24). No ponds from either exposure type were recognized as 

outliers (greater than two standard deviations away from grand mean).   
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Figure 24: PCA of the water physical and chemical variables (black vectors) as they 

correlate to the H. azteca endpoints (overlaid grey vectors) for the water (top) and 

sediment (bottom) exposure. No ponds were identified as outliers. 
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For the exposure via water, the ponds from the BZ-54 treatment (ponds 3 and 12) 

ordinated close together along a gradient characterized by pH and reproductive endpoints. 

Pond 15 (BTBPE treatment) ordinated further away from the other ponds along a 

conductivity gradient; however this was not outside the normal range. In the sediment 

exposure, the three ponds with 100% mortality (Ponds 9 [Control], 7 [TBBPA-DBPE] 

and 12 [BZ-54]), all ordinated inversely to dissolved oxygen and temperature. As with 

exposure viawater column, Pond 15 (BTBPE treatment) ordinated away from the other 

ponds based on conductivity, but again this was in the normal range. 

4.4.6 Benthic Macroinvertebrate Community Composition 

The percent composition of the top 5 benthic macroinvertebrate families is shown 

for each treatment in Figure 25. The main families collected included Chironomidae, 

Physidae, Baetidae, Coenagrionidae, and Oligochaeta. Cladocera, Cyclopoida, Hydra and 

Ostracoda were also collected but comprised only a small percent of total community 

composition, these were removed from analysis as both a Hester-Dendy sampler and a 

sieve size of 500 µm does not allow for adequate estimation of these taxa. The BZ-54 

treatment had more Chironomidae and fewer Physidae compared to the other treatments, 

but this was not statistically significant due to the high variation between the two ponds 

in the BZ-54 treatment (Table A 15). Similarly, the inability to detect a significant 

difference with respect to the Physidae was due to high variation in the Control treatment 

(Table A 15).   
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Figure 25: Percent composition of benthic macroinvertebrate families collected from Hester-Dendy samplers based on the top five 

families (n = 2 per treatment). The first number is the absolute count, followed by the percent contribution to the total count. 
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4.4.7 Diversity and Tolerance 

Diversity of benthos in all ponds was generally low. The Simpson diversity index 

indicated that Pond 2 had the greatest diversity and Pond 3 the least. The BZ-54 treatment 

(Ponds 3 and 12) had the greatest number of individuals, but very low diversity.  

Tolerance scores from Mandaville (2002) were used to calculate the Family Biotic Index 

(FBI), and showed no significant difference between treatments (Table 37). 
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Table 37: Summary of indices used to assess the benthic macroinvertebrate composition. There were no statistically significant 

differences between treatments compared to the controls. 

 

P4 6 406 0.26 0.29 7.80

P9 5 83 0.55 0.65 7.98

Average 5.5 (0.7) 244.50 (228.4) 0.41 (0.2) 0.47 (0.3) 7.89 (0.1)

P2 7 134 0.63 0.61 7.88

P15 8 173 0.54 0.54 8.11

Average 7.5 (0.7) 153.50 (27.6) 0.59 (0.1) 0.58 (0.05) 7.99 (0.2)

P7 7 228 0.41 0.44 7.71

P13 4 455 0.48 0.53 8.01

Average 5.5 (2.1) 341.50 (160.5) 0.44 (0.5) 0.49 (0.1) 7.86 (0.2)

P3 5 510 0.11 0.18 6.60

P12 5 722 0.54 0.53 7.90

Average 5.0 (0.0) 616.00 (149.9) 0.32 (0.3) 0.36 (0.2) 7.25 (0.9)

Control

BTBPE

TBBPA-DBPE

BZ-54

Simpson 

Diversity Index

Pielou Eveness 

Index

Family Biotic 

Index
Treatment Pond

Number of 

Families

Number of 

Individuals
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4.4.8 Principal Component Analysis 

PCA of the water chemistry parameters as they correlate to the pond ordination 

based on the benthic macroinvertebrates is shown in Figure 26. The BZ-54 treatment 

ordinates along the lower values of each the primary and secondary community gradients 

(Axis 1 and 2), indicating a dominance of Chironomidae and Baetidae and a lack of 

Physidae, Ceratopogonidae, and Coenagrionidae. Axes 1 and 2 explained 31 and 21% of 

the community variation, respectively. Based on the benthic macroinvertebrate 

community, Pond 12 (BZ-54 treatment) was identified as an outlier as having a Euclidean 

distance greater than two standard deviations (2.38) from the grand mean. Ponds 13 and 

15, which deviate from the central grouping, were not statistically identified as outliers 

based on community composition. Pond 15 was identified as an outlier based on its water 

chemistry, having a Euclidean distance greater than two standard deviations (2.16) from 

the grand mean.  
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Figure 26: Principal component analysis (PCA) based on the benthic macroinvertebrate 

community (dashed grey vectors), overlaid on the water chemistry parameters (solid 

black vectors) as they correlate to the benthic macroinvertebrate community. Pond 12 

(BZ-54 treatment) was identified as an outlier based on the benthic macroinvertebrate 

community as having a Euclidean distance greater than two standard deviations (2.38) 

from the grand mean, while Pond 15 (BTBPE) was identified as an outlier based on the 

water chemistry parameters (2.16 standard deviations). 

 

PCA of the water chemistry vectors as they correlate to the ponds based on the 

scores of the summary indices are shown in Figure 27. The ponds ordinated closely 

together in the lower right quadrant of the PCA, with the exception of Ponds 3 and 4. 

Pond 3 (BZ-54 treatment) was identified as an outlier (based on the summary indices) by 

having a Euclidean distance greater than two standard deviations (2.45) from the grand 
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mean. Pond 4 (Control treatment) ordinated higher along the secondary axis, but was not 

significantly different from the grand mean, given the small scale of the secondary axis. 

Axes 1 and 2 explained 91 and 7% of the variation observed in the summary indices, 

respectively. 

 

Figure 27: PCA of the water chemistry variables (solid black vectors) as they correlate to 

the summary indices, which have been overlaid (grey dashed vectors). Pond 3, driven by 

low diversity and evenness, was found to be an outlier with a standard deviation of 2.45 

away from the grand mean. Pond 4, while ordinating away from the central grouping, 

was not identified as an outlier.  
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4.4.9 Statistical Sensitivity  

4.4.9.1 Water chemistry parameters 

The water chemistry parameters remained fairly consistent throughout the study 

and had CV’s that are within the acceptable range for detecting differences (Table 38). 

Table 38: Summary of the CVs for the water chemistry parameters. Entries in bold are 

within the manageable CV range suggested by (Kraufvelin 1998). 

 
Control BTBPE TBBPA-DBPE BZ-54 

Temperature 0.7 2.8 4.2 2.3 

SpCond 0.4 1.1 0.7 4.3 

pH 1.1 2.7 2.7 0.5 

DO 32.8 6.6 7.7 6.8 

ORP 5.7 13.2 0.1 6.8 

Chloro a 11.3 5.8 6.2 6.6 

Hardness 0.9 3.5 0.4 4.4 

Alkalinity 0.2 4.8 2.0 3.2 

Nitrogen 0.1 10.1 14.6 17.9 

Phosphorus 26.6 49.7 13.9 13.0 

 

The smaller variability in each endpoint would make detecting a statistically 

significant difference easier; however, there were no statistically significant differences 

in the water chemistry between treatments. 

4.4.9.2 Hyalella azteca exposures 

For most endpoints examined, the sediment exposure had a higher CV (Table 39). 

The high degree of variability in all endpoints made detecting statistically significant 

differences difficult; however total biomass was within the desirable range for most 

treatments. Since there were no statistically significant differences between treatments, 

the endpoints for the H. azteca were pooled across treatments such that comparisons 

could be made for the overall differences between H. azteca exposed in cages suspended 
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in the water column, and those in cages pegged to the sediment. With the exception of 

endpoints associated with the production of juveniles, the exposure via water had a 

considerably lower CV as compared to the sediment exposure.  
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Table 39: Summary of the CVs for the endpoints measured in the Hyalella azteca by treatment and exposure. Entries in bold 

are within the manageable range of CVs as suggested by (Kraufvelin 1998). 

 Control BTBPE TBBPA-DBPE BZ-54 Combined 

 Water Sediment Water Sediment Water Sediment Water Sediment Water Sediment 

% Mortality 65.5 120.4 23.5 8.3 12.8 62.7 54.5 66.7 42.9 73.3 

Mortality rate 800.0 133.3 40.0 7.5 14.3 100.0 66.7 100.0 53.2 129.9 

Total biomass  14.1 141.3 43.7 18.5 0.5 98.6 20.8 84.4 25.8 67.4 

Average adult 

mass  
- 140.0 5.4 14.0 7.9 16.3 4.8 22.0 11.6 42.5 

Biomass 

production 
45.0 136.8 13.8 64.0 - 100.0 21.4 85.7 25.6 73.0 

Total juveniles 52.2 142.1 75.0 101.6 141.5 139.3 21.8 98.4 87.6 94.5 

Juveniles/ 

#adult 
105.3 140.0 60.0 - 139.1 144.4 1.9 100.0 79.7 82.3 

Juveniles/ 

total biomass 
100.0 133.3 33.3 80.0 133.3 150.0 - 28.6 79.0 78.4 

Juveniles/ 

average adult 

mass 

36.9 141.1 99.0 60.0 136.2 141.4 27.5 85.8 87.3 107.7 
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4.4.9.3 Benthic macroinvertebrates 

The CVs for the various benthic macroinvertebrate taxa as well as the summary 

indices are presented in Table 40.  

Table 40: Summary of the CVs from the benthic macroinvertebrate study. Entries in bold 

are within the manageable CV range suggested by (Kraufvelin 1998). 

 Control BTBPE TBBPA-DBPE BZ-54 

Baetidae 141.4 141.4 141.4 7.4 

Ceratopogonidae - 141.4 - - 

Chironomidae 70.7 7.4 92.9 138.2 

Coenagrionidae - 141.4 - 141.4 

Dyticidae - - - 141.4 

Phryganeidae - - 141.4 - 

Physidae 2.7 39.4 118.3 13.7 

Planorbiidae 141.4 - - 141.4 

Oligochaeta 141.4 141.4 - - 

Number of Families 12.9 9.4 38.6 - 

Number of Individuals 93.4 18.0 47.0 24.3 

Simpson Diversity Index 49.7 10.6 11.3 92.2 

Pielou Evenness Index 53.7 8.5 12.8 68.9 

Family Biotic Index 1.6 2.0 2.7 12.7 

 

There was very high variability within all the individual taxa, making it difficult 

to determine any statistical differences. The use of a summary index should alleviate 

some of the variability observed with the individual taxa counts, and indeed while most 

of the CVs for the summary indices are lower than the individual taxa, they are still 

relatively high. The BTBPE and TBBPA-DBPE treatments each had summary indices 

that were within the manageable range, demonstrating low variability between the 

mesocosms of these treatments, as compared to the high inter-treatment variability 

observed in the Control and BZ-54 treatment. The FBI was within a manageable range 

for all treatments, suggesting its utility in future studies for detecting significant 
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differences. Diversity and Evenness also appear to be good measures for detecting 

statistically significant differences between treatments.  

4.5 Discussion 

The concentration of the novel BFRs in H. azteca was only determined at the end 

of the study period, 70-d. As such early uptake and metabolism of the TBBPA-DBPE and 

the components of BZ-54 may have been missed. However, BTBPE was present in H. 

azteca after 70-d of exposure, indicating that this compound is available and persistent in 

vivo. Although concentrations of BTBPE in tissue were higher in H. azteca from cages 

associated with sediment, there was no association between bioaccumulation of BTBPE 

and any measured adverse outcome in H. azteca. The concentrations of BTBPE in H. 

azteca at 70-d did not correlate with maximum concentrations in water or sediment 

(Figure A 20). The accumulation of BTBPE from sediment into H. azteca may lead to 

trophic transfer to predators (benthivorous fish) as observed in field investigations (Law 

et al. 2006a). Law et al. (2006) found BTBPE to have a trophic magnification factor of 

1.86, indicating its potential to biomagnify.  

Survival of H. azteca in all the mesocosms was highly variable, which limited our 

ability to detect statistically significant differences between treatments or route of 

exposure (sediment versus water column). The range of mortality (8-100%) was greatest 

in H. azteca exposed via the sediment, compared to those exposed in the water column 

(40-70%). Growth and reproduction were not significantly different between treatments, 

or exposure methods, and again were highly variable. Variables with CVs lower than 20–

30% have been regarded both as normal and manageable in mesocosm studies 

(Kraufvelin 1998). The mean CV values calculated in the H. azteca study were generally 
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high (> 30%); only average biomass had CVs within the acceptable range, suggesting that 

it would be the most useful for detecting statistically significant differences. Laboratory 

tests with H. azteca have found that variability in final biomass was due to differences in 

individual growth rate, and not initial size of the organism (Borgmann 2002). This 

strengthens the use of biomass as an effective endpoint for detecting and attributing 

effects of a chemical. No significant differences in average biomass were detected 

between treatments.  

Reproduction in H. azteca is a much more variable endpoint than survival, 

growth, or biomass (Borgmann 2002). Reproduction in H. azteca is sexual and requires 

successful mating; and this may contribute to the high variability if there was an unequal 

distribution or survival of the sexes. The reproductive endpoints in our study had high 

CVs, again limiting the ability to detect statistically significant differences. However, the 

reproduction rate for H. azteca exposed to the sediment in the BTBPE treatment was 

statistically greater than that of the H. azteca exposed to the sediments in the control 

treatment. While not statistically significant, the greatest number of juveniles were 

produced in the BZ-54 treatment. Conversely, in the TBBPA-DBPE treatment, H. azteca 

in Pond 7 failed to produce any offspring, suggesting the possibility for disruption of 

reproduction. However, this effect was inconsistent as H. azteca in replicate mesocosm 

(Pond 13) had a greater amount of reproduction that was not statistically different from 

the control treatment. Interestingly the control treatment had the lowest reproduction rate 

for both the water and sediment-exposed H. azteca compared to all treatments. 

The life-history traits of H. azteca should also be considered when implementing 

the in situ test. The question of whether H. azteca burrow into and/or feed on sediment, 
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or whether they are actually epibenthic feeders was raised by Wang et al. (2004) who 

concluded that, in nature, H. azteca is an epibenthic grazer and is not inclined to burrow 

into sediments. This life history trait tends to be overlooked in traditional sediment 

toxicity tests with H. azteca, where test vessels only contain sediment, and no source of 

refuge (e.g., macrophytes, branches) causing the organism to burrow into the sediment 

which results in greater exposures. The use of in situ Hyalella cages that have been 

pegged to the sediment mimics the natural habitat setting of H. azteca and adds a level of 

realism to the exposure scenario. However, it was frequently observed that the cages 

pegged to the sediment had greater variability than those in the water column, particularly 

with respect to mortality, which made detecting significant differences difficult. This 

finding presents a tradeoff between the increased realism of having cages pegged to 

sediment, and the increased level of variability due to association with the sediment. 

Previous studies with Pb showed no difference in mortality between H. azteca exposed 

directly to spiked sediments, and those exposed in the over lying water (Borgmann and 

Norwood 1999). The increased mortality observed in some of the Hyalella cages that 

were pegged to the sediment could be due to physicochemical changes at the sediment 

surface that were not characterized by our measurements at 30 cm below the surface of 

the water. The PCA of the responses to exposure via sediment suggests that dissolved 

oxygen was inversely correlated with mortality, and therefore future water quality 

measurements should include those taken at the sediment surface, and if possible inside 

the Hyalella cage. 

This is the first time Hester-Dendy samplers have been used to assess benthic 

macroinvertebrate diversity in these mesocosms, and there was no baseline data for 
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comparison regarding abundance and composition of these organisms. This study was 

limited by having a single sampling event, and could have benefited from additional 

community data throughout the study, and from previous seasons. These mesocosms had 

been established for one year prior to the initiation of this study. It has been suggested 

that one year may be sufficient to establish a relatively complete community in 

experimental ponds (Christman and Voshell 1993). The low diversity values, and high 

FBI scores may be indicative of the natural conditions of the mesocosms, and not an 

artefact of the sampling method. Another limitation of this study is the variability 

observed between ponds of the same treatment, a symptom of the small number of 

replicates (n = 2), and natural divergence, as seen with the large CVs associated with 

individual taxa. Despite the limitations there were still interesting patterns observed in the 

benthic macroinvertebrate community composition.  

The PCA of taxa and water chemistry parameters revealed that the BZ-54 

treatment (Ponds 3 and 12) and Ponds 13 (TBBPA-DBPE) and 15 (BTBPE), deviated 

from the Control treatment (Ponds 4 and 9), with Chironomidae and Physidae driving 

community composition in Ponds 12 and 13, respectively. Pond 12 was identified as an 

outlier based on the community composition of benthic macroinvertebrates, and not due 

to its water chemistry parameters. This suggests that the BZ-54 treatment may be 

responsible for the deviation observed in this pond, which was dominated by 

Chironomidae. However, the other pond in the BZ-54 treatment, Pond 3, ordinated 

similarly to Pond 12 but had far fewer Chironomidae, was dominated by Baetidae, and 

did not differ significantly from the other ponds with respect to community composition. 

Both Pond 3 and 12 had similar concentrations of BEHTBP in the sediment (Table 32), 



213 

 

making it unlikely that the differences observed in Pond 12 were attributable to 

concentration alone. Conversely, the concentration of BEHTBP in the particulate 

compartment was greater in Pond 3 compared to Pond 12, again suggesting that the 

effects observed in Pond 12 are not attributable to the treatment (Table 31).  

The summary indices (Simpson’s Diversity Index, Pielou Evenness Index, and 

Family Biotic Index) were unable to discriminate effects of treatment on the benthic 

macroinvertebrate community, despite having relatively low CVs. The Simpson Diversity 

Index yields values between 0 and 1, with values close to 1 indicating a diverse system. 

All of the treatments had a relatively low degree of diversity, with the BTBPE treatment 

having the greatest and BZ-54 treatment having the least amount of diversity, although 

neither was significantly different from the control treatment. The Pielou Evenness Index 

yields results between 0 and 1, and as the value approaches 1 it reflects that the 

individuals are distributed equally between the families. Again, the BTBPE treatment had 

the greatest and BZ-54 the lowest value, neither of which was significantly different from 

the control treatment. When the summary indices were analyzed along with the water 

chemistry variables in a PCA, Pond 3 (BZ-54 treatment) was identified as an outlier 

based on its low diversity and evenness scores. Given the lack of differences in 

concentration of BEHTBP between the sediments in the BZ-54 treatment, if there was a 

treatment effect, it would be expected that Pond 12 would have similar ordination as 

Pond 3; that is not the case, making it unlikely that the observed difference in Pond 3 was 

related to the treatment. However, both ponds from the BZ-54 treatment were identified 

as being outside the normal range (Pond 3 on the basis of the summary indices, and Pond 

12 on the basis of taxa composition), which together suggests that there may be a 
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treatment effect, driving the BZ-54 treated ponds outside the normal range of benthic 

macroinvertebrate composition.  

The low values observed for the diversity and distribution of the individuals may 

be attributed to the significant portion of the benthic macroinvertebrate community in the 

mesocosms (Baetidae, Chironomidae, and Coenagrionidae) which rely on aerial 

colonization. Despite similar physical and chemical characteristics there may be natural 

divergence in the communities between mesocosms depending on the initial assemblages 

at the start of the exposure. Kraufvelin (1998) identifies ecological succession, which is 

not expressed uniformly, as a main driver of the divergence observed in mesocosms, as 

small differences at the beginning of the experiment are magnified as succession 

proceeds, and an uneven initial aerial colonization will be magnified over the course of 

70-d. It has been shown that the immigration of individuals into any particular location is 

not constant, and varies according to the source population and landscape features 

(Caquet et al. 2001). In a study of the factors that affect colonization of experimental 

ponds by benthic macroinvertebrates, Layton and Voshell (1991) found that lack of a 

connection to colonized water (e.g., stream or river) and small size of ponds limited the 

structure of new macroinvertebrates. The natural condition of these mesocosms with 

respect to benthic macroinvertebrate diversity may be quite low. However, Sibley et al. 

(personal communication, unpublished data) found these ponds to be particularly 

favorable for colonization by Chironomidae. Conversely, the Physidae in the ponds are 

generally the result of colonization from the initial procedures (e.g., planting with local 

macrophytes) and circulation period, and should show less divergence given the efforts to 

create homogenous conditions at the beginning of the study period. In a separate study 
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that was running concurrent to this study at the Guelph Microcosm Facility, considerable 

variation in the number of snails caught in control mesocosms with zooplankton traps 

after 70-d (9 , 43 and 69 individuals) was observed (Baxter et al. 2011). While the 

sampling methods were different between the two studies, the random/incidental catching 

of more snails in the zooplankton traps may be reflective of a greater snail population in 

that cosm, supporting the unequal distribution of Physids between the cosms observed in 

our study. Together these results suggest that despite the initial attempt to achieve 

homogenous distribution of taxa through circulation from a central irrigation pond, there 

is still divergence based on extraneous factors. Indeed, Physids have great dispersal 

potential from being transported as eggs or juveniles by adhering directly to plants (e.g., 

during the initial setup of the mesocosms) and animals, such as waterfowl (Barnes 1983), 

thus chance colonization of Physids in the mesocosms could account for some of the 

variability observed in this study. 

The Family Biotic Index was originally developed as an oxygen depletion index 

derived from organically polluted streams. Using the scoring criteria developed by 

Hilsenhoff (1988), the FBI values in our study would indicate that these mesocosms are 

in polluted states; however these criteria are not entirely appropriate for our study, as they 

were developed for assessing organic pollution of riverine systems. Here, the FBI scores 

are used for a standardized comparison between the ponds, accounting for the intrinsic 

tolerance characteristic of the taxa and not just the presence/absence as in the other 

summary indices. The FBI scores, had a consistently low CV, and the values were similar 

in each cosm, indicating there is not a significant effect on sensitive taxa due to the 

treatment with novel BFRs. 
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This study was the first to employ in situ Hyalella cages in an aquatic mesocosm 

to assess toxicity of non-PDBE BFRs. Despite the limitations of the test system and 

variability observed within treatments, there are several results of note that were observed 

in this study. It demonstrated that the placement of the cages in the mesocosm, and type 

of BFR treatment had little effect on the measured endpoints. The persistence and 

bioavailability of BTBPE to H. azteca presents a potential source of trophic transfer to 

higher organisms. The lack of effects in H. azteca associated with exposure to the non-

PBDE BFRs suggests few biologically significant responses; however the variability in 

the test systems may have masked some reproductive effects associated with exposure 

toTBBPA-DBPE (decreased) and BZ-54 (increased), which could be ecologically 

relevant. This study demonstrates the utility of in situ cages in assessing bioavailability of 

hydrophobic contaminants and indicates that the persistence and toxicity of these non-

PBDE BFRs should be further studied; however the high control mortality and inter-

treatment variability needs to be improved before the use of these cages can be fully 

recommended for mesocosm toxicity studies.   

The results of the benthic macroinvertebrate study suggest that BZ-54 has the 

potential to impact the benthic macroinvertebrate community, based on both ponds in the 

BZ-54 treatment being deemed outliers; Pond 12 being an outlier based on community 

composition (high abundance of Chironomidae) and Pond 3 being an outlier based on 

summary indices (low diversity and evenness). Given that only one concentration of BZ-

54 was used, it is not possible to determine if there is a concentration-response 

relationship, which would strengthen that conclusion. As there is no literature on the 
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effects of the components of BZ-54 (BEHTBP and EHTeBB) on benthic 

macroinvertebrates, the results of this study suggest further investigations are warranted.  

4.6 Conclusions and Considerations for Future Studies 

While the in situ cages show some promise, there are some considerations that 

should be addressed in future studies to maximize their utility and relevance. In our 

study, H. azteca were fed uncontaminated food every two weeks. It has been suggested 

that feeding uncontaminated food may reduce the exposure to contaminants in the 

organism (Stephenson and Turner 1993). The ability of the H. azteca to survive and 

reproduce under normal conditions, without the addition of food is a desirable trait for an 

in situ test. Additionally, any uneaten food could cause a decrease in dissolved oxygen in 

the cage as it degrades; dissolved oxygen being a significant factor in H. azteca survival, 

minimizing fluctuations is desirable. Further exploration of the ability of the H. azteca to 

survive in the test systems in mesocosms, both when suspended in the water column and 

pegged to the sediment, without the addition of food will strengthen the robustness of this 

in situ test method.  The design of the cage is also be something to consider for future 

mesocosm studies. As many of the contaminants of interest, particularly emerging BFRs, 

are bound to sediment, direct exposure to the sediment while in an in situ cage would be a 

more realistic exposure method. Robertson et al. (2007) utilized a vertical design for their 

in situ exposure cages which allowed for the sediment-water interface exposure route to 

be examined.  

Future assessments of the benthic macroinvertebrate community would benefit 

from having increased information regarding the normal condition of the mesocosms. It 

is unclear how well the abundance and diversity values obtained in this study reflect the 
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natural condition of the mesocosms. A combination of different sampling methods (e.g., 

grab samples, introduced substrates such as rock-filled bags, etc.) should also be 

evaluated to assess the benefits and drawbacks of each method in this system. An 

improved understanding of the natural and seasonal variation in the mesocosms would be 

a great asset in future studies.  

Both of these in situ tests demonstrated very high variability both within and 

between treatments. In the case of the Hyalella cages, efforts to decrease the variability of 

the system could include increasing number of individuals per cage, and the number of 

cages per cosm. Increased number of cages would improve the ability for multiple, lethal, 

sampling events throughout the exposure, and aid in the ability to model uptake and 

depuration kinetics. Similarly, more Hester-Dendy samplers that could be sampled 

throughout the exposure would also increase the ability to track changes in the 

mesocosms as they occur. Ideally, increasing the number of mesocosms, true replicates, 

would be the most significant factor in reducing variability; however the number of 

mesocosms available is often a limiting factor.  

Collectively, these two in situ studies highlight the need for more studies on 

macroinvertebrates. The accumulation of BTBPE in H. azteca, while not associated with 

any adverse effects on growth or reproduction, presents a possible pathway for 

biomagnification. The BZ-54 treatment was observed to have an effect on the 

reproduction of Hyalella azteca, as well as possible effects on the benthic 

macroinvertebrate community in terms of composition and diversity.     
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5 Exposure of Fathead minnow (Pimephales promelas Rafinesque) to 

Three Non-PBDE BFRs in Outdoor Mesocosms; Bioaccumulation, 

metabolism, and biochemical effects 

5.1 Abstract 

Many of the persistent, bioaccumulative, and toxic (PBT) and legacy and some 

current-use brominated flame retardants have been phased out. This has prompted the 

search for substitutes for PBDEs; however, the PBT properties of these replacement 

chemicals are poorly characterized. Bis(tribromophenoxy)ethane (BTBPE), 

tetrabromobisphenol A bis(2,3-dibromopropyl ether) (TBBPA-DBPE), and BZ-54 (a 

commercial mixture containing bis(2-ethylhexyl)tetrabromophthalate (BEHTBP) and 2-

ethylhexyl-2,3,4,5-tetrabromobenzoate (EHTeBB), in a ratio of 1:4), have been identified 

as potential replacements for PBDEs, based on their bromine content and physical 

properties they have been selected for further assessment in this study. To address the 

environmental fate and toxicological effects of these substitutes on fish, replicate 

mesocosms were treated with the compounds at concentrations designed to give a 

maximum load 500 ng/g in the upper 5 cm of the sediment. Caged fathead minnows 

Pimephales promelas (24 fish per mesocosm) were added to the mesocosms and 

acclimated for 10 d prior to exposure. The exposure period was 42 d followed by 28 d of 

depuration with tissue and serum samples taken during both periods. Tissue and serum 

samples were taken to measure physical (i.e., LSI, condition factor) and oxidative stress 

(i.e., TBARs and FAO activity), reproductive endpoints (i.e., GSI, vitellogenin, and sex 

steroid production), and accumulation of the BFRs. The fathead minnows accumulated 

BTBPE and TBBPA-DBPE, however there were limited changes in the measured 
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physical, biochemical and reproductive parameters. We conclude that these BFRs are 

bioaccumulative and persistent in vivo, and further study of physiological effects is 

warranted.  

5.2 Introduction 

One of the most well studied groups of brominated flame retardants (BFRs) are 

the polybrominated diphenyl ethers (PBDEs). PBDEs are considered persistent, 

bioaccumulative and toxic (United Nations Environment Programme 2006). As a result 

of these properties, strict restrictions and bans have been placed on the use of PBDEs, 

leading to increased demand for non-PBDE BFRs (United States Environmental 

Protection Agency 2005). Several BFRs have been identified as suitable replacement 

compounds, including 1,2,-bis(2,4,6-tribromophenoxy)ethane (BTBPE), 

tetrabromobisphenol A bis(2,3-dibromopropyl ether) (TBBPA-DBPE), and bis(2-

ethylhexyl)tetrabromophthalate (BEHTBP), a component of the commercial BZ-54 

mixture (Great Lakes Chemical Corporation). There is limited information available for 

these emerging BFRs regarding their environmental distribution and effects, and the 

potential for exposure of humans. Given that these non-PBDE flame retardants share 

properties similar to those of PBDEs, their environmental fate may be expected to be 

similar to certain mixtures of PBDE (Stapleton et al. 2008a). This lack of knowledge, 

combined with recent identification of these specific compounds in environmental 

samples (Gauthier et al. 2007; Stapleton et al. 2008a) warrants further investigation into 

their environmental fate and toxicity. BTBPE, TBBPA-DBPE, EHTeBB, and BEHTBP 

were chosen for study because of their high production volumes, and based upon their 

recent detection in environmental media.  
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Studies have shown that some of these novel BFRs are capable of 

bioaccumulating and biomagnifying in fish (Law et al. 2006a; Shi et al. 2009), however 

little is known about their potential for metabolism or to elicit toxic effects. BFRs, 

specifically PBDEs, have been shown to biotransform via reductive debromination in fish 

to persistent and bioactive metabolites (Browne et al. 2009; Noyes et al. 2011; Stapleton 

et al. 2004; Tomy et al. 2004). Several fish species, (e.g., zebrafish (Danio rerio) (Rattfelt 

Nyholm et al. 2009), common carp (Cyprinus carpio)(Stapleton et al. 2004; Vigano et al. 

2011), rainbow trout (Oncorhynchus mykiss)(Stapleton et al. 2006), lake trout (Salvelinu 

namaycush)(Tomy et al. 2004),  fathead minnow (Pimephales promelas)(Noyes et al. 

2011)) have demonstrated the ability to metabolise PBDEs via reductive debromination; 

although, species specific differences in the extent and rate of metabolism exist 

(Stapleton et al. 2006), with metabolite formation rates in carp being between 10- to 100-

times faster than in trout and salmon (Roberts et al. 2011). With PBDEs, the extent of 

debromination varies between congeners, depending on the structure and degree of 

bromine substitution, with reductive losses of bromine in para and meta positions 

favoured over the ortho position. For PBDEs it has been observed that the extent of 

debromination follows BDE-99 > 47 >153 > 209 (Stapleton et al. 2009). The reductive 

debromination of PBDE congeners is at least partially due to the activity of deiodinase 

enzymes, which act on the PBDEs in the same fashion as the structurally similar thyroid 

hormones (Roberts et al. 2011). It is unclear whether the deiodinase enzymes will 

reductively debrominate other BFRs, which are less structurally similar to thyroid 

hormones. A rainbow trout dietary exposure study by Tomy et al. (2007), did not report 

any reductive debromination, or biotransformation (via hydroxylation) of BTBPE, nor 
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any change in deiodinase activity. Conversely, a dietary exposure study by Bearr et al. 

(2010) found that fathead minnow were able to metabolise the brominated components of 

FM-550 and BZ-54 (BEHTBP and EHTeBB); however, identification of these 

metabolites as well as their pathways was not determined, although it was speculated to 

be reductive debromination with products similar to those observed in a photodegradation 

study (Davis and Stapleton 2009). In a preliminary study performed by those authors, 

they noted that EHTeBB was readily metabolized by liver microsomes of common carp, 

while BEHTBP was not. Studies attempting to determine the accumulation and 

metabolism of TBBPA-DBPE have suffered from low recoveries during extraction and 

cleanup (Rattfelt Nyholm et al. 2009), and have been unsuccessful in determining 

whether metabolism occurs and via which pathway. To address the potential for uptake 

and metabolism of these novel BFRs, we utilized fathead minnow (Pimephales promelas 

Rafinesque, family: Cyprinidae), which have been shown to accumulate and metabolize 

BFRs (Noyes et al. 2011). 

A recent review on bioaccumulation laboratory methods revealed Pimephales 

promelas to be the second most frequently used test organism in bioaccumulation studies 

(Van Geest et al. 2010). The reasons for the widespread use of this organism are many, 

and include its ecological relevance, ease of culture, availability, and life history traits. 

Fathead minnow integrate several routes of exposure by accumulating contaminants 

dissolved in the water (through gills and skin) and through ingestion of food and 

sediment. These fish also provide adequate tissue mass with relatively high lipid content 

lending to analytical extractions for trace level of organic contaminants. In addition to 
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their use in bioaccumulation studies, fathead minnow are also commonly used in toxicity 

studies.  

Studies have shown that traditional BFRs can elicit responses in fish that include 

increased oxidative stress (Kling et al. 2008), disruption to the endocrine system (Chou et 

al. 2010), and reproductive system (Kuiper et al. 2007b), however little is known about 

the effects of novel BFRs on fish. Further, the relationships between biomarkers of 

exposure, such as oxidative stress, vitellogenin, and hormone concentrations, and the 

more integrative biomarkers of effect, such as condition factor, liver and gonadal 

development, and reproductive stress, have not been examined for these compounds. 

One of the characteristics of increased stress caused by exposure to an 

environmental contaminant is an increase in the metabolic cost in maintaining 

homeostasis. Exposure to contaminants can lead to the diversion of energy from storage, 

growth, and reproduction, to deal with the stress. This can physically manifest in fish 

species by changes in the condition factor, which is frequently called a degree of well-

being, and the liver somatic index (LSI). Increases in the LSI are usually the result of the 

fish maximizing liver detoxification of the contaminant by hyperplasia or hypertrophy of 

hepatic cells (Oakes et al. 2004). Stress from exposure to contaminants is also measurable 

at the biochemical level. In aquatic organisms, various physical, chemical, and metabolic 

processes convert oxygen (O2) into reactive oxygen species (ROS). These ROS can be 

generated by auto-oxidation of mitochondrial electron transport chain components, 

microsomal cytochrome P-450, or flavoprotein reductases (Rodriguez-Ariza et al. 1993). 

When abnormal or xenobiotic-induced free radical production overwhelms the 

endogenous protection afforded by specific degradative enzymes, antioxidant vitamins, 
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and other radical scavengers, the resulting damage to cellular constituents (nucleic acids, 

proteins, lipids, and carbohydrates) is collectively known as oxidative stress (Oakes and 

Van Der Kraak 2003). Environmental contaminants may enhance the generation of ROS, 

leading to oxidative stress. Several traditional BFRs act as peroxisome proliferators and 

have been shown to elicit protein responses related to oxidative stress (Kling et al. 2008). 

The potential for novel BFRs to induce oxidative stress in fish has not been thoroughly 

examined. Little is known about the effects of TBBPA-DBPE on oxidative stress, 

however, TBBPA has been shown to induce oxidative stress in mussel hemocytes and 

directly induce the formation of free radicals (Canesi et al. 2005). Further, oxidative 

stress has been suggested as a mechanism by which the components of BZ-54 (BEHTBP 

and EHTeBB) induced DNA strand damage in fathead minnow (Bearr et al. 2010).  

In some mammalian systems, elevated concentrations of the sex steroid estrogen 

can contribute to oxidative stress by the production of ROS through redox cycling, and 

the metabolism of the phenolic moiety on estrogen, resulting in generation of free 

radicals (Liehr and Roy 1990). In addition to their potential role in increased oxidative 

stress, sex steroids are important for the growth and development of fish, and are 

susceptible to disruption by environmental contaminants. Production of sex steroids in 

fish is regulated primarily by the rate at which the substrate cholesterol is mobilized to 

form pregnenolone (Van Der Kraak et al. 1992). The production of sex steroids 

represents the end result of a complex chain of events that includes external cues within 

the brain, integration of sensory information within the hypothalamic region of the brain, 

and the production of two regulatory neurohormones within the hypothalamus (McMaster 

et al. 1992). Under normal conditions this system is controlled through negative feedback 
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loops. When normal feedback mechanisms are impaired this can result in altered levels of 

circulating steroids. Several studies have demonstrated the ability of traditional BFRs to 

disrupt the endocrine system (Hamers et al. 2004; Kovarich et al. 2011; Legler 2003) and 

have noted that several PBDEs have estrogenic properties (Meerts et al. 2001); however 

many of these studies we performed in vitro and with mammalian cell lines, or have 

focused on the thyroid system. The effects of these novel BFRs on production of sex 

steroids in fish has not been examined.   

In fish, and other oviparous species, a well-established biomarker for exposure to 

estrogenic compounds is the induction of vitellogenin (VTG) (Parks et al. 1999). VTG is 

a phospholipoglycoprotein manufactured in the liver of mature female fish in response to 

increasing circulating estrogen levels leading up to spawning (Liu et al. 2007). Induction 

of VTG in male fish hepatocytes has been utilized for chemical screening and 

environmental monitoring for estrogenic substances and is considered a reliable 

biomarker for exposure to environmental estrogens (Chang et al. 2005) (Kuiper et al. 

2007a; Liu et al. 2007). 

The first objective of this study was to determine the bioavailability of the test 

compounds to fathead minnow under semi-natural mesocosm conditions and assess their 

persistence and metabolism in the fish. The second objective was to determine if 

exposure to these compounds results in physical and/or biochemical alterations in the 

fathead minnows. It is hypothesized that these compounds will be available to the fish, 

but will be rapidly cleared by metabolism, and that these compounds will have no effect 

on physical and biochemical endpoints.  
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5.3 Materials and Methods 

5.3.1 Compounds 

Three non-polybrominated diphenyl ether (PBDE) BFRs were chosen for analysis 

in this study, bis(tribromophenoxy)ethane (BTBPE), tetrabromobisphenol A bis(2,3-

dibromopropyl ether) (TBBPA-DBPE), and BZ-54® (a commercial mixture containing 

bis(2-ethylhexyl)tetrabromophthalate (BEHTBP) and 2-ethylhexyl-2,3,4,5-

tetrabromobenzoate (EHTeBB)). Technical TBBPA-DBPE was provided in kind by 

Shenzhen Dehayer Chemical Co.,Ltd (China). Commercial BTBPE was purchased from 

Shanghai Mintchem Development Co.,Ltd (China). A sample of BZ-54 was donated by 

Great Lakes Chemical (West Lafayette, IN). Analytical standards of all BFRs were 

provided by Wellington Laboratories (Guelph, Ontario, Canada). The physical and 

chemical properties of the test compounds are discussed in 2.4.1 and the structures are 

presented in Table 28. 

5.3.2 Experimental Design and Sampling of Water and Sediment 

The University of Guelph Microcosm Facility is located at the Guelph Turfgrass 

Institute (ON, Canada) and consists of 30 artificial cosms of approximately 12 000 L. The 

mesocosms have a depth of 1.2 m and a diameter of 3.9 m, and are filled with water to a 

depth of approximately 1 m. The water supply for the mesocosms is an irrigation pond 

(62 x 62 x 4 m deep) supplied by a well located on site. Sediment trays (52.1 x 25.4  x 5.7 

cm; ITML Horticultural Products, Brantford Ontario, Canada) containing organic rich 

soil (1:1:1 mixture of topsoil:manure:compost, Waterdown Garden Supply, Troy, ON, 

Canada) were added to each mesocosm such that >50% of the bottom surface of the cosm 

was covered (~12 m
2
). The sediment used in the mesocosms had high organic content, 



228 

 

with 11.6% dry total C, 1.6% dry inorganic C, and 10.0% dry organic C (analysed by the 

University of Guelph Lab Services Division).  Water was circulated from the central 

irrigation pond into all mesocosms for three weeks at a flow rate of approximately 12 m
3
 

per 24 h, to decrease heterogeneity of water chemistry, zooplankton, and algal 

assemblages. Circulation was discontinued on June 25
th

, one week prior to treatment. 

Twelve mesocosms were randomly treated in triplicate with one of four treatments (n = 3, 

Figure A 11); solvent control, BTBPE, TBBPA-DBPE and BZ-54 (a 20:80 commercial 

mixture of BEHTBP and EHTeBB), designed to achieve a target concentration of 500 ng 

(compound)/ g (sediment) in the upper 5 cm, upon partitioning into the sediment; which 

is consistent with concentrations of observed in sewage sludge from the San Francisco 

Bay area (Klosterhaus et al. 2008). Treatment of the mesocosms involved subsurface 

injection of the compounds (300 mg of commercial BTBPE, 350 mg of TBBPA-DBPE, 

and 1 mL of commercial BZ-54) dissolved into 125 mL of DMSO and 5 mL toluene (an 

equal volume of the solvent mixture was administered for the control treatment), 

representing 0.001% solvent v/v.  

Water-column samples (~4 L) for various analyses were collected using a depth-

integrated water column sampler (Solomon et al. 1982) at d -4, 1 h, 4 h, and 1, 2, 4, 7, 14, 

21, 28, 35, 42, 49, 56, and 70 d after treatment. Aliquots were transferred to a 1 L amber 

glass bottle for residue analysis of BFRs in the filtered particulates, and to 2 500-mL PET 

bottles for hardness/alkalinity and pH analysis. Dissolved oxygen, maximum and 

minimum daily water temperatures, pH, alkalinity, and hardness were measured on a 

regular basis throughout the study. Dissolved oxygen was measured daily with a YSI 

probe (Model 85, YSI Incorporated, Yellow Springs, OH, USA). Maximum and 
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minimum temperatures were taken before 09:00 at a depth of 30 cm. The pH of each 

sample was taken using the Accument Research AR20 pH/conductivity meter (Fisher 

Scientific, Waltham MA,USA) on the day of the sampling. Hardness and alkalinity were 

measured weekly using kits from Hach (Hach Company, Ames, Iowa, USA).   

 As the sediment was added to the mesocosms at the beginning of the study, 12, 

500 mL wide mouth (76 mm diameter) glass jars filled with sediment were added to 

separate sediment trays (33 x 18 x 10 cm) with floats attached by rope. These trays were 

raised to the surface for sample collection on d 1, 4, 7, 14, 28, 42, 70, and 329. This 

design limited the risk of disturbance and resuspension of sediments. After collection, the 

jars were capped and frozen until extraction.  

5.3.3 Fish Exposure and Sampling 

Handling and sampling of fish was carried out in compliance with the CCAC 

guidelines (Canadian Council on Animal Care 2005), and the University of Guelph 

Animal Care Policy and Procedures (Animal Use Protocol # 08R060), at the Guelph 

Microcosm Facility in an onsite trailer. Fathead minnow (P. promelas) were purchased 

from Silhanek Baitfish Farms (Bobcaygeon, ON, Canada) in July 2008 and acclimated in 

their individual mesocosms for 10 days prior to treatment. Minnows were held in hanging 

mesh enclosures, 12 minnows (undetermined sex, ~5 cm in length) per enclosure, and 2 

enclosures per mesocosm. A plastic (10 x 10 x 5 cm) container was placed at the bottom 

of each enclosure and filled with the same sediment used in the mesocosms discussed 

above. Fish were monitored daily for signs of stress (e.g., fin erosion, loss of righting 

ability, exophthalmia, see Section 8.7.1) and mortality.  After 42 d, fish from the BFR 

treated mesocosms were transferred in buckets of control pond water, to clean mesh 
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cages (indicating their mesocosm during the exposure period mesocosm), in one of the 

three control mesocosms. Fish were sampled during the exposure period on d 7, 14, 28, 

42, and during the depuration period on d 49 and 70. On each sampling day, 3 minnows 

per mesocosm were anesthetized with an overdose of tricaine methanesulfonate (MS-222, 

approximately 0.1 g/L). Measurements of fork length and total mass were taken and 

condition factor (K = [total wt/fork length
3
] x 100), was calculated as an indicator of the 

general well-being of the fish (Munschy et al. 2011). Growth rate (ln(mass) = b t + a, 

where b is the growth rate, t is time, and a is a constant, (Fisk et al. 1998)) was calculated 

for the whole organism and the liver. A one-tailed Student’s t test was used to compare 

the slopes (rate), between treatments and sexes, differences were deemed significant at p 

< 0.05. The minnows were bled following partial severance at the dorsal aorta with blood 

collected using a heparinized capillary tube. Blood was pooled by sex and treatment in 

600 µL polypropylene vials (washed at 1 mg/mL heparin) until approximately 50 to 60 

µL of blood were available. Plasma was isolated by centrifugation at 3,000 g for 10 

minutes and subsequently stored at -20
o
C. Liver and gonads were removed and weighed 

in order to calculate the liver somatic index (LSI = liver wt/[total body wt – liver wt]) and 

gonadosomatic index (GSI = gonad wt/[total body wt – gonad wt]). Liver and plasma 

were snap frozen in liquid nitrogen, followed by storage at -80
o
C until further analysis. 

Tissues and plasma remained frozen until biochemical analysis.  

5.3.4 BFR Analysis 

5.3.4.1 Sediment Extraction 

A method blank was added during each set of extractions for the day. Samples 

from the same pond were extracted on the same day. The sediment samples (1 g) were 
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homogenized with equal parts diatomaceous earth and packed into a 34 mL (narrow) 

stainless steel cell for extraction on a Dionex 200 accelerated solvent extractor (ASE 200, 

Dionex Inc., Sunnyvale, California, USA) with 100% dichloromethane. Samples were 

extracted three times with 100% DCM at a temperature of 100
o
C and at 1500 psi. The 

extract (~30 mL) was concentrated to ~2 mL using a RotarVap (Buchi R-114 Switz) at 

27
o
C. The concentrated extract was loaded onto an acidified silica gel chromatography 

column. Silica gel (high purity, 60-200 mesh, VWR International, Mississauga, Ontario, 

Canada) was activated at 250
o
C overnight, and then deactivated with 22 % (w/w) sulfuric 

acid (98%).  Acidified silica gel columns were manually prepared by filling a borosilicate 

glass column (i.d. 0.8 cm) with 2.0 g of anhydrous sodium sulphate, followed by 2.0 g of 

22% acidified silica, which was then covered with approximately 2 cm of anhydrous 

sodium sulphate. The column was then pre-washed with 40 mL of 85:15 

hexane:dichloromethane, followed by the addition of 2 mL of isooctane, then the 

concentrated extract. Once the sample was loaded, 40 mL of the same solvent mixture 

were allowed to drip through the column. After which two additional 40 mL volumes of 

85:15 Hex:DCM were passed through, resulting in a final volume of 120 mL. The elutant 

was transferred to a round bottom flask and 2 mL of isooctane were added. The elutant 

was then concentrated under RotarVap (Buchi, Flawil, Switzerland), to approximately 2 

mL, and transferred to a glass microcentrifuge tube.  Traces of sulphur in the extract were 

removed via a reaction with acid-washed copper granules in a microcentrifuge tube, 

under agitation by a vortex. The final extract was reduced in volume to approximately 

200 µL using an automated nitrogen evaporation system (Turbo Vap II, Zymark Inc., 
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Hopkinton, Massachusetts, USA), and transferred to a 2 mL amber GC vial, which was 

then sealed. 

5.3.4.2 Fish Extraction 

The fathead minnows were extracted and processed in a trace organic 

contaminant cleanroom with a positively pressured, HEPA and carbon filtered air. 

Homogenized whole body (minus plasma and liver) fish samples mixed with equal parts 

diatomaceous earth, were extracted in 33 mL cells on a Dionex 300 accelerated solvent 

extractor (ASE 300, Dionex Inc., Sunnyvale, California, USA) in 100% DCM. Extracts 

were purified using gel permeation chromatography (GPC), which has been shown to be 

effective for novel BFRs (Lopez et al. 2011). The first fraction (90 mL for fish from 

Control, BTBPE, and TBBPA-DBPE treatments, 60 mL for fish from BZ-54 treatment) 

was used to determine lipid content gravimetrically, and the second fraction (110 mL, 

and 140 mL) was concentrated and further cleaned up by passing through a 9” glass 

pipette packed with 22% acidified (sulfuric acid, 98%) silica. The second fraction was 

further concentrated to 200 µL under gentle nitrogen agitation prior to instrument 

analysis. GPC recoveries of the analytes ranged from 63-105%. None of the test 

compounds were detected in blanks, and as such no blank correction was applied. 

5.3.4.3 Instrumental Analysis and QA/QC 

The identification and quantification of the BFRs was performed using a gas 

chromatography (Agilent 6890 Series, Agilent, Mississauga, Ontario, Canada) coupled to 

a mass spectrometer, operated in negative in electron capture negative ionization mode  

(GC/ECNI-MS), with methane as the ionization gas with a flow rate of 3.25 mL/min. The 
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GC was equipped with an autosampler (HP7683 Series) and a split-splitless injector 

(Agilent 7683 Series), which injected 1 µL at 290
o
C in the pulsed pressure mode (11 psi, 

with a pulse time of 1.0 minutes) onto a 1614-15 m Restek (Bellefonte, Pennsylvania, 

USA) column  (0.25 mm i.d. x 0.1 µm df). The oven temperature was programmed for an 

initial temperature of 190
o
C, held for 5 minutes and raised to a final temperature of 315

o
C 

at a rate of 5
o
C/min. The temperatures of the quadrupole and ion source were 150 and 

230
o
C, respectively. BTBPE, TBBPA-DBPE, BEHTBP, and EHTeBB were monitored 

through the m/z 330, 291, 464, and 356 respectively, and were quantified by monitoring 

bromide ions (m/z 79 and 81). Full-scan mass spectra (m/z 60-800) were recorded for 

some samples using ECNI mode. Select samples were also run in full scan EI mode to 

further elucidate structures of degradation products.  

Despite the ultra-clean laboratory conditions for extraction of the fish samples, 

several PBDE congeners and BTBPE were detected in the fathead minnows, including 

those in the control treatment, as well as in the blanks (Figure A 9); however, these were 

< 10 % of analyte concentration (Figure A 10) and no corrections were made to the 

concentrations. Fish were initially processed in the field, where there was the potential 

for environmental contamination from the sample-preparation trailer.   

Method (pre-ASE) and procedural (post-ASE) blanks were run with every batch 

of samples (typically 8-10) and were extracted in a manner identical to that of the 

samples. As there is no certified reference material for non-PBDE BFRs as of yet, SRM 

1946, was used as a surrogate to ensure adequate lipid extraction. Samples were spiked 

with 200 µL of internal standard (49 ng/mL 
13

C-BDE-209). When a test compound was 

present in laboratory blanks, the method detection limit (MDL) was calculated as three 
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times the standard deviation of the blank levels blanks (i.e., 3 x SD), then normalized to 

the average mass of the sample matrix, and used to blank correct samples from that 

treatment. For compounds not detected in blanks, the MDL was set at the laboratory 

instrumental detection limit (IDL), which is calculated as 3 times the baseline noise at the 

retention time when the compound would elute, normalized to the average matrix mass 

for that sample.  

Three quality control criteria were used to ensure the correct identification of the 

target compounds: (a) retention times matched those of the standard compounds within ± 

0.1 min, (b) a signal-to-noise ratio was > 3, and (c) isotopic ratios for the selected ion 

pairs were within ± 15% of the theoretical values. 

5.3.5 Biochemical Measures 

5.3.5.1 Fatty acyl-CoA oxidase activity  

The fatty acyl-CoA oxidase (FAO) activity assay was used to quantify the 

production of the reactive oxygen species H2O2 specifically generated by an enzyme 

unique to peroxisomal β-oxidation, fatty acyl-CoA, using methods described previously 

by Oakes et al. (2003), which are briefly outlined in Section 8.7.3.1.1. 

5.3.5.2 Thiobarbituric acid reactive substances assay  

The 2-thiobarbituric acid reactive substances (TBARS) assay was used to quantify 

oxidative damage by measuring peroxidative damage to lipids that occurs with free 

radical generation, in fish liver samples as previously described by Oakes and Van Der 

Kraak (2003), which are briefly outlined in Section 8.7.3.1.2. 
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5.3.5.3 Vitellogenin ELISA assay  

The concentration of vitellogenin was measured using a fathead minnow ELISA 

assay developed in house at the University of Waterloo, using the methods outlined in 

Parks et al. (1999). 

5.3.5.4 Sex Steroids  

Circulating levels of gonadal sex steroids, specifically 17β-estradiol (E2) and 11-

ketotestosterone (11KT), were measured in plasma directly by radioimmunoassay (RIA) 

procedures as described in McMaster et al. (1992), which are briefly outlined in Section 

8.7.3.1.3. 

5.3.6 Statistics 

Male, female and immature fish were analyzed for growth (e.g., CF, LSI, growth 

rate, liver growth rate) and reproductive responses (e.g., GSI, sex steroid, VTG) 

separately. Effects of the exposure to the chemical for each endpoint, relative to their 

paired control were analyzed using one way analysis of variance (ANOVA), followed by 

the Holm-Sidak pair-wise multiple comparison procedure. Data that did not meet the 

assumptions of normality and equal variance were log transformed. Differences were 

considered significant at p < 0.05. Given the small and unequal sample sizes, differences 

between the uptake and depuration period within treatments were compared using a two 

tailed unequal variance t-test (Welch–Satterthwaite test) as described by Ruxton (2006). 

Statistical analyses were conducted using SigmaPlot 11.0 (Systat Software, Inc. Chicago, 

IL).  
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5.4 Results 

5.4.1 Water Quality Parameters 

All water quality parameters were within acceptable ranges for fish health and there was 

no influence of treatment on any of the water quality parameters (Table 41).  
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Table 41: The values presented are the averages of the measurement taken for the three replicates of each respective treatment 

throughout the exposure period and the associated standard deviation (July 2
nd

 to August 13
th

, 2008).  

Treatment 

Min temp 

(
o
C) 

(n = 99) 

Max temp 

(
o
C) 

(n = 99) 

pH 

(n = 30) 

Dissolved oxygen 

(mg/L) 

(n = 99) 

Alkalinity 

(mg/L of 

CaCO3) 

(n = 12) 

Hardness 

(mg/L of 

CaCO3) 

(n = 12) 

Conductivity 

(µS/cm) 

(n = 30) 

Control 21 ± 1 24 ± 2 8.6 ± 0.5 14.1 ± 5.0 126 ± 34 261 ± 41 486.1 ± 106.9 

BTBPE 21 ± 1 24 ± 1 8.6 ± 0.5 15.9 ± 4.9* 123 ± 29 261 ± 56 482.2 ± 93.4 

TBBPA-DBPE 21 ± 1 25 ± 1 8.6 ± 0.5 14.1 ± 5.4 132 ± 21 263 ± 45 521.7 ± 90.4 

BZ-54 21 ± 1 25 ± 1 8.7 ± 0.6 13.9 ± 5.5 127 ± 26 266 ± 38 502.1 ± 85.6 

*Significant difference from control as calculated using Dunnett's test (α = 0.05)  
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5.4.2 Fate of the BFRs in the Mesocosms 

The concentrations of BTBPE, EHTeBB, and BEHTBP were determined in 

sediment over the course of 329 d and are shown in Figure 28. 

 

Figure 28: Sediment concentrations (ng BFR/ g sediment, dry weight) from the 2008 

study, each point is from a single grab sample. The estimated half-lives are presented in 

the legend. 

 

Due to analytical difficulties we were unable to measureTBBPA-DBPE in these 

samples. The sediment samples from the 2008 study were collected from an in situ glass 

jar, which may have limited the ability for degradation. Modifications were made for the 

2009 study in terms of sediment sampling, and the fate data from 2008 treated as a range-

finding study. Much of the analysis of the particulates and sediments from the 2008 study 

was performed as a method development and refinement. Methods changed over the 

course of the extractions and comparisons were not possible.  
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5.4.3 Accumulation of the BFRs 

5.4.3.1 Measured Uptake  

Concentrations of BTBPE and TBBPA-DBPE in the whole body extracts of 

fathead minnows ranged from 16 to 4,203 ng/g lipid and 6,649 to 178,000 ng/g lipid 

(adjusted for growth dilution), respectively (Figure 29), each reaching the maximum 

concentration at d 14. There was a slight, non-significant decrease in concentration 

during the depuration period, however there was no significant difference between the d 7 

and d 70 growth-adjusted concentrations for fathead minnows exposed to BTBPE (p = 

0.735) or TBBPA-DBPE (p = 0.061). BEHTBP was only measurable in the fish at d 7, 

and only in fish from Pond 12, after which several brominated transformation products 

were detected (Figure 30). EHTeBB was not detected above the method detection limit in 

the fish on any sampling day (Table A 21).  
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Figure 29: Growth adjusted, lipid normalized concentrations of BTBPE and TBBPA-

DBPE in whole body fathead minnow extracts, each value is the mean (n = 9) and the 

standard deviation grouped from each mesocosm. The vertical dashed line separates the 

uptake period (0- 42 d) and the depuration period (42- 70 d). The linear regression (solid 

black lines) and 95% confidence intervals (dashed grey lines) are shown for each 

compound.  
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Figure 30: Ion-specific (m/z 79) chromatographs of fish from BZ-54 treatment (Pond 3) 

over the course of the study. A) is the chromatograph of the technical product used to 

treat the ponds, B-G) are the d 7, 14 , 28, 42, 49, and 70 chromatographs of a fathead 

minnow from a BZ-54 treated pond. The dashed rectangles are the acceptable 

identification regions based on retention time for each compound. 

5.4.3.2 Metabolism 

The fathead minnows exposed to BTBPE had accumulated dibromophenol by d 

14; the mass spectra are shown in Figure 31. This compound persisted in vivo and the 

trend of dibromophenol relative to BTBPE is shown over the course of the exposure and 

depuration period in Figure 32. 

 

 
Figure 31: Chromatograph from a fish exposed to BTBPE at d 42 (top), and the mass 

spectra for A) dibromophenol, and B) BTBPE 
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Figure 32: Trend of the dibromophenol in the fathead minnows exposed to BTBPE. The 

points are the mean and standard deviation of 9 fish per sampling time, with the vertical 

dashed line separating the exposure period (d 0-42) and the depuration period (d 42-70). 

Note BTBPE values are slightly right offset for ease of visual inspection, they are from 

the same timepoint and sample. 

The fathead minnows exposed to TBBPA-DBPE had accumulated TBBPA by d 

7, which persisted in vivo and is shown over the course of the exposure and depuration 

period relative to TBBPA-DBPE (Figure 33). 
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Figure 33: Trend of TBBPA in the fathead minnows exposed to TBBPA-DBPE. The 

points are the mean and standard deviation of 6 fish per sampling time (day 7 and 14, n = 

9), with the vertical dashed line separating the exposure period (d 0-42) and the 

depuration period (d 42-70). Note TBBPA-DBPE values are slightly right offset for ease 

of visual inspection, they are from the same timepoint and sample. 

5.4.4 Growth Responses 

The condition factor was used as an indicator of the general well-being of the fish 

(Munschy et al. 2011). The condition factor of immature fish exposed to BZ-54 was 

significantly altered compared to the control and BTBPE treatments during the uptake 

period (ANOVA, p = 0.012) but not for females (ANOVA, p = 0.684) or males 

(ANOVA, p = 0.431) (Table 42). The LSI was unaltered between treatments for all sexes 

and exposure periods, while the male fish from the control and BZ-54 treatments had a 

significantly larger LSI during uptake compared to the depuration period. The GSI was 

unchanged between treatments for all sexes and exposure periods. Male fish from the 

control treatment and female fish from the BTBPE treatment showed a significant 

decrease in GSI during the depuration period. 
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Table 42: Physical endpoints for male, female and immature fathead minnows during the uptake (d 0-42) and depuration 

periods (d 42-70). Values are mean ± standard deviation (n). Significant differences (p < 0.05) between the uptake and 

depuration period for each endpoint were detected using unequal variation t-test and are indicated by *, while differences 

between treatments were determined by Holm-Sidak pairwise comparisons and are indicated by capital letters; the absence of 

capital letters indicates no significant difference. 

  
Condition Factor Liver Somatic Index Gonadal Somatic Index 

 Uptake Depuration Uptake Depuration Uptake Depuration 

Male 

Control 0.93 ±  0.1 (8) 0.95 ±  0.1 (6) 1.47 ±  0.4 (8) 1.07 ±  0.2 (6)* 1.00 ±  0.3 (4) 0.48 ±  0.3 (6)* 

BTBPE 1.14 ±  0.4 (6) 0.93 ±  0.1 (4) 1.61 ±  0.9 (6) 0.96 ±  0.3 (4) 0.88 ±  0.6 (6) 0.45 ±  0.2 (3) 

TBBPA-

DBPE 
1.02 ±  0.1 (7) 0.89 ±  0.1 (3) 1.90 ±  0.8 (7) 1.36 ±  0.4 (3) 0.62 ±  0.4 (5) 0.36 ±  0.1 (3) 

BZ-54 1.00 ±  0.1 (11) 0.99 ±  0.1 (4) 2.16 ±  0.8 (11) 1.13 ±  0.1 (4)* 0.88 ±  0.6 (7) 0.29 ±  0.2 (4) 

Female 

Control 0.94 ±  0.1 (7) 0.99 ±  0.1 (3) 1.60 ±  0.7 (7) 1.49 ±  0.0 (3) 2.48 ±  2.3 (7) (0) 

BTBPE 0.91 ±  0.3 (11) 0.85 ±  0.1 (9) 2.14 ±  1.4 (10) 0.87 ±  0.3 (9)* 4.59 ±  3.8 (11) 1.34 ±  0.4 (9)* 

TBBPA-

DBPE 
0.96 ±  0.0 (4) 0.92 ±  0.1 (9) 1.64 ±  0.6 (4) 0.94 ±  0.7 (9) 2.10 ±  0.7 (4) 1.69 ±  1.1 (9) 

BZ-54 0.97 (1) 0.83 ±  0.1 (3) 0.70 (1) 2.03 ±  1.9 (2) 1.21 (1) 0.83 ±  0.2 (3) 

Immature 

Control 0.88 ±  0.1 (21)
A
 0.90 ±  0.1 (9) 1.29 ±  0.4 (21) 1.03 ±  0.5 (9) - - 

BTBPE 0.88 ±  0.1 (19)
A
 0.90 ±  0.1 (4) 1.15 ±  0.5 (19) 1.06 ±  0.4 (4) - - 

TBBPA-

DBPE 
0.95 ±  0.2 (19)

AB
 (0) 1.25 ±  0.3 (19) (0) - - 

BZ-54 1.00 ±  0.1 (18)
B
 0.93 ±  0.1 (5) 1.39 ±  0.6 (18) 1.12 ±  0.4 (5) - - 
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5.4.4.1 Growth Rates and Fish Lipid Content 

The growth rates for each sex and treatment are shown in Figure A 22. The 

growth rate between treatments was not significantly different (p = 0.77). Similarly, there 

was no significant difference in liver growth rate (p = 0.48) between the treatments, 

which remained fairly consistent throughout the study (Figure A 23). The percent lipid 

for each treatment (all fish pooled) varied throughout the exposure but was not 

significantly different at the end of the study compared to the initiation (Table A 18). The 

BZ-54 treatment had a significantly lower (p < 0.001) lipid percentage (1.7 ± 1.3 %) 

compared to all other treatments (Control = 2.4 ± 1.4, BTBPE = 2.5 ± 1.3, TBBPA-

DBPE = 2.7 ± 1.4 %). This may have been due to the altered GPC procedure for fathead 

minnows exposed to BZ-54, where only 60 mL of solvent were used in the gravimetric 

lipid determination on account of elution of EHTeBB and BEHTBP within the 90 mL 

solvent used for the other BFRs. This may have resulted in an increased amount of lipid 

in the second solvent fraction, which was used for the determination of the BFRs. 

However, the percent lipid for the SRM was not significantly different with the altered 

BZ-54 GPC volumes (9.2%), as compared to that obtained from the 90 mL procedure 

(10.0% lipid), and as such the observed difference in the lipid percentage may be a 

treatment related effect of the BZ-54.      

5.4.5 Biochemical Responses 

5.4.5.1 Oxidative Stress 

Oxidative damage, as quantified by hepatic TBARS, was unchanged between 

treatments, but was significantly increased in immature fish exposed to BZ-54 during the 
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uptake period (Table 43). The FAO activity was not significantly altered between 

treatments for all sexes and exposure periods.  
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Table 43: Oxidative stress endpoints in male, female and immature fathead minnows during the uptake (d 0-42) and depuration 

periods (d 42-70). Values are mean ± standard deviation (n). Significant differences (p < 0.05) between the uptake and 

depuration period for each endpoint were detected using unequal variation t-test and are indicated by *, while differences 

between treatments were determined by Holm-Sidak pairwise comparisons and are indicated by capital letters; the absence of 

capital letters indicates no significant difference. 

  TBARS (nmoles MDA/g liver) FAO/Liver (nmoles H2O2/g liver) FAO/Protein(nmoles H2O2/min/mg 

protein) 

 Uptake Depuration Uptake Depuration Uptake Depuration 

Male       

Control 382.5 ± 374.9 (7) 481.7 ± 363.3 (6) 22.2 ± 16.5 (5) 53.1 ± 51.7 (6) 888.2 ± 950.9 (5) 1540.4 ± 1653.5 (6) 

BTBPE 713.9 ± 885.8 (6) 1826.6 ± 1907.9 (7) 22.9 ± 24.5 (5) 971.8 ± 1101.7 (5) 670.6 ± 602.0 (5) 9732.2 ± 11920.5 (3) 

TBBPA-

DBPE 
706.1 ± 1006.6 (7) 96.5 ± 16.4 (3) 106.3 ± 82.4 (7) 253.1 ± 201.0 (3) 4388.1 ± 4608.3 (7) 3671.5 ± 1247.5 (3) 

BZ-54 949.5 ± 1130.3 (10) 133.5 (1) 43.8 ± 61.4 (12) 461.8 ± 731.6 (4) 1335.5 ± 1412.0 (12) 7488.8 ± 13642.0 (4) 

Female     
 

      

Control 152.3 ± 54.7 (7) 103.9 ± 57.0 (3) 47.7 ± 52.4 (7) 61.4 ± 75.8 (2) 804.9 ± 695.4 (7) 2125.5 ± 2815.1 (2) 

BTBPE 286.5 ± 701.4 (11) 542.4 ± 1021.9 (7) 42.6 ± 54.1 (10) 211.4 ± 290.5 (6) 1455.8 ± 2980.7 (10) 2530.7 ± 3382.7 (6) 

TBBPA-

DBPE 
154.6 ± 123.3 (4) 640.6 ± 883.3 (4) 124.1 ± 145.3 (3) 428.3 ± 387.7 (3) 1574.9 ± 406.3 (3) 10040.7 ± 9350.4 (3) 

BZ-54 4088.8 (1) 1528.9 ± 347.3 (3) (0) 241.3 (1) (0) 3893.6 (1) 

Immature     
 

      

Control 312.1 ± 521.2 (21) 131.3 ± 44.5 (8) 52.3 ± 72.2 (16) 47.2 ± 43.5 (7) 1968.5 ± 3786.8 (16) 1390.6 ± 2378.2 (7) 

BTBPE 292.9 ± 582.6 (17) 549.6 ± 683.1 (7) 135.9 ± 294.1 (14) 99.73 ± 89.6 (4) 1389.3 ± 2464.2 (14) 2209.1 ± 2478.9 (4) 

TBBPA-

DBPE 
1142.6 ± 1277.4 (18) (0) 60.0 ± 74.5 (13) (0) 1537.7 ± 2249.1 (13) (0) 

BZ-54 1036.4 ± 1256.1 (19) 137.6 ± 5.2 (2)* 99.4 ± 122.1 (16) 100.4 (1) 2021.7 ± 2591.0 (16) 1318.8 (1) 
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5.4.5.2 Reproductive Responses 

Concentrations of vitellogenin, E2, and 11-KT were not significantly altered by 

exposure to BFR in any sex (Table A 17). However there was a large, but non-significant 

increase in concentrations of vitellogenin for each sex in the BTBPE treatment compared 

to the controls (Figure 34). 

 
Figure 34: Concentration of vitellogenin in fish from the control and BTBPE treatments 

during the uptake phase. Bars are the mean and standard deviation, with the number 

above the bars being the number of fish pooled for that sample.  

5.5 Discussion 

Concentrations of BTBPE and TBBPA-DBPE were elevated in the fathead 

minnows throughout the uptake and depuration period, and did not show a significant 

decrease in concentration over the course of 70 d. The dissipation of BEHTBP after 14 d 

and the presence of several brominated products suggest metabolism is occurring. The 

presence of DBP in the fathead minnow from the BTBPE exposed treatment may be the 
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result of metabolism or accumulation of environmentally degraded BTBPE. A dietary 

exposure study by Tomy et al. (2007) found no metabolism (e.g., debromination or 

hydroxylation) of BTBPE by juvenile rainbow trout (Oncorhynchus mykiss). Previous 

studies have shown that the debromination ability of Cyprinids may be greater than that 

of Salmonids (Roberts et al. 2011), which could account for the observed differences in 

metabolism. In our study, the fathead minnow had concentrations of DBP which mirrored 

the fate of the parent compound in vivo. This strengthens the argument that the DBP was 

the result of metabolism, and not from the accumulation of DBP from the environment. 

Further strengthening the metabolism theory is that, DBP was not detected as a 

degradation product in our 2009 study, however, tribromophenol (TBP) was detected as a 

degradation product in the particulate compartment. It is possible that the DBP observed 

in the fathead minnow was the result of accumulation of TBP, followed by a reductive 

debromination. However, there was no trace of TBP in the fathead minnow. For the 

formation of DBP from BTBPE to occur in fathead minnow, there would need to be ether 

cleavage and debromination. This metabolic pathway has not been observed in fish with 

respect to BTBPE, however Hakk et al. (2004) has observed these pathways in rats. 

Fathead minnow do have the ability to cleave ethers, and in vitro studies with common 

carp microsomes, have demonstrated the ability to cleave BDE-15 at the diphenyl ether 

linkage (Shen et al. 2012). Fathead minnow have also been shown to debrominate BFRs 

(Noyes et al. 2011; Roberts et al. 2011), suggesting that this combined ether cleavage-

debromination mechanism is possible.  

Similarly, the accumulation of TBBPA in the fathead minnow from the TBBPA-

DBPE treatment could be the result of metabolism of TBBPA-DBPE or the uptake of 
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TBBPA from the environment. Both options are plausible as TBBPA was detected as an 

environmental degradation product in our 2009 study, and cyprinids have demonstrated 

the ability to cleave ether bonds (Newsome et al. 1995). However, the formation of 

TBBPA from TBBPA-DBPE in vivo has not been observed before. 

Modest changes were observed in the physical endpoints; the condition factor in 

immature BZ-54 treated fish was significantly different from the control treatment during 

the uptake period. A pattern of reduced gonadal development associated with greater 

energy storage in liver and body tissue has been documented in wild fish populations 

exposed to environmental toxicants (Wartman et al. 2009), but changes in the condition 

factor, LSI and GSI were not consistently modified with respect to treatment or sex in our 

study. Reduction in circulating sex steroid hormones is a generalized response to a 

number of potential toxicants and corresponds with decreased gonad size. Our study did 

not find any correlation with changes in sex steroid concentration and gonad size; 

however the small sample size in this study limited the ability to detect significant trends 

in hormone production.  

Sex hormones are linked with the production of vitellogenin. Male fish do not 

normally have measurable quantities of circulating vitellogenin; however their livers are 

capable of synthesizing vitellogenin in response to stimulation with exogenous estrogens. 

Due to their structural properties, some BFRs have been shown to have estrogenic 

properties (Kovarich et al. 2011). While not statistically significant, the elevated 

concentration of vitellogenin in fathead minnows exposed to BTBPE could have 

ecological implications (Kidd et al. 2007).   
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Oxidative stress, as quantified by the TBARS assay, was significantly increased in 

immature fish exposed to BZ-54 during the uptake phase. Male and female fish from the 

BZ-54 treatment also had increased oxidative damage during the uptake phase, but due to 

the small sample size (n = 1), significant comparisons could not be made. In a fathead 

minnow feeding study, Bearr et al. (2010) found dietary exposure to BZ-54 significantly 

increased DNA damage in liver cells. The authors suggest that oxidative stress, as the 

result of peroxisome proliferator-activated receptor activation, could be responsible for 

the observed DNA damage. Our study demonstrated that BZ-54 was capable of inducing 

oxidative stress in fathead minnows.  

This study demonstrated that these BFRs were bioavailable to fathead minnows 

under semi-natural conditions, and in the case of BTBPE and TBBPA-DBPE they 

appeared to be persistent in fish. While there was significant uptake of these BFRs, the 

apparent physiological effects were limited, in part due to the small sample sizes and 

limited volumes of plasma which may have contributed to difficulty in detecting 

significant differences. The increased oxidative stress and vitellogenin induction in 

response to the exposure to environmentally relevant concentrations of these BFRs 

warrants further investigation. 
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6 General Discussion and Conclusions 

6.1 Summary of Research Objectives 

This thesis aimed to address the environmental fate and toxicity of three non-

PBDE BFRs; bis(tribromophenoxy)ethane (BTBPE), tetrabromobisphenol A bis(2,3-

dibromopropyl ether) (TBBPA-DBPE), and BZ-54® (a commercial mixture containing 

bis(2-ethylhexyl)tetrabromophthalate (BEHTBP) and 2-ethylhexyl-2,3,4,5-

tetrabromobenzoate (EHTeBB)). Utilizing mesocosms, and various in situ sampling 

techniques, we sought to determine the persistence and degradation of these compounds 

under semi-natural conditions, and the bioaccumulation potential in, and toxicity of these 

compounds to, macroinvertebrates and fathead minnows. Due to the lack of data for these 

novel BFRs, as well as the persistent, bioaccumulative, and toxic properties of 

structurally similar BFRs, these objectives are worthwhile pursuits. The central 

hypotheses were that these compounds would dissipate rapidly from the environment, 

and that they would have no impact on various endpoints in macroinvertebrates or 

fathead minnows. When performing a risk assessment in mesocosm studies detecting 

significant treatment-related effects it is convention to replicate treatments and use a 

regression design, testing several concentration levels (Coors et al. 2006). The present 

study was limited by using only a single concentration level for each compound and 

having a minimum number of replicates (3 in 2008, and 2 in 2009). However, the 

objective of this study was not to perform a risk assessment, but rather was designed 

primarily to assess the fate of these novel BFRs under semi-natural conditions, and to 

determine the bioavailability and potential effects of these compounds on common 

aquatic organisms. Despite the limitations of the experimental design, several significant 
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results were generated and are discussed below with specific reference to the objectives 

of this thesis.  

6.1.1 Produce an analytical procedure for extraction and analysis of non-PBDE 

BFRs  

The difficulties and challenges associated with the analytical detection of BFRs 

were discussed in Section 1.4.3. A particular challenge in this thesis was the development 

of a sensitive and robust method for the detection of TBBPA-DBPE in environmental 

samples. TBBPA-DBPE is a large (both volume and weight) and hydrophobic molecule, 

which until recently has been met with limited success by standard analytical techniques. 

For example, Ali et al., (2011b) found GC/MS quantification of TBBPA-DBPE to be 

unreliable due to the partial degradation of the molecule in the GC/MS system. Efforts to 

quantify TBBPA-DBPE have relied on the unspecific ions, 79, 81, and 160 m/z, which 

combined with a lack of analytical standards, and degradation in the GC/MS, has made 

accurate determination of the behavior of TBBPA-DBPE in the environment difficult. 

Through numerous method development trials (one trial is outlined in Section 8.9.1) we 

were able to develop a sensitive and reliable method for detecting TBBPA-DBPE in 

environmental samples. Much of our success can be attributed to column selection, 

however after a relatively short time (<100 samples), the performance of the column was 

drastically reduced. Our method was capable of identifying the parent TBBPA-DBPE as 

well as its degradation products and metabolites in environmental samples. This study is 

the first to report being able to detect and measure TBBPA-DBPE in fathead minnow, 

and now that reliable methods have been developed, it will be possible to expand 

monitoring programs to look for this emerging BFR.    
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6.1.2 Determine the fate and behavior of non-PBDE BFRs with respect to 

degradation and partitioning between water and sediment  

Studies on the behaviour of BFRs have typically focused on their fate in artificial 

media (Section 1.3.4.1) and have not addressed persistence and degradation under natural 

conditions. This study was the first of its kind to examine the fate and degradation of 

these compounds under semi-natural conditions. The results of this study were difficult to 

interpret due to fluctuating concentrations and the variability typically associated with 

studies in mesocosms. Due to their tendency to bind to dissolved and particulate organic 

carbon, data for hydrophobic compounds, such as BFRs, tend to have a higher level of 

uncertainty associated with their estimates. While normalizing to organic carbon is an 

effective way to reduce the uncertainty, binding affinities for organic carbon pools are 

highly uncertain for these compounds and depend on the type and quality of the organic 

matter. Despite the uncertainty several valuable insights into the behavior of these BFRs 

were determined. BTBPE was shown to persist in the particulate (half-life approximately 

35 d) and sediment (~187 d) compartments, and underwent degradation to 

tribromophenol in the particulate phase. TBBPA-DBPE was also shown to persist in the 

particulate (half-life approximately 32 d) and sediment (~102 d) compartments. The 

degradation product of TBBPA-DBPE observed in the particulate compartment was not 

able to be fully identified, but it persisted and had a fate which mirrored the parent 

compound. In the sediment, TBBPA was detected as a degradation product; however this 

was frequently below the limit of quantification. The two brominated components of BZ-

54, EHTeBB and BEHTBP, differed in their degradation rates in each compartment, with 

EHTeBB degrading more quickly in the particulate (~10 d compared to BEHTBP at 80 d) 

compartment, and not being detected in the sediment. In cases where these two BFRs 
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have been detected in environmental samples, their ratio has been compared to the 

technical formulation to better understand their entry into the environment and the fate of 

these compounds. Deviations from ratio of the technical product have been attributed to 

different sources, migration rates, or degradation rates. By controlling the source of these 

two BFRs, the altered ratio observed in this study was attributed to differential behavior 

in the environment.   

6.1.3 Determine the effect of the compounds on the composition of the benthic 

macroinvertebrate community   

This is the first time that the benthic macroinvertebrate community of these 

mesocosms has been examined with the use of Hester-Dendy samplers. The natural 

variability in these systems (Table 40) limited our ability to detect any statistically 

significant differences in the composition of the benthic macroinvertebrate community. 

This difficulty was further exacerbated by the fact that there was only a single sampling 

event, which occurred in the early fall season. The lack of multiple sampling events 

throughout the study may have obscured an early effect, and failed to capture the natural 

and cyclical variability in the benthic macroinvertebrate community. There is also some 

concern that our method of sampling, Hester-Dendy samplers, may not have adequately 

captured the natural diversity of these systems as they tend to selectively sample for 

certain macroinvertebrates. The Hester-Dendy samplers, while perhaps not fully 

representative of the taxa in the mesocoms, work well to standardize comparisons 

between mesocosms and eliminate the sampling bias. The standardization of sampling 

techniques and the standardization of the taxa data by summary metrics strengthens the 

results of this study. The metrics employed served as an effective means of comparing 

individual mesocosms and treatments.  
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Our study found low diversity in all of the mesocosms, with mesocosms from the 

BZ-54 treatment having the least amount of diversity. Both mesocosms from the BZ-54 

treatment were identified as outliers when compared to the other mesocosms; one based 

on the composition of the benthic macroinvertebrate community, and the other based on 

the summary indices used to normalize the taxa counts. While is difficult to fully attribute 

these differences to the BZ-54 treatment (due to the quick dissipation of the components 

of BZ-54 from the sediment in the mesocosm), there were no significant differences 

between the mesocosms in terms of the physical and chemical properties of the water. 

One of the more valuable metrics in this study in terms of low coefficient of 

variability was the Family Biotic Index (FBI). The FBI combines elements of diversity 

and abundance, with the intrinsic tolerance of certain taxa, to standardize comparisons 

between treatments. Our study found no significant difference between the FBI scores for 

each treatment. While there was some evidence that BZ-54 has an impact on the 

composition and diversity of the benthic macroinvertebrate community, these preliminary 

results need to be verified with further studies. 

6.1.4 Determine the impacts of the compounds on the growth and survivability of 

Hyalella azteca, exposed via the water column and in association with 

sediments.  

This study represents the first time that these in situ cages and substrates have 

been used at the Guelph Microcosm Facility. The use of these cages in the mesocosms 

requires careful statistical consideration. Mesocosms that have been experimentally 

manipulated (e.g. treatment with a BFR) are the smallest experimental unit, and 

individual samples or cages taken within the mesocosm are not independent replicates, 

rather they are pseudoreplicates (Heffner et al. 1996). Treating each cage as a replicate 
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can lead to misinterpretation of the data or committing a Type I error, as seen in Figure A 

21, where the BZ-54 treatment was identified as having statistically significant increase 

in some reproductive endpoints as compared to the Control treatment. Conversely, 

endpoints with high variability reduce the probability of detecting effects and can result 

in erroneous conclusions, or a Type II error (Pratt and Bowers 1992). The majority of 

endpoints examined in this study had high CVs (Table 39) which limited our ability to 

detect statistically significant differences, and as such the results should be interpreted 

cautiously.  

Perhaps the most significant result of the in situ H. azteca exposure was the 

accumulation and persistence of BTBPE in H. azteca.  While the uptake of BTBPE did 

not correlate with any adverse outcomes in terms of growth or reproduction, it 

demonstrates the utility of these cages in mesocosms for bioaccumulation studies. There 

were no significant effects on growth or reproduction associated with exposure to these 

novel BFRs. 

Before these cages can become a fully realized tool in mesocosm studies, efforts 

need to be undertaken to reduce their variability. This could include a shorter duration of 

deployment/exposure, a focus on endpoints of ecological significance with manageable 

CVs (e.g., total biomass), and a design optimized for bioaccumulation studies (e.g., 

multiple sampling events, and a depuration period).  

6.1.5 Determine the bioavailability and effects of these compounds in fathead 

minnow (Pimephales promelas), under semi-natural conditions   

This study demonstrated that these novel BFRs were bioavailable to fathead 

minnows under study conditions. BEHTBP did not persist in vivo, and EHTeBB was not 

detected, however there were indications of brominated metabolites in the fish. BTBPE 
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and TBBPA-DBPE were each accumulated to a significant extent in the fathead minnow, 

and this body burden persisted over the course of study, inclusive of a 28 d depuration 

period after 42 d of exposure. There was metabolism of both of these compounds, with 

both ether cleavage and debromination occurring for those compounds in fathead 

minnow. These metabolites persisted in vivo and had a similar fate as the parent 

compounds. Further work identifying these compounds and assessing their toxicological 

relevance is warranted.  

There was limited evidence of physical and reproductive effects observed in any 

of the sampled fathead minnows, however there were some biochemical responses of 

note. There was some indication that fathead minnows from the BZ-54 treatment were 

experiencing oxidative stress more so than the other treatments. Due to the small sample 

size, it was not possible to declare this statistically significant; however there is support 

for induction of oxidative stress in fish exposed to this compound (Bearr et al. 2010). The 

other statistically non-significant, but physiologically and potentially ecologically 

important response observed was the induction of vitellogenin in fathead minnow 

exposed to BTBPE.  

Under these exposure conditions, there were limited significant effects on fathead 

minnow in terms of growth, and biochemical endpoints. This study highlights the need 

for further research into the potential of these novel BFRs to induce oxidative stress and 

vitellogenin expression in fish. The accumulation and persistence of these compounds in 

fathead minnow is of concern, and efforts to examine the extent of trophic magnification 

of these compounds should be verified with directed field sampling.  
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6.1.6 Future Considerations 

As have been briefly discussed above, there are several considerations for future 

studies regarding the environmental fate and toxicity of these compounds, and these are 

further discussed below.  

6.1.6.1 Analytical Studies 

This study demonstrated that these novel BFRs can effectively be extracted from 

abiotic and biotic matrices and detected using GC/MS, however much can be done to 

improve upon recoveries and consistency of the method. Future method development 

studies should focus on direct injection methods which would limit the amount of clean-

up and pre-treatment a sample requires. The physical and chemical properties of these 

BFRs often result in degradation or isomerization during clean-up stages, making 

identification of parent compounds and degradation pathways more difficult. A direct 

injection technique would minizime the potential degradation, the amount of solvents 

used, and eliminate much of the matrix effects that restrict detection limits. This type of 

method has been successfully applied in analyzing particulates for PAHs (Ono-

Ogawawara et al. 2008), and if able to be adapted to novel BFRs could greatly reduce 

sample preparation time and solvent waste.   

6.1.6.2 Environmental Fate Studies 

This study utilized outdoor mesocosms to assess the persistence of several novel 

BFRs. The promise of these novel BFRs is that they are less persistent in the environment 

than their PBDE predecessors. Future studies would benefit from the inclusion of the 

traditional BFRs, such that comparisons between the persistence and fate of these novel 

BFRs can be made more accurately, and in the same systems. The inclusion of other well 
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studied compounds (e.g., PCBs, PAHs) as benchmark compounds, would allow for the 

verification and development of fate models, for which very hydrophobic compounds are 

poorly represented. Continued studies on the fate of these compounds in mesocosms 

should focus on the identifying degradation products and pathways. The tendency of 

these BFRs to partition into the sediments highlights the need for better understanding of 

the degradation pathways in sediments, and the role that the microbial community has in 

the degradation of these compounds.  

6.1.6.3 Macroinvertebrate Studies 

Benthic macroinvertebrates are an important part of the aquatic ecosystem. The 

results of this study suggest that there is a potential for these BFRs, particularly those in 

the BZ-54 treatment, to alter the composition of the benthic macroinvertebrate 

community. Due to the large variability in this study it was not possible to definitively 

attribute the decreased diversity observed in the BZ-54 treated mesocosms to the BFR 

treatment, and not natural variability. It was further made difficult to determine 

significant effects in this study by the lack of background reference data for the benthic 

macrointertebrate community in the mesocoms. Establishment of a database of the 

benthic macroinvertebrate community in the mesocosms throughout the seasons would be 

beneficial for future studies as it would allow some of the variation to be attributed to 

natural fluctuations, and help differentiate it from stressor driven effects.  

In our study we observed that summary metrics were effective in reducing some 

of the natural variability in macroinvertebrate populations, particularly the Family Biotic 

Index (FBI). As noted in Section 4.3.7, the FBI was developed for assessing organic 

pollution in riparian systems, and determining if a site is impacted based on its score. The 
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scores from the FBI have little applicability in our study for assessing whether a 

mesocosm is impacted, but they do offer a means of standardized comparisons. The 

development of a mesocosm specific biotic index could serve as a means of definitively 

identifying whether a mesocosm is impacted. Biotic indices are generally specific to a 

type of impact or to the geographical area. Biotic indices assume that polluted sites or 

systems will contain fewer species than unimpacted sites or systems, that the species 

present reflect their particular tolerance to a pollutant, then classify the site or system as 

polluted or impacted. These measures are generally weighted and may include measures 

such as abundance, diversity, pollution tolerance, and trophic levels present. Establishing 

a biotic index specific to the mesocosm would allow for standardization across studies 

and between years, and allow for more definitive assessment of perturbations to the 

system that were caused by a stressor, and not due to natural variability.   

In mesocosms, in situ sampling has great potential for reducing field based 

variability. Our study was the first to deploy in situ Hyalella cages in these mesocosms, 

and as such these results should be used when designing future mesocosm studies. 

Development of a normal operating range for the Hyalella cages would allow for better 

understanding of whether the changes in growth and reproduction are within what would 

be expected for these organisms, in these cages, and in the mesocosms. Future studies 

should focus on improving the robustness of these cages, and possibly look at redesigning 

them such that they are in contact with the sediments. Comparison of the responses of the 

H. azteca in the cages deployed in mesocosms with laboratory and field responses would 

serve well for validating this in situ exposure technique. 
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6.1.6.4 Bioaccumulation and Toxicity Studies in Fish 

This study demonstrated that BTBPE and TBBPA-DBPE are bioaccumulative in 

fathead minnows under semi-natural conditions. Future studies should expand the range 

of test organisms to include other families of fish, amphibians, and mammalian species. 

Comparisons between the accumulation and metabolic capacity of different organism 

would help to better inform biomagnification models, exposure and risk assessments. The 

metabolic capability of an organism influences the overall bioaccumulation and 

biomagnification, the use of radiolabelled standards would allow for better tracking of the 

compounds and elucidation of biotransformation pathways.  

The aim of most ecotoxicological assessments is the protection of populations, 

communities, and ecosystems. Biomarkers are frequently used as an early warning 

indicator that responds to a stressor before there are measureable effects on individuals 

and populations. In order for a biomarker to be successful, it must be used in conjunction 

with additional information about the organism and its environment. A good biomarker in 

an individual must be consistently linked to responses at those higher levels of 

organization, should be sensitive enough to detect effects, and ecologically relevant. In 

our study we saw indications of increased oxidative stress and vitellogenin expression in 

response to some of these novel BFRs. Future studies should examine the potential of 

these biomarkers to predict responses at the higher levels of organization. Traditional 

biomarkers have focused on an organismal physiological measure or biochemistry, 

whereas emerging biomarkers are focusing on the level of the genome. Recent studies 

have looked at the effect of novel BFRs on gene expression in avian species (Egloff et al. 

2011); similar studies should be conducted and verified with fish species.  
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6.1.6.5 Other BFRs 

This study examined only a small number of novel BFRs, and found that despite 

some structural similarities, there are many differences between the fate and toxicity of 

these compounds. The list of BFRs in commerce that are being examined in the 

environment is expanding, and many are being used in conjunction with other additives 

in the technical products. Future assessments should expand the number of BFRs 

examined, and should use the full technical product to properly assess fate and toxicity.  

While much of the attention on these novel BFRs has been directed at the fate and 

toxicity of the parent compound, and to a lesser extent the degradation products; the fate 

and toxicity of the pyrolysis byproducts of these BFRs remains largely overlooked. BFRs 

are specifically designed to be active in fires and the toxicity of the products formed 

during these reactions is a very large concern to firefighters and first responders (briefly 

discussed in Section 8.9.7). The identity of the products formed during pyrolysis, their 

toxicity, and fate are all areas of future research. 

6.1.6.6 Risk Assessments 

In context of a risk assessment, it is important to improve estimates of 

occupational and household exposure to these BFRs. This exposure assessment should 

include all exposure routes (Section 1.3.5.1), for all BFRs, their degradation and 

pyrolysis products. From these improved exposure estimates, it will be possible to 

generate hazard assessments for individuals, communities, and populations who have the 

highest potential for exposure, based on an improved understanding of the toxicity of 

these compounds. The characterization of risk based on exposure to novel BFRs has been 

very limited due to the lack of exposure and toxicity data for these compounds. Once this 
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risk is better characterized, strategies to mitigate exposure should be developed. These 

strategies could include the use of inherently flame retardant materials (e.g., liquid crystal 

polymer), the use of non-halogenated flame retardant (e.g., oxides and phosphorous 

materials), through engineering innovations (e.g., fire-safe cigarettes and candles) 

purchasing decisions by consumers informed on BFR load in products and foods (e.g., 

consumer report cards).  

Risk assessment and mitigation strategies for novel BFRs are areas of growing 

concern. The information required to perform these assessments (e.g., exposure and 

toxicity) is sparse, and efforts should continue to improve the available information such 

that more informed policy decisions can be made.   

6.2 Concluding Statement 

This thesis examined the environmental fate and toxicity of 3 novel BFRs; 

BTBPE, TBBPA-DBPE, and BZ-54 (a commercial mixture containing BEHTBP and 

EHTeBB), in aquatic mesocosms. Initial screening with in silico models proved 

inconsistent as these compounds are outside the domain of many of these models 

(excluding the BAF and biotransformation models), but did suggest that these compounds 

have properties that would make them persistent and bioaccumulative, with limited toxic 

effects. The estimated persistence of these compounds was verified with mesocosm data, 

where BTBPE, TBBPA-DBPE, and BEHTBP all had long environmental persistence, 

whereas EHTeBB dissipated from the system more quickly. These BFRs were shown to 

degrade in both the suspended particulates and the sediment, with the degradation 

products and rates differing in each compartment.  
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Through the in situ use of Hyalella azteca we were able to determine that BTBPE 

is bioaccumulative in this organism, and persisted in vivo for 70 d post treatment. The 

bioaccumulative nature of BTBPE was further confirmed in our fathead minnow 

exposure study, where TBBPA-DBPE also accumulated and persisted. Both BTBPE and 

TBBPA-DBPE showed signs of biotransformation in fathead minnow.  

Despite the bioaccumulation of these compounds, there were few statistically 

significant effects observed. The fathead minnows exposed to BTBPE did have elevated 

concentrations of vitellogenin, and the fish from the BZ-54 treatment did exhibit elevated 

signs of oxidative stress. The BZ-54 treatment had some effects on the benthic 

macroinvertebrate community, where those mesocosms exposed to BZ-54 had the least 

amount of diversity. The significance of this finding was difficult to assess due to high 

variability between mesocosms.   

The conclusion of this thesis is that BTBPE, TBBPA-DBPE, and BEHTBP 

exhibit environmental behaviour that would classify them as persistent. BTBPE and 

TBBPA-DBPE have the potential to bioaccumulate, and there are some limited 

toxicological effects associated with exposure to BTBPE and the components of BZ-54. 

There are still considerable data gaps in the fate and toxicity of these compounds, 

however this thesis has added some valuable information to help narrow that gap. 
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8 Appendix 

8.1 Test Compounds Technical Specifications 

MSDS, purities, % bromine etc.  

8.1.1 BTBPE 

SMILES: O(c1c(cc(cc1Br)Br)Br)CCOc2c(cc(cc2Br)Br)Br 

Exact mass, and predicted mass spectra/distribution 

 
Figure A 1: Exact mass and predicted mass destruction of BTBPE 

 

8.1.2 TBBPA-DBPE 

SMILES: CC(C)(c1cc(Br)c(OCC(Br)CBr)c(Br)c1)c2cc(Br)c(OCC(Br)CBr)c(Br)c2 

Exact mass, and predicted mass spectra/distribution 
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Figure A 2: Exact mass and predicted mass distribution of TBBPA-DBPE 

8.1.3 BEHTBP 

SMILES: 

C1(C(OCC(CCCC)CC)=O)=C(Br)C(Br)=C(Br)C(Br)=C1C(=O)OCC(CC)CCCC 

Exact mass, and predicted mass spectra/distribution 

 

 
Figure A 3: Exact mass and predicted mass distribution of BEHTBP 

 

8.1.4 EHTeBB 

SMILES: CCCC(CC)COC(=O)c1cc(Br)c(Br)c(Br)c1Br 

Exact mass, and predicted mass spectra/distribution 
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Figure A 4: Exact mass and predicted mass distribution of EHTeBB 
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8.2 in Silico Properties 

8.2.1 Biotransformation 

Table A 1: Relative contribution of each molecular fragment to the biological half-life of each compound. Values are the number of 

that fragment present in the parent compound and the value (in parenthesis) of that contribution to the overall biological half-life. 

Fragment 

(coefficient) 
BTBPE TBBPA-DBPE BEHTBP EHTeBB BDE-47 BDE-99 BDE-209 TBBPA DEHP 

Linear C4 terminal 

chain (0.034)   
2 (0.068) 

     
2 (0.068) 

Ester (-0.76) 
  

2 (-1.5) 1 (-0.76) 
    

2 (-1.5) 

Aromatic alcohol  

(-0.47)        
2 (-0.95) 

 

Aliphatic brominde 

(0.27)  
4 (1.1) 

       

Aromatic bromide 

(0.40) 
6 (2.4) 4 (1.6) 4 (1.6) 4 (1.6) 4 (1.6) 5 (2.0) 10 (3.96) 4 (1.58) 

 

Carbon with 4 single 

bonds, no hydrogens  

(-0.30) 
 

1 (-0.3) 
     

1 (-0.3) 
 

Aromatic ether  

(-0.070) 
2 (-0.14) 2 (-0.14) 

  
1 (-0.070) 1 (-0.070) 1 (-0.070) 

  

Aromatic H (0.27) 4 (1.1) 4 (1.1) 
 

1 (0.27) 6 (1.60) 5 (1.33) 
 

4 (1.1) 4 (1.1) 

Methyl (0.25) 
 

2 (0.49) 4 (0.98) 2 (0.49) 
   

2 (0.49) 4 (0.98) 

CH2 [linear] (0.024) 2 (0.048) 4 (0.097) 10 (0.24) 4 (0.097) 
    

10 (0.24) 

CH [linear] (-0.19) 
 

2 (-0.38) 2 (-0.38) 1 (-0.19) 
    

2 (-0.38) 

Mono-aromatic ether 

(0.78) 
2 (1.6) 2 (1.6) 

       

Benzene (-0.43) 2 (-0.86) 2 (-0.86) 1 (-0.43) 1 (-0.43) 2 (-0.86) 2 (-0.86) 2 (-0.86) 2 (-0.86) 1 (-0.43) 
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log KOW (0.31) 2.8 3.53 3.67 2.54 2.08 2.1 3.72 2.21 2.33 

Moleculr Weight -1.76 -2.42 -1.81 -1.37 -1.25 -1.45 -2.46 -1.39 -1 

 

8.2.2 Biodegradability 

Table A 2: Probability of rapid biodegradation (BIOWIN estimate) 

 

Biowin 1 

(Linear 

Model) 

Biowin 

2 

(Non-

Linear 

Model) 

Biowin 3 (Ultimate 

Survey Model) 

Biowin 4 (Primary 

Survey Model) 

Biowin 5 

(MITI 

Linear 

Model) 

Biowin 6 

(MITI Non-

Linear 

Model) 

Biowin 7 

(Anaerobic 

Linear 

Model) 

Ready 

Biodegradab

ility 

Prediction 

BTBPE 0.02 0.00 0.75 (recalicitrant) 2.09 (months) 0.19 0.01 0.86 NO 

TBBPA-DBPE -0.25 0.00 0.36 (recalcitrant) 2.01 (months) -0.45 0.00 1.53 NO 

BEHTBP 0.54 0.13 1.97 (months) 3.21 (weeks) 0.36 0.06 0.15 NO 

EHTeBB 0.33 0.00 1.88 (months) 2.94 (weeks) 0.29 0.06 0.40 NO 

BDE-47 0.21 0.00 1.52 (recalcitrant) 2.61 (weeks-months) 0.18 0.03 0.44 NO 

BDE-99 0.06 0.00 1.21 (recalcitrant) 2.34 (weeks-months) 0.10 0.01 0.54 NO 

BDE-100 0.06 0.00 1.21 (recalcitrant) 2.34 (weeks-months) 0.10 0.01 0.54 NO 

BDE-209 -0.68 0.00 -0.34 (recalcitrant) 1.01 (recalcitrant) -0.28 0.00 1.01 NO 

TBBPA 0.09 0.00 1.35 (recalcitrant) 2.38 (weeks-months) -0.01 0.01 0.12 NO 

DEHP 1.13 1.00 3.21 (weeks) 4.28 (hours-days) 0.67 0.69 -0.23 YES 
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8.2.3 EDKB Database Results 

8.2.3.1 BTBPE 

Table A 3: Results of the EDKB database search for BTBPE, compounds with similarity scores > 0.4 are shown. 

Compound name Similarity 
Endpoint 

value 

Endpoint 

name 
Assay name 

Species 

strain 
Formula 

Molecular 

weight 

Dibenzo-18-crown-

6 
0.46 -10000 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Rat C20H24O6 360.4 

bisphenol-A 

ethoxylate 
0.4 -1000 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Rat C19H24O4 316.4 

2,4,6-

Tribromophenol 
0.54 -10000 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C6H3Br3O 330.8 

2,4-Dibromophenol 0.54 -10000 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C6H4Br2O 251.91 

4-Bromophenol 0.49 -3.43 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C6H5BrO 173.01 

6-Bromonaphthol-2 0.45 -3.52 LogRPP 
Escreen (Cell Proliferation 

Assay) 
Human C10H7BrO 223.07 

bisphenol-A 

ethoxylate 
0.4 -1000 LogRPP 

Proliferation (Cell Proliferation 

Assay) 
Human C19H24O4 316.4 
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8.2.3.2 TBBPA-DBPE 

Table A 4: Results of the EDKB database search for TBBPA-DBPE, compounds with similarity scores > 0.4 are shown. 

Compound name Similarity 
Endpoint 

value 

Endpoint 

name 
Assay name 

Species 

strain 
Formula 

Molecular 

weight 

BISPHENOL A 

PROPOXYLATE 
0.45 -1000 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Rat C21H28O4 344.45 

BISPHENOL A 

DIGLYCIDYL 

ETHER 

0.43 -1000 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Rat C21H24O4 340.42 

4,4'-

ISOPROPYLIDEN

EDIPHENOL 

DIMETHACRYLA

TE 

0.42 -2.82 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Rat C23H24O4 364.44 

bisphenol-A 

ethoxylate 
0.41 -1000 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Rat C19H24O4 316.4 

bisphenol-A 

ethoxylate 

diacrylate 

0.41 -3.3 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Rat C25H28O6 424.49 

Tetrabromobisphen

ol A 
0.54 -10000 LogRP 

ER Gene (Reporter Gene 

Assay) 
  

C15H12Br

4O2 
543.87 

Bisphenol-A-

proxylate (BPA-E) 
0.47 -10000 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C21H28O2 312.45 

BISPHENOL A 

DIGLYCIDYL 

ETHER 

0.43 -10000 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C21H24O4 340.42 

Bisphenol-A-

ethoxylate (BPA-E) 
0.43 -10000 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C19H24O2 284.4 
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4,4'-

ISOPROPYLIDEN

EDIPHENOL 

DIMETHACRYLA

TE 

0.42 -10000 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C23H24O4 364.44 

BISPHENOL A 

PROPOXYLATE 
0.45 -1000 LogRPP 

Proliferation (Cell Proliferation 

Assay) 
Human C21H28O4 344.45 

BISPHENOL A 

DIGLYCIDYL 

ETHER 

0.43 -4 LogRPP 
Proliferation (Cell Proliferation 

Assay) 
Human C21H24O4 340.42 

4,4'-

ISOPROPYLIDEN

EDIPHENOL 

DIMETHACRYLA

TE 

0.42 -3 LogRPP 
Proliferation (Cell Proliferation 

Assay) 
Human C23H24O4 364.44 

bisphenol-A 

ethoxylate 
0.41 -1000 LogRPP 

Proliferation (Cell Proliferation 

Assay) 
Human C19H24O4 316.4 

bisphenol-A 

ethoxylate 

diacrylate 

0.41 -4 LogRPP 
Proliferation (Cell Proliferation 

Assay) 
Human C25H28O6 424.49 

1110 0.46 -10000 LogRP Uterotrophic Assay 
mouse(in 

house) 

C18H19Br

O3 
363.25 

1110 0.46 -10000 LogRP Uterotrophic Assay 
mouse(in 

house) 

C18H19Br

O3 
363.25 

1828 0.44 -10000 LogRP Uterotrophic Assay 
mouse(in 

house) 

C18H20Br

NO2 
362.27 

1828 0.44 -10000 LogRP Uterotrophic Assay 
mouse(in 

house) 

C18H20Br

NO2 
362.27 
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8.2.3.3 BEHTBP 

Table A 5: Results of the EDKB database search for BEHTBP, compounds with similarity scores > 0.4 are shown. 

Compound name Similarity 
Endpoint 

value 

Endpoint 

name 
Assay name 

Species 

strain 
Formula 

Molecular 

weight 

Bis(2-

ethylhexyl)phthalat

e 

0.61 -5000 LogRBA 
AR Binding (Receptor Binding 

Assay) 
Rat C24H38O4 390.56 

Diisononylphthalate 0.61 -3.56 LogRBA 
AR Binding (Receptor Binding 

Assay) 
Rat C26H42O4 418.61 

Bis(n-octyl) 

phthalate 
0.61 -3.28 LogRBA 

AR Binding (Receptor Binding 

Assay) 
Rat C24H38O4 390.56 

di-n-Butyl phthalate 

(DBuP) 
0.55 -1.95 LogRBA 

AR Binding (Receptor Binding 

Assay) 
Rat C16H22O4 278.35 

Butylbenzylphthalat

e 
0.54 -2.07 LogRBA 

AR Binding (Receptor Binding 

Assay) 
Rat C19H20O4 312.36 

Dihydrotestosterone 

benzoate 
0.5 0.07 LogRBA 

AR Binding (Receptor Binding 

Assay) 
Rat C26H34O3 394.56 

di-i-Butyl phthalate 

(DIBP) 
0.5 -2.22 LogRBA 

AR Binding (Receptor Binding 

Assay) 
Rat C16H22O4 278.35 

Diethyl phthalate 0.44 -3.44 LogRBA 
AR Binding (Receptor Binding 

Assay) 
Rat C12H14O4 222.24 

Zearalenol 0.43 -1.64 LogRBA 
AR Binding (Receptor Binding 

Assay) 
Rat C18H24O5 320.38 

b-Zearalenol 0.43 -2.09 LogRBA 
AR Binding (Receptor Binding 

Assay) 
Rat C18H24O5 320.38 

b-Zearalanol 0.42 -1.72 LogRBA 
AR Binding (Receptor Binding 

Assay) 
Rat C18H26O5 322.4 
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4-Amino 

butylbenzoate 
0.42 -2.85 LogRBA 

AR Binding (Receptor Binding 

Assay) 
Rat 

C11H15N

O2 
193.25 

Zearalanone 0.41 -2.14 LogRBA 
AR Binding (Receptor Binding 

Assay) 
Rat C18H24O5 320.38 

Diisononylphthalate 0.61 -10000 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Rat C26H42O4 418.61 

Bis(n-octyl) 

phthalate 
0.61 -10000 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Rat C24H38O4 390.56 

Bis(2-

ethylhexyl)phthalat

e 

0.61 -10000 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Rat C24H38O4 390.56 

di-n-Butyl phthalate 

(DBuP) 
0.55 -10000 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Rat C16H22O4 278.35 

di-n-Butyl phthalate 

(DBuP) 
0.55 -2.58 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Mouse C16H22O4 278.35 

Butylbenzylphthalat

e 
0.54 -1.82 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Human C19H20O4 312.36 

Butylbenzylphthalat

e 
0.54 -10000 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Rat C19H20O4 312.36 

Butylbenzylphthalat

e 
0.54 -2.46 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Mouse C19H20O4 312.36 

di-i-Butyl phthalate 

(DIBP) 
0.5 -10000 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Rat C16H22O4 278.35 

Heptyl p-

hydroxybenzoate 
0.47 -2.09 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Rat C14H20O3 236.31 

2-Ethylhexyl-4-

hydroxybenzoate 
0.47 -1.74 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Rat C15H22O3 250.34 

Diethyl phthalate 0.44 -10000 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Rat C12H14O4 222.24 
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Zearalenol 0.43 1.63 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Rat C18H24O5 320.38 

b-Zearalenol 0.43 -0.69 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Rat C18H24O5 320.38 

4-Amino 

butylbenzoate 
0.42 -10000 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Rat 

C11H15N

O2 
193.25 

b-Zearalanol 0.42 -0.19 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Rat C18H26O5 322.4 

b-Zearalanol 0.42 1.2 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Human C18H26O5 322.4 

b-Zearalanol 0.42 1.15 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Human C18H26O5 322.4 

a-Zearalanol 0.42 1.48 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Rat C18H26O5 322.4 

n-Butyl 4-

hydroxybenzoate 
0.42 -3.07 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Rat C11H14O3 194.23 

Zearalenone 0.42 0.7 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Human C18H22O5 318.37 

Zearalenone 0.42 0.85 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Human C18H22O5 318.37 

Zearalenone 0.42 1.64 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Mouse C18H22O5 318.37 

Zearalanone 0.41 0.32 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Rat C18H24O5 320.38 

Bis(2-

ethylhexyl)phthalat

e 

0.61 -10000 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C24H38O4 390.56 

Bis(2-

ethylhexyl)phthalat

e 

0.61 -100 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C24H38O4 390.56 
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Diheptyl phthalate 0.61 -10000 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C22H34O4 362.51 

Di-i-octyl phthalate 0.61 -10000 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C24H38O4 390.56 

Di-i-decyl phthalate 0.61 -10000 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C28H46O4 446.67 

Diisononylphthalate 0.61 -10000 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C26H42O4 418.61 

DI-N-HEXYL 

PHTHALATE 
0.6 -10000 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C20H30O4 334.45 

Dicyclohexyl 

phthalate 
0.6 -10000 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C20H26O4 330.42 

DIAMYLPhthalate 0.58 -10000 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C18H26O4 306.4 

di-n-Butyl phthalate 

(DBuP) 
0.55 -10000 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C16H22O4 278.35 

di-n-Butyl phthalate 

(DBuP) 
0.55 -100 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C16H22O4 278.35 

Butylbenzylphthalat

e 
0.54 -10000 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C19H20O4 312.36 

Butylbenzylphthalat

e 
0.54 -4.22 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C19H20O4 312.36 

Butylbenzylphthalat

e 
0.54 -3.4 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C19H20O4 312.36 

2-Butoxyethyl 

phthalate 
0.52 -10000 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C20H30O6 366.45 

di-i-Butyl phthalate 

(DIBP) 
0.5 -10000 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C16H22O4 278.35 

Di-n-propyl  

phthalate 
0.5 -4.52 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C14H18O4 250.29 
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Di-i-propyl 

phthalate 
0.45 -4.82 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C14H18O4 250.29 

Diethyl phthalate 0.44 -10000 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C12H14O4 222.24 

Zearalenol 0.43 0.94 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C18H24O5 320.38 

b-Zearalenol 0.43 -1.18 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C18H24O5 320.38 

b-Zearalanol 0.42 -0.34 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C18H26O5 322.4 

a-Zearalanol 0.42 0.11 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C18H26O5 322.4 

n-Butyl 4-

hydroxybenzoate 
0.42 -2 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C11H14O3 194.23 

Zearalenone 0.42 -0.59 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C18H22O5 318.37 

4-Amino 

butylbenzoate 
0.42 -10000 LogRP 

ER Gene (Reporter Gene 

Assay) 
  

C11H15N

O2 
193.25 

di-n-Butyl phthalate 

(DBuP) 
0.55 -4.08 LogRPP 

Escreen (Cell Proliferation 

Assay) 
Human C16H22O4 278.35 

Butylbenzylphthalat

e 
0.54 -3.6 LogRPP 

Escreen (Cell Proliferation 

Assay) 
Human C19H20O4 312.36 

Butylbenzylphthalat

e 
0.54 -3.52 LogRPP 

Escreen (Cell Proliferation 

Assay) 
Human C19H20O4 312.36 

Zearalenol 0.43 -0.36 LogRPP 
Escreen (Cell Proliferation 

Assay) 
Human C18H24O5 320.38 

Zearalenol 0.43 0 LogRPP 
Escreen (Cell Proliferation 

Assay) 
Human C18H24O5 320.38 

Zearalenone 0.42 0 LogRPP 
Escreen (Cell Proliferation 

Assay) 
Human C18H22O5 318.37 
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Zearalenone 0.42 0.77 LogRPP 
Escreen (Cell Proliferation 

Assay) 
Human C18H22O5 318.37 

2029 0.5 -10000 LogRP Uterotrophic Assay 
mouse (in 

house) 
C25H32O4 396.52 

1886 0.49 -10000 LogRP Uterotrophic Assay 
mouse(in 

house) 

C26H33F

O3 
412.54 

1886 0.49 -10000 LogRP Uterotrophic Assay 
mouse(in 

house) 

C26H33F

O3 
412.54 

1092 0.44 -10000 LogRP Uterotrophic Assay 
mouse(in 

house) 
C25H30O3 378.51 

1581 0.44 -10000 LogRP Uterotrophic Assay 
mouse(in 

house) 
C25H30O3 378.51 

1581 0.44 -10000 LogRP Uterotrophic Assay 
mouse(in 

house) 
C25H30O3 378.51 

1092 0.44 -10000 LogRP Uterotrophic Assay 
mouse(in 

house) 
C25H30O3 378.51 

Cholesta-5,7-dien-

3.beta.-olbenzoate 
0.43 -10000 LogRP Uterotrophic Assay 

mouse(in 

house) 
C30H44O2 436.68 

a-Zearalanol 0.42 -1.59 LogRP Uterotrophic Assay 
Mice(CFL

P) 
C18H26O5 322.4 

Zearalenone 0.42 -0.7 LogRP Uterotrophic Assay 
Rat(Holtz

man) 
C18H22O5 318.37 
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8.2.3.4 EHTeBB 

Table A 6: Results of the EDKB database search for EHTeBB, compounds with similarity scores > 0.4 are shown. 

Compound name Similarity 
Endpoint 

value 

Endpoint 

name 
Assay name 

Species 

strain 
Formula 

Molecular 

weight 

Dihydrotestosterone 

benzoate 
0.55 0.07 LogRBA 

AR Binding (Receptor Binding 

Assay) 
Rat C26H34O3 394.56 

Bis(2-

ethylhexyl)phthalat

e 

0.51 -5000 LogRBA 
AR Binding (Receptor Binding 

Assay) 
Rat C24H38O4 390.56 

Diisononylphthalate 0.51 -3.56 LogRBA 
AR Binding (Receptor Binding 

Assay) 
Rat C26H42O4 418.61 

Bis(n-octyl) 

phthalate 
0.51 -3.28 LogRBA 

AR Binding (Receptor Binding 

Assay) 
Rat C24H38O4 390.56 

4-Amino 

butylbenzoate 
0.46 -2.85 LogRBA 

AR Binding (Receptor Binding 

Assay) 
Rat 

C11H15N

O2 
193.25 

di-n-Butyl phthalate 

(DBuP) 
0.45 -1.95 LogRBA 

AR Binding (Receptor Binding 

Assay) 
Rat C16H22O4 278.35 

Butylbenzylphthalat

e 
0.44 -2.07 LogRBA 

AR Binding (Receptor Binding 

Assay) 
Rat C19H20O4 312.36 

n-Propyl 4-

hydroxybenzoate 
0.41 -3 LogRBA 

AR Binding (Receptor Binding 

Assay) 
Rat C10H12O3 180.2 

di-i-Butyl phthalate 

(DIBP) 
0.4 -2.22 LogRBA 

AR Binding (Receptor Binding 

Assay) 
Rat C16H22O4 278.35 

b-Zearalanol 0.4 -1.72 LogRBA 
AR Binding (Receptor Binding 

Assay) 
Rat C18H26O5 322.4 

b-Zearalenol 0.4 -2.09 LogRBA 
AR Binding (Receptor Binding 

Assay) 
Rat C18H24O5 320.38 
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Zearalenol 0.4 -1.64 LogRBA 
AR Binding (Receptor Binding 

Assay) 
Rat C18H24O5 320.38 

Heptyl p-

hydroxybenzoate 
0.52 -2.09 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Rat C14H20O3 236.31 

2-Ethylhexyl-4-

hydroxybenzoate 
0.52 -1.74 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Rat C15H22O3 250.34 

Bis(2-

ethylhexyl)phthalat

e 

0.51 -10000 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Rat C24H38O4 390.56 

Bis(n-octyl) 

phthalate 
0.51 -10000 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Rat C24H38O4 390.56 

Diisononylphthalate 0.51 -10000 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Rat C26H42O4 418.61 

4-Amino 

butylbenzoate 
0.46 -10000 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Rat 

C11H15N

O2 
193.25 

n-Butyl 4-

hydroxybenzoate 
0.46 -3.07 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Rat C11H14O3 194.23 

di-n-Butyl phthalate 

(DBuP) 
0.45 -10000 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Rat C16H22O4 278.35 

di-n-Butyl phthalate 

(DBuP) 
0.45 -2.58 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Mouse C16H22O4 278.35 

Butylbenzylphthalat

e 
0.44 -2.46 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Mouse C19H20O4 312.36 

Butylbenzylphthalat

e 
0.44 -10000 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Rat C19H20O4 312.36 

Butylbenzylphthalat

e 
0.44 -1.82 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Human C19H20O4 312.36 

n-Propyl 4-

hydroxybenzoate 
0.41 -3.22 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Rat C10H12O3 180.2 
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Zearalenol 0.4 1.63 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Rat C18H24O5 320.38 

a-Zearalanol 0.4 1.48 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Rat C18H26O5 322.4 

di-i-Butyl phthalate 

(DIBP) 
0.4 -10000 LogRBA 

ER Binding (Receptor Binding 

Assay) 
Rat C16H22O4 278.35 

b-Zearalanol 0.4 -0.19 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Rat C18H26O5 322.4 

b-Zearalanol 0.4 1.2 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Human C18H26O5 322.4 

b-Zearalanol 0.4 1.15 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Human C18H26O5 322.4 

b-Zearalenol 0.4 -0.69 LogRBA 
ER Binding (Receptor Binding 

Assay) 
Rat C18H24O5 320.38 

Diheptyl phthalate 0.51 -10000 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C22H34O4 362.51 

Di-i-octyl phthalate 0.51 -10000 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C24H38O4 390.56 

Di-i-decyl phthalate 0.51 -10000 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C28H46O4 446.67 

Diisononylphthalate 0.51 -10000 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C26H42O4 418.61 

Bis(2-

ethylhexyl)phthalat

e 

0.51 -100 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C24H38O4 390.56 

Bis(2-

ethylhexyl)phthalat

e 

0.51 -10000 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C24H38O4 390.56 

DI-N-HEXYL 

PHTHALATE 
0.5 -10000 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C20H30O4 334.45 
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Dicyclohexyl 

phthalate 
0.5 -10000 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C20H26O4 330.42 

DIAMYLPhthalate 0.48 -10000 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C18H26O4 306.4 

4-Amino 

butylbenzoate 
0.46 -10000 LogRP 

ER Gene (Reporter Gene 

Assay) 
  

C11H15N

O2 
193.25 

n-Butyl 4-

hydroxybenzoate 
0.46 -2 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C11H14O3 194.23 

di-n-Butyl phthalate 

(DBuP) 
0.45 -100 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C16H22O4 278.35 

di-n-Butyl phthalate 

(DBuP) 
0.45 -10000 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C16H22O4 278.35 

Butylbenzylphthalat

e 
0.44 -3.4 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C19H20O4 312.36 

Butylbenzylphthalat

e 
0.44 -4.22 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C19H20O4 312.36 

Butylbenzylphthalat

e 
0.44 -10000 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C19H20O4 312.36 

2-Butoxyethyl 

phthalate 
0.43 -10000 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C20H30O6 366.45 

n-Propyl 4-

hydroxybenzoate 
0.41 -2.52 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C10H12O3 180.2 

a-Zearalanol 0.4 0.11 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C18H26O5 322.4 

di-i-Butyl phthalate 

(DIBP) 
0.4 -10000 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C16H22O4 278.35 

b-Zearalanol 0.4 -0.34 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C18H26O5 322.4 

b-Zearalenol 0.4 -1.18 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C18H24O5 320.38 
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Di-n-propyl  

phthalate 
0.4 -4.52 LogRP 

ER Gene (Reporter Gene 

Assay) 
  C14H18O4 250.29 

Zearalenol 0.4 0.94 LogRP 
ER Gene (Reporter Gene 

Assay) 
  C18H24O5 320.38 

di-n-Butyl phthalate 

(DBuP) 
0.45 -4.08 LogRPP 

Escreen (Cell Proliferation 

Assay) 
Human C16H22O4 278.35 

Butylbenzylphthalat

e 
0.44 -3.52 LogRPP 

Escreen (Cell Proliferation 

Assay) 
Human C19H20O4 312.36 

Butylbenzylphthalat

e 
0.44 -3.6 LogRPP 

Escreen (Cell Proliferation 

Assay) 
Human C19H20O4 312.36 

Zearalenol 0.4 0 LogRPP 
Escreen (Cell Proliferation 

Assay) 
Human C18H24O5 320.38 

Zearalenol 0.4 -0.36 LogRPP 
Escreen (Cell Proliferation 

Assay) 
Human C18H24O5 320.38 

1886 0.54 -10000 LogRP Uterotrophic Assay 
mouse(in 

house) 

C26H33F

O3 
412.54 

2029 0.54 -10000 LogRP Uterotrophic Assay 
mouse(in 

house) 
C25H32O4 396.52 

1886 0.54 -10000 LogRP Uterotrophic Assay 
mouse(in 

house) 

C26H33F

O3 
412.54 

1581 0.48 -10000 LogRP Uterotrophic Assay 
mouse(in 

house) 
C25H30O3 378.51 

1581 0.48 -10000 LogRP Uterotrophic Assay 
mouse(in 

house) 
C25H30O3 378.51 

1092 0.48 -10000 LogRP Uterotrophic Assay 
mouse(in 

house) 
C25H30O3 378.51 

1092 0.48 -10000 LogRP Uterotrophic Assay 
mouse(in 

house) 
C25H30O3 378.51 

Cholesta-5,7-dien-

3.beta.-olbenzoate 
0.47 -10000 LogRP Uterotrophic Assay 

mouse(in 

house) 
C30H44O2 436.68 
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a-Zearalanol 0.4 -1.59 LogRP Uterotrophic Assay 
Mice(CFL

P) 
C18H26O5 322.4 

a-Zearalanol 0.4 0.7 LogRP Uterotrophic Assay 
Rat(Wista

r) 
C18H26O5 322.4 
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8.3 Analytical Procedures 

8.3.1 Instrumental Analysis using Gas Chromatography- Mass Spectrometry 

All analyses were performed on a HP6890 series GC system interfaced to an MS 

with negative CI. 

Instrument Control Parameters: 

 

6980 GC Method 

 

Oven 

 Initial temp:   190
o
C 

 Initial time:  5.00 min 

 Maximum temp: 325
o
C 

 Equilibration time: 0.25 min 

 Ramps: 

  # Rate Final Temp Final Time 

  1 5.00 315  25.00 

  2 0.0 

 Post temp:  0
o
C 

 Post time:  0.00 min 

 Run time:  55.00 min 

 

Front Inlet (Split/Splitless) 

 Mode:  Pulsed Splitless 

 Initial temp: 290
o
C 

 Pressure: 11.00 psi 

 Pulse time: 1.00 min 

 Purge flow: 80.0 mL/min 

 Purge time: 1.00 min 

 Total flow: 84.8 mL/min 

 Gas saver: Off 

 Gas type: Helium 

 

Column 1 

 Capillary Column 

 Model Number: Restek 1614-15m 994633 

 Max temp:  360
o
C 

 Nominal length: 15.0 m 

 Nominal diameter: 250.00 µm 

 Mode:   constant pressure 

 Pressure:  11.0 psi 

 Nominal initial flow: 1.5 mL/min 

 Average velocity: 66 cm/sec 
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 Inlet:   Front Inlet 

 Outlet:   MSD 

 Outlet pressure: vacuum 

 

Front Detector 

 Signal 1 

  Data rate:  20 Hz 

  Type:  test plot 

  Save Data: Off 

  Zero:  0.0 (Off) 

  Range:  0 

  Fast Peaks: Off 

  Attenuation: 0 

 

Thermal Aux 2 

 Use:  MSD Transfer Line Heater 

 Description: 

  Initial temp: 335
o
C 

  Initial time: 0.00 min 

   # Rate  Final temp Final time 

1 0.0 (off) 

 

GC Injector 
 

Front Injector 

 Sample Washes:    0 

 Sample Pumps:    2 

 Injection Volume:    5.00 µL 

 Syringe Size:     10.0 µL 

 PreInj Solvent A (Isopropanol) Washes: 1 

 PreInj Solvent B (Hexanes) Washes:  0 

 PostInj Solvent A (Isopropanol Washes: 3 

 PostInj Solvent B (Hexanes) Washes: 3 

 Viscosity Delay:    1 second 

 Plunger Speed:    Fast 

 PreInjection Dwell:    0.00 minutes 

 PostInjection Dwell:    0.00 minutes 

 

MS Acquisition Parameters 
 

General Information 

 Tune File:  ncich4pbde.U 

 Acquisition Mode: SIM (or Scan) 

MS Information 

 Solvent Delay:   8.00 min 

 EM Absolute:   False 



325 

 

 EM Offset:    59 

 Resulting EM Voltage: 1858.8 

 

SIM Parameters 

 Group ID:  Bromine 

 Resolution:  High 

 Plot 1 Ion:  79.00 

 Plot 2 Ion:  510.0 

 

MSZones 

 MS Quad: 150
o
C maximum 200

o
C 

 MS Source: 230
o
C maximum 300

o
C 

 

8.3.2 General Laboratory Preparation Protocols 

8.3.2.1 Cleaning of Glassware 

1. All glassware was rinsed with hot water and distilled water then placed in a 6% 

Extran 300 detergent water bath to soak overnight. 

2. After soaking overnight the glassware was rinsed with hot water and soaked in 

hot water for 1 hr. 

3. The glassware was rinsed with distilled water and allowed to air dry. 

4. Dry glassware was rinsed with acetone and fired overnight in an oven at ~400
o
C.  

Clean glassware was foil wrapped and put away until use. 

5. The 6% Extran 300 detergent bath was changed on a monthly basis.  During times 

of increased processing the bath was changed more frequently. 

8.3.2.2 Cleaning of Glass Wool and Pipettes 

1. Glass wool and pipettes were wrapped in aluminum foil and fired overnight in a 

muffle furnace at 400
O
C.   

2. The glass wool was stored in a glass jar inside a desiccator. 

 

8.3.2.3 Preparation of Sodium Sulphate and Silica Gel 

1. The dry reagents were added to ceramic evaporating dishes and fired overnight in 

a muffle furnace at 450
O
C.   

2. The reagents were left in the muffle furnace for 1 day to cool and then transferred 

into amber glass jars and stored in a desiccator. 

3. Acidified silica used for sediment, water, and minor biota processing was 

prepared by adding 22 ml of sulphuric acid to every 100 g of silica powder.  The 

22% H2SO4 acidified silica was rolled overnight in an amber jar and then stored in 

a desiccator. 
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8.3.2.4 Cleaning of ASE Cells 

1. The ASE cells used for fathead minnow processing were disassembled completely 

after use and washed through the same workup as the glassware.  Clean cells were 

reassembled and stored sealed until use. 

2. The ASE cells used for sediment, water filter, and minor biota processing were 

not completely disassembled.  The body and heads of the cells were taken through 

the typical glassware routine.  The cell heads were not disassembled and fired 

overnight but instead were sonicated in dichloromethane for ~1 hr.  Clean heads 

were then rinsed with acetone and sealed back onto the cell body. 

 

 

 

Table A 7: List of reagents and suppliers 

Reagent Formula CAS# Properties Manufacturer Prdct# 

Acetone 

(D.I.G.) (4L) 

(CH3)2CO 67-64-1 1L=0.79kg 

FW/PM 58.08 

Caledon 

Laboratories Inc. 

Georgetown, ON 

L7G4K9 

 

2,2,4-

trimethylpentane 

(4L) 

(CH3)3CC

H2CH(CH

3)2 

540-84-

1 

99.98% high 

purity 

Made in Germany, 

Omnisolv 

distributed 

 

Methanol (4L) CH3OH 67-56-1 99.9% purity EMD  

Dichloromethan

e (4L) 

CH2Cl2 75-09-2 99.96% purity 

FW 84.93 

OmniSolv, USA  

Hexanes (4L) CH3(CH2)

4CH3 

110-54-

3 

99.99% purity 

FW 86.18 

OmniSolv, USA  

Sulphuric acid 

(2.5L) 

H2SO4 7664-

93-9 

reagent 

A.C.S. 

Nepean, ON 

K2E7L6 

 

Sodium 

Sulphate 

Na2SO4 7757-

82-6 

anhydrous, 

granular 

Min 99.0% 

purity 

pH of 5% 

soln.@ 25C 

5.2-9.2 

Caledon 

Laboratories Inc. 

Georgetown, ON 

L7G4K9 

 

Silica-Gel 

(2.5kg) 

 63231-

67-4 

60-200 mesh Mallinkrodt Baker 

Inc. 7001 M.L. 

King Jr. Blvd. 

Paris, KY Supplier 

VWR International 

3405-05 
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2360 Argentia Rd, 

Mississauga ON, 

L5N5Z7 

Ottawa Sand  14808-

60-7 

20-30 mesh Fisher Scientific  

Hydromatrix Diatomac

eous 

Earth 

68855-

54-9 

100% purity Dionex Corp. 1228 

Titan Way, 

Sunnyvale, CA 

94088-3603 

062819 

Glass wool Pyrex 541-

100-11 

3950 

fiberglass 8 

micron 

Canadawide 

Scientific, made 

Corning Inc. NY 

14831, USA 

H10843

03302 

Extran 300 

detergent 

Ethanola

mine, 

NaOH 

aminoet

hanol 

141-43-

5 

titriplex 

III 139-

33-3 

Caustic alkali 

liquid 

MerkKGaA, 

Darmstadt, 

Germany. Distr. 

EMD and VWR 

 

Bio Beads  9052-

95-3 

200-400 

mesh, 

benzene 

swelling 4.51 

mL/g 

Bio-Rad 

Laboratories Inc. 

2000 Alfred Nobel 

Dr, Hercules, CA 

94547 

  

Standard 

reference 

material 1947 

Lake 

Michigan 

fish tissue 

 Frozen @ -

80
o
C fish 

tissue 

homogenate 

US dept of 

Commerce, NIST, 

Gaithersburg MD 

20899 

 

Helium He(g)  H2O<3ppm, 

02<2ppm, 

THC<0.5ppm 

Air Liquide  

Nitrogen N2(g)  H2O<3ppm, 

02<2ppm, 

THC<0.5ppm 

Air Liquide  

Lab Spikes 

TXA-4 (10µL) 

TXA-5 (20µL) 

 

BDE-71 

BDE-

209(lab.) 

 For Analysis: 

PBDE- 

BFR09C 

-10 

µg/L@1mL 

FV 

PBDE- 

BFR09C 

Wellington 

Laboratories, 

Guelph ON 
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-49.4 µg/L 

@200uL FV 

 

 

 

Table A 8: List of materials and suppliers 

Materials/Glassware Properties Manufacturer Product# 

ASE    

Septa Ultra clean septa Dionex Corp. 1228 

Titan Way, 

Sunnyvale, CA 

94088-3603 

055395 

Collection Vials 

(80oz) 

Clear boston 

round narrow 

mouth, glass with 

open-top septa 

lined closure 

Environment 

Sampling Supply 

9601 San Leandro St. 

Oakland CA 

 

ASE Cells 33mL, 66mL, 

99mL 

Dionex Corp. 1228 

Titan Way, 

Sunnyvale, CA 

94088-3603 

 

GC-MS    

GC Vials S/T 2mL, 

12x32mm D, 

Amber, GLS, 

DEAF 

Chromatographic 

Specialties Inc. 

C551832072 

Vial Inserts 250µL glass with 

polymer feet 

Agilent 5181-1270 

Vial Caps Silicone/PTFE 

septa 

Chromatographic 

Specialties Inc. 

C551820725 

Glassware    

Centrifuge Tubes  15mL, disposable  

GPC Columns  1`` diameter, 25`` 

length 

 

250 mL flasks round bottom   

6``and 9`` pipette disposable   

 

  



329 

 

Table A 9: List of equipment and suppliers 

Instrument Properties Manufacturer S/N# EDR# 

Dionex ASE 

200 

(Automated 

Solvent 

Extractor) 

 Dionex Corp. 

1228 Titan 

Way, 

Sunnyvale, CA 

94088-3603 

96040277  

Dionex ASE 

300 

(Automated 

Solvent 

Extractor)  

 Dionex Corp. 

1228 Titan 

Way, 

Sunnyvale, CA 

94088-3603 

07030079  

RotarVaps 

Buchi R-114 

Switz 

 Brinkman 

Instruments 

Inc. Cantiague 

rd. Westbury 

NY 11590 

857202  

TurboVap 

500/LV 

 Caliper Life 

Sciences Inc. 

68 Elm St. 

Hopkinton, 

MA 01748 

TV0907N15083 J100781 

HP6890 series 

GC system 

 Hewlett 

Packard 

US00032912  

HP7683 series 

autosampler 

 Hewlett 

Packard 

US94230676  

Agilent 7683 

series injector 

 Agilent, made 

in China 

CN13521806  

Mass 

Spectrometer 

  US94230  

Drying Oven  Lab-Line 

Instruments 

Inc. Melrose 

Park, ILL 

1093-4280 B02532 

Lindberg/Blue 

muffle 

furnace, 

BFS1700 

series 

Yr.1999, 

1100C Box 

Furnace, 

Asheville NC, 

USA 

P13K-476999-

PK 

M/N 

BF51728

C-1 

Sanpla dry 

keeper 

Hygrometer 

less than 

50% 

humidity 

Sanplate Corp. 

Japan 

  

Mettler 

AE200 

  L01122 B00533 
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analytical 

balance 

Sonicator     
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8.3.3 Fathead Minnow Extraction and Processing  

The fathead minnows were extracted and processed in a trace organic contaminant 

cleanroom with a charcoal and HEPA filtered environment and a negative pressure foyer.   

8.3.3.1 Extraction 

The fathead minnow samples were extracted in 33-mL cells on a Dionex ASE 300 

(Automated Solvent Extractor).  A method blank was added during each set of 

extractions for the day.  All high purity solvents and reagents were used in extraction and 

processing.  A spiked blank and a spiked standard reference material were added for each 

of the three treatment groups and the control ponds.  Minnows were reared under 3 

different BFR treatments with three ponds for each treatment (BTBPE, BZ-54, and 

TBBPA-DBPE).  Fathead minnows from 3 control ponds were also extracted. 

 

Cleaning Hydromatrix and Ottawa Sand 

The sand and hydromatrix used for packing the ASE cells was first pre-cleaned with 

hexanes and dichloromethane on the ASE under the following conditions: 

Method 9: 

Preheat 1 min, Heat 5 min, Static 5 min 

flush 75% of volume 

purge 60 sec, cycles=1 

pressure 1500 psi, temp. 100C 

solvent 100% hexanes 

 

Method 8: 

Preheat 1 min, Heat 5 min, Static 5 min 

flush 75% of volume 

purge 60 sec, cycles=1 

pressure 1500 psi, temp. 100C 

solvent 100% dichloromethane 
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8.3.3.2 Packing Cells and Extraction on ASE 

 

1. Using the 33 ml ASE cells, a cellulose filter paper was pushed to the bottom of 

the cell and ~2.5 grams of Ottawa sand is added to the cell. All glassware and 

extraction tools were solvent rinsed with methanol and dichloromethane.  A new 

scalpel blade was used for each treatment pond. The fathead minnow was 

homogenized in a beaker with a scalpel and spatula.  Hydromatrix was added in a 

1:1 ratio with sample weight and then further homogenized in the beaker.  The 

sample was added to the cell and spiked with internal standards (10 µL BDE-71, 

20 µL BDE-209).  Another 2.5 grams of Ottawa sand is added to the cell and a 

final cellulose paper on top (~1 inch from top).  

2. Biota samples were extracted using 100% dichloromethane under the following 

conditions: 

Method 6: 

ASE is rinsed three times with the appropriate solvent (DCM) 

Preheat 2 min, Heat 5 min, Static 5 min 

flush 75% of volume 

purge 60 sec, cycles=3 

pressure 1500 psi, temp. 100C 

solvent 100% dichloromethane 

 

3. The extracted samples were collected into 80oz clear vials with ultra clean septa 

lined closures. 

8.3.3.3 Cleanup 

The extracted samples were then pulled through an Allihn funnel filled with sodium 

sulphate using a Buchi vacuum system. 

1. A 250 ml round bottom flask and the sodium sulphate was rinsed by pulling 25-30 

ml (enough to saturate the sodium sulphate) of dichloromethane through an Allihn 

funnel filled with ~2/3 sodium sulphate. 

2. The rinse was discarded and the extracted was poured into the funnel and allowed 

to drained via gravity. 

3. The ASE collection vial was the rinsed three times with 25 ml of dichloromethane 

and poured into the funnel 

4. Finally a Buchi vacuum system was applied until the funnel stopped dripping. 

 

8.3.3.4 Concentration of the Extracts 

1. The extracts were then concentrated to ~2 ml using rotary evaporation at ~27-32 
o
C.   

2. The concentrated extracts could then be transferred to 15 ml calibrated test tubes 

using 3 X ~2 ml hexane rinses. 



333 

 

3. The transferred extracts were further concentrated using a LV TurboVap to a final 

volume of ~ 2 ml (in hexane). 

4. 2 ml of dichloromethane was then added to each tube leaving a dcm:hexane 

solvent ratio of 1:1.  The samples were then ready for gel permeation 

chromatography. 

8.3.3.5 Gel Permeation Chromatography 

8.3.3.5.1 Preparation of GPC Columns 

 

Approximately 60 g of Biobeads (5-X3, 200-400 Mesh, Cat #152-2750) are 

needed to pack each GPC column.  Prior to column packing the Biobeads were prepared 

by soaking ~100 grams in a 1 L round bottom flask covered in 1:1 DCM:hexanes and left 

to sit for 5-7 days (with occasional swirling).  The GPC columns were packed by 

inserting a glass wool plug, rinsing the column with dichloromethane and filling with 

Biobeads to a height of 40 cm. 

8.3.3.5.2 GPC Column Calibration Check 

 

An OC/CB Calibration Standard was separated on the GPC columns prior to 

running any of the samples.  All three fractions were collected in 250 ml round bottom 

flasks.  The fractions were concentrated and solvent exchanged into 2,2,4-

trimethylpentane to be analysed on the GC-MS to confirm all the analytes of interest 

were in fraction B.  Additionally, runs using surrogate standards for the 3 treatment BFRs 

(BTBPE, BZ-54, TBBPA-DBPE, BFR09C) were completed.  Solvent volumes for the 

BZ-54 chemical were adjusted due to the spillover of the analyte into the lipid fraction A 

(FA=110 ml typically). 
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8.3.3.5.3 GPC Method 

1. 100 ml beakers are labelled with the corresponding fathead minnow sample and 

weighed on an analytical balance.  The labelled empty beakers were then used to 

collect fraction A the lipid fraction. 

2. The GPC column was dripped down until the solvent level was just under the 

surface of the Biobeads bed and the 4 ml (1:1 DCM:HEX) minnow sample was 

added via 9`` pipette. 

3. The sample is allowed to drip down below the surface of the bed and then a 2 ml 

1:1 dcm:hex rinse of the test tube is added (repeated two more times for a total of 

6 ml).  After the rinses drained below the bed 100 ml of 1:1 DCM:HEX was 

added for a fraction A total of 110 ml (4 ml sample, 6 ml rinse, 100 ml pour). 

4. Once fraction A had dripped through a 250 ml round bottom flask was put under 

the column to collect fraction B the analytical fraction.  A second pour of 150 ml 

1:1 DCM:HEX was added. 

5. A final 200 ml 1:1 solvent dump phase was completed following fraction B to 

prepare the column for the next sample. 

6. Fraction A was set aside in a fume hood to evaporate (~3 days).  The beaker is 

then re-weighed and the difference used to estimate the mass of lipid in the 

sample.  Percent (%) lipid of each sample was calculated as: 

a. Mass of beaker with lipid fraction – mass of empty beaker = mass of 

lipids 

b. Mass of lipids/mass of sample x 100% = % lipid in sample 

8.3.3.5.4 Concentration of Fraction B 

 

1. The fraction B from the GPC run (containing the analytes of interest) was then 

concentrated to a final volume of ~2 ml using rotary evaporation at ~27-32 
0
C.   

2. The concentrated extracts could then be transferred to 15 ml calibrated test tubes 

using 3 X ~2 ml hexane rinses. 

3. The transferred extracts were further concentrated using a LV TurboVap to a final 

volume of ~ 200 µL (in hexane).  The concentrated extracts were then ready for 

further clean-up with silica gel. 

8.3.3.5.5 Silica Gel Cleanup 

 

The concentrated extracts were loaded onto 60-200 mesh silica gel.  The silica was 

fired overnight at 450
o
C in a muffle furnace (100% activated).  Small silica columns were 

constructed using fired 9” disposable pipettes and were eluted into 15 ml disposable test 

tubes. 

1. 9” pipettes were fitted with glass wool plugs and 0.75 grams of silica added.  A 

0.3 cm layer of sodium sulphate was then added to top off the silica. 
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2. The pipette silica columns were first rinsed with 10 ml of hexane and the rinse 

discarded. 

3. The sample was loaded on to the silica bed promptly after rinsing using a 6” 

disposable pipette.  After the sample had eluted below the silica bed 2x1 ml rinses 

with 10% methanol in dichloromethane were performed.  A remaining 8 ml was 

added to the sample test tube and was eluted after the rinses had fallen below the 

silica bed (10 ml of 10% MeOH in DCM total). 

4. After elution 2 ml of acetone and 1 ml of 2,2,4-trimethylpentane were added. 

8.3.3.5.6 Concentration of the “Clean” Extracts 

 

The “clean” extracts were concentrated using a LV TurboVap to a final volume of 

~ 200 µL. 1 ml of 2,2,4-trimethylpenane was added and the sample was blown down to ~ 

200 µL again.  This step was repeated two more times with giving the final sample 

volume of ~ 200 µL in 2,2,4-trimethylpentane. 

8.3.3.5.7 Vialing the Extracts 

 

1. Prior to vialing the extracts a 250 µL syringe is rinsed with methanol (x 10), 

hexanes (x 10), and finally 2,2,4-trimethyl pentane (x 10).  After prolonged used 

the syringe was sonicated in the respective solvents. 

2. The samples were transferred into a 250 µL insert inside a 2 mL glass, amber GC 

vial with a clean 250 µL syringe.  Samples below 200 µL were topped off with 

2,2,4-trimethylpentane to exactly 200 µL using a separate syringe exclusively for 

that solvent. 

3. Blanks and spiked blanks were transferred first, then the samples, and finally the 

standard reference material. 

4. The syringe was rinsed with methanol x 1, hexanes x 1, and finally 2,2,4-

trimethylpentane x 5 between each sample. 

5. Vialed samples were labelled appropriately with the meniscus marked and stored 

at -23
o
C until ready for further analysis using GC-MS. 

8.3.4 Sediment Extraction and Processing 

8.3.4.1 Extraction 

The sediment samples were extracted in 34 mL (narrow) cells on a Dionex ASE 

200 (Automated Solvent Extractor) with 100% dichloromethane.  Sediments from all 3 

treatment groups and control ponds were extracted.  A method blank was added during 
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each set of extractions for the day.  Sediments were stored in a freezer until the time of 

extraction.  Sediment samples (1 g) were homogenized with equal parts hydromatrix and 

packed into 34 mL ASE cells under the same protocols of fathead minnow extraction. 

Note: Blood worms, amphipods, and water filters were also extracted and processed 

under the same protocols as the sediment.  Biota weights were matched equally with 

hydromatrix and homogenized prior to extraction. 

8.3.4.2 Cleanup 

Samples were pulled through sodium sulphate into 250 ml round bottom flasks in 

the same manner as fathead minnow extraction with the only difference being one less 

dichloromethane rinse of 25 ml.  This was accomplished with 2 X 25 ml rinses of the 

ASE collection vial for a total of 50 ml (as opposed to the 75 ml rinse for the fathead 

minnows). 

8.3.4.3 Concentration of the Extracts 

 

1. The extracts were then concentrated to  ~2 ml using rotary evaporation at ~27-32 
o
C on a Buchi R-114 Switz RotarVap. 

2. Concentrated extracts were ready for loading onto silica columns for further clean 

up. 

8.3.4.4 Silica Gel Clean Up 

The concentrated extracts were loaded onto 22% acidified (sulphuric acid) 60-200 

mesh silica gel.  The silica was fired overnight at 450
o
C in a muffle furnace and rolled 

overnight in an amber glass jar with the appropriate amount of sulphuric acid.  Unlike the 

previous 9” pipette silica columns, glass columns were used for sediment, amphipod, 

blood worm and water filter clean up. 
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1. A small amount of sodium sulphate was first added to the bottom of the silica 

column to act as a plug. 

2. Acidified silica was added on top of the sodium sulphate.  1 g of silica was used 

for blood worms, amphipods and water filters.  2 g of silica was used for sediment 

clean up. 

3. 40 mL of 85:15 hexanes to dichloromethane was added to the column with the 

stop-cock closed. 

4. A final 2 cm layer of sodium sulphate was then poured into the column to sit on 

top of the silica bed. 

5. ~ 2 mL of 2,2,4-trimethlpentane was added. 

6. The concentrated samples were then loaded into the column via fired 9” pipette.  

2 X 2 mL rinses of the flask were performed. 

7. Once the sample had been loaded the stop-cock was opened slightly to allow a 

slow drip.  Once the first 40 mL of solvent had eluted another two 40 ml volumes 

of 85:15 (HEX:DCM) were added for a final volume of 120 mL.  

8.3.4.5 Concentration of the “Clean” Extracts 

The extracts were then concentrated to  ~2 mL using rotary evaporation at ~27-32 

o
C on a Buchi R-114 Switz RotarVap.  The concentrated extracts were transferred to 15 

ml disposable centrifuge tubes via 9” pipette and 3 X 2 ml rinses of 2,2,4-

trimethylpenatne. The samples were concentrated again using a LV TurboVap to a final 

volume of ~ 200 µl. 

8.3.4.6 Vialing the Extracts 

The extracts were transferred into 2 ml amber GC vials with the same protocols as 

the fathead minnow processing. 

8.3.5 Water Filters 

 

Filter 500 mL – 1000 mL of microcosm water, using a Millipore filtration unit 

attached to a 500 mL Erlenmeyer flask. Vacuum for the filter apparatus can be supplied 

by a vacuum suction pump, set at a pressure of ca. 15 mm Hg. The filtration apparatus 

should be cleaned before each sampling day. The samples should be processed (filtered) 
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in order from lowest (e.g., controls) to highest chemical concentration. Filter water 

samples according to the following procedure:   

 

1. Install a pre-rinsed (deionized water) glass fibre filter on top of the metal frit of 

the funnel, and attach to filter apparatus using clamp.  Place the pre-filter of nitex 

screen on the top of the filter apparatus to catch the fibrous algae. 

2. Stir water sample in the 4L jug, and measure a known amount of sample (e.g., 

500 -1000 mL) from the jug into a clean graduated cylinder.  

3. Pour a small amount (about 50 mL) of the sample from the graduated cylinder 

through the filter apparatus.  Use the filtrate to rinse the filter flask and discard the 

filtrate.  Pour the remaining sample from the graduated cylinder through the filter 

apparatus.  Maintain vacuum on the apparatus until the filter is slightly dried by 

the vacuum.   

  

These samples are frozen at -20
o
C until analysis can be conducted. 
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8.3.6 Chromatographs 

8.3.6.1 Identification of the Test Compounds 
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Figure A 5: Mass spectra for the test compounds in negative chemical ionization mode; 

A) BTBPE, B) TBBPA-DBPE, C) BEHTBP, and D) EHTeBB. 

8.3.6.2 Sample and Representative Chromatographs 

 

Figure A 6: Summary of the fate of BTBPE in Pond 15 with respect to time and the 

amount of particulates filtered. The left vertical axis is the concentration of BTBPE (ng/g 

OC) and the right vertical axis is the amount of particulates (mg) per L of filtered water. 
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Figure A 7: Behaviour of TBBPA-DBPE in the sediment from Pond 7 and 13. Each value 

is the mean of 3 samples and the error bars are the standard deviation. Half-life estimates 

are derived from a first-order kinetic equation.  

 

8.3.6.3 Method Blanks 

The method blanks extracted in parallel with each treatment of from the 2009 

filter data are presented below (Figure A 8).  
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Figure A 8: Chromatographs of the method blanks extracted in parallel to the filters. A) is 

a tetra-BDE, and B) an unknown brominated compound from the blanks, with the mass 

spectra shown in a) and b).  

Chromatographs of the solvent, procedural, and method blanks, as well as a 

fathead minnow from the control treatment, 7 d post treatment. All of the noted peaks 

(Figure A 9) were well below the concentrations of the analyte of interest, as seen in 

Figure A 10. 
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Figure A 9: Ion specific (m/z 79) chromatographs and the corresponding mass spectra of 

the identified peaks for A) solvent blank, B) Procedural blank, C) Method blank, and D) a 

fathead minnow from the Control treatment 7 d post treatment 
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Figure A 10: Ion specific (m/z 79) chromatograph from a fathead minnow from the 

BTBPE treated Pond 8 at 7 d post treatment (top), and the corresponding spectra of the 

parent compound (bottom). 

Another chromatograph but in this case it is P8 D7 FHM 09 BTBPE treatment 

showing the really high abundance of the test compounds, especially relative to the 

abundances observed in the blanks from the previous figures. 

8.3.6.4 Instrument Detection Limits (IDL) 

The test compounds were not detected in blanks, and as such the method detection 

limit (MDL) was set at the laboratory instrumental detection limit (IDL). The IDL is 

calculated from the calibration curve (for each compound) as 3 times the baseline noise at 

the retention time when the compound would elute, normalized to the average mass for 

that sample matrix. Table A 10 gives the values and calculations for the IDL for the 

particulate matrix.  
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Table A 10: Instrument detection limit (IDL) for each compound 

 
BTBPE TBBPA-DBPE BEHTBP EHTeBB 

Area at 

expected 

retention time 

of compound in 

blanks 

516 72 113 141 

552 110 110 770 

646 182 182 699 

518 342 342 563 

731 138 138 446 

Mean 592.6 168.8 177.0 523.8 

Standard 

Deviation (SD) 
93.7 104.8 96.6 247.7 

3*SD 281.0 314.5 289.9 743.1 

Peak Area of 

IDL (Mean + 

3xSD) 

873.6 483.3 466.9 1266.9 

Concentration 

(ng/mL) based 

on Peak Area 

of IDL  

0.03 0.02 0.02 0.08 

Mass in GC 

Vial (ng) 
0.006 0.005 0.004 0.02 

IDL for Filtrate 

(ng/g) [average 

filtrate mass = 

3.4 mg] 

1.9 1.4 1.3 4.6 
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8.4 Mesocosms 

 

 
Figure A 11 Layout of the experimental treatments in 2008. 
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Figure A 12: Layout of the experimental treatments in 2009. 
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8.4.1 Photos of the Mesocosms 

 

 
Figure A 13: Setup of the mesocosms, 56 trays of high organic carbon soil placed in the 

bottom of the mesocosm prior to the addition of water 

 

 
Figure A 14: Established mesocosm prior to treatment with BFR 
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Figure A 15: Treatment of the mesocosm with a subsurface injection of BFR in solution 

of DMSO into a stream created by the paint mixer. Pictured Ben de Jourdan (left) and 

Dana Moore (right). 

 

 
Figure A 16: Daily inspection of the hanging mesh cages used to contain the fathead 

minnows. 
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Figure A 17: Lemna corral with suspended Hyalella cage. 
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8.5 Concentrations of the BFRs in the Mesocosms 

Table A 11: Summary of the concentration (ng/g OC) of the BFRs in the particulate phase over the course of the 2009 study. 

 
BTBPE TBBPA-DBPE BEHTBP EHTeBB 

Day Pond 2 Pond 15 Pond 7 Pond 13 Pond 3 Pond 12 Pond 3 Pond 12 

0 2.98E+01 2.31E+01 
  

<MDL 3.82E+01 <MDL <MDL 

1 7.38E+02 6.62E+03 3.40E+00 2.20E+00 1.63E+04 3.84E+04 7.57E+02 3.41E+02 

3 7.75E+02 1.86E+04 2.78E+00 7.01E-01 9.33E+03 9.73E+04 1.17E+02 2.26E+03 

7 
 

6.82E+02 4.25E-02 
 

4.15E+01 8.42E+00 2.35E+00 <MDL 

14 <MDL 5.60E+02 3.95E-01 6.60E-01 1.34E+03 <MDL 5.29E+00 <MDL 

21 5.57E+01 8.99E+02 3.00E-01 2.57E-01 3.21E+03 <MDL 1.11E+01 <MDL 

28 1.33E+02 3.82E+03 3.46E-01 2.03E-01 <MDL <MDL 0.00E+00 <MDL 

42 8.74E+00 1.48E+02 2.41E-01 
 

1.44E+02 <MDL 3.46E-01 <MDL 
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Table A 12: Summary of the concentration (ng/g OC) of the BFRs in the sediment over the course of the 2009 study. 

 
BTBPE TBBPA-DBPE BEHTBP 

Day Pond 2 Pond 15 Pond 7 Pond 13 Pond 3 Pond 12 

0 3.60E+01 1.87E+02 3.43E+01 1.47E+02 4.64E-03 8.21E-03 7.05E-03 2.92E-03 3.25E+01 3.31E+01 

1 4.00E+01 4.56E+02 3.62E+01 1.54E+02 2.83E-03 3.15E-03 6.95E-03 4.71E-03 3.27E+01 3.42E+01 

3 4.05E+01 3.89E+02 3.91E+01 2.92E+02 1.43E-02 8.12E-03 8.48E-03 3.11E-03 3.27E+01 3.41E+01 

4 3.90E+01 5.59E+02 3.71E+01 2.27E+02 1.48E-03 5.28E-03 3.62E-04 6.20E-04 3.26E+01 3.35E+01 

8 3.27E+01 7.83E+01 3.23E+01 3.77E+01 1.04E-03 9.23E-04 -2.18E-05 1.30E-03 3.27E+01 3.68E+01 

14 3.23E+01 6.91E+01 3.23E+01 4.59E+01 1.02E-03 1.24E-03 6.61E-04 1.42E-03 3.24E+01 3.46E+01 

28 3.41E+01 7.70E+01 3.25E+01 4.62E+01 1.55E-03 1.12E-03 7.48E-03 5.10E-03 3.24E+01 3.57E+01 

42 4.57E+01 2.80E+02 3.26E+01 9.40E+01 7.55E-04 <MDL 4.94E-04 4.48E-03 3.25E+01 3.65E+01 

56 3.25E+01 1.36E+02 3.43E+01 4.94E+01 2.14E-03 <MDL 2.38E-03 9.81E-04 3.29E+01 3.31E+01 
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8.6 Hyalella azteca and Benthic Macroinvertebrate Studies Supporting 

Information  

8.6.1 PCA of 2009 Water Chemistry Data 

 

 
Figure A 18: PCA of the 2009 water chemistry parameters over biweekly periods. 
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8.6.2 Hyalella  

8.6.2.1 Survival, Growth, and Reproduction 

Table A 13: Summary of the mortality and growth endpoints for the Hyalella azteca. 

Shaded rows are for H. azteca exposed in the water column, while the unshaded rows are 

results from the sediment exposure. 
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Table A 14: Summary of the reproductive endpoints in Hyalella azteca. Shaded rows are 

for H. azteca exposed in the water column, while the unshaded rows are results from the 

sediment exposure. 

 
 

 

 

Hyalella tissue concentration of BTBPE and correlation with number of juveniles 

produced normalized to average adult mass. 
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Figure A 19: Correlation between whole body tissue concentration and the number of 

juveniles produced normalized to the average adult mass at d-70 (r
2
 = 0.99). Grey points 

are from Hyalella exposed via the water column, and black points are for those exposed 

on the sediments, matching shapes come from the same cosm (circle = cosm 15, triangle 

= cosm 2).  
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Figure A 20: Correlation between the maximum concentration in the particulate (top) and 

the sediment (bottom) over the 70 d exposure, and the Hyalella azteca from that exposure 

pathway.  

 

When the individual cages are treated as pseudoreplicates, the number of juveniles 

produced is significantly greater in the BZ-54 than in the control treatment (Figure A 21). 

These data indicate that the H. azteca in the BZ-54 treated cosms experienced an increase 

in reproduction.
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Figure A 21: Comparison of Hyalella endpoints by treatment and exposure method (white = water column, tan = sediment 

placement) measured at day 70, with each cage being treated as a pseudoreplicate. A) Average adult biomass (mg) , B) 

Cumulative number of juveniles,  C) Percent survival, D) Number of juveniles per average adult mass, E) Biomass production, 

and F) Mortality rate. Boxes represent the average from all treatments; the upper and lower lines of the boxes represent the 75
th

 

and 25
th

 centiles. The dashed and solid horizontal lines are the median and the mean, respectively.*Indicates significant 

difference (p < 0.05) compared to control, for the same exposure scenario based on the unequal variance t-test. There were no 

statistically significant differences between exposure methods within treatments.      
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8.6.3 Benthic Macroinvertebrate 

 

Table A 15: Summary of the taxa used in the community analysis, values in parenthesis are the standard deviation 

Treatment Pond 

Taxa 

Baetidae Ceratopogon

idae 

Chironomi

dae 

Coenagrion

idae 

Dytici

dae 

Phryganei

dae 

Physidae Planorbii

dae 

Oligocha

eta 

Control 

P4 3 0 3 0 0 0 51 0 3 

P9 0 0 9 0 0 0 53 1 0 

Average 1.5 (2.1) 0 6.0 (4.2) 0 0 0 
52.0 

(1.4) 
0.5 (0.7) 1.5 (2.1) 

BTBPE 

P2 2 0 10 0 0 0 62 1 0 

P15 0 1 9 9 0 0 35 1 2 

Average 1.0 (1.4) 0.5 (0.7) 9.5 (0.7) 4.5 (6.4) 0 0 
48.5 

(19.1) 
1.0 (0) 1.0 (1.4) 

TBBPA-

DBPE 

P7 3 0 29 2 0 1 14 0 0 

P13 0 0 6 2 0 0 157 0 0 

Average 1.5 (2.1) 0 
17.5 

(16.3) 
2.0 (0) 0 0.5 (0.7) 

85.5 

(101.1) 
0 0 

BZ-54 

P3 10 0 4 1 1 0 14 0 0 

P12 9 0 345 0 0 0 17 1 0 

Average 9.5 (0.7) 0 
174.5 

(241.1) 
0.5 (0.7) 

0.5 

(0.7) 
0 

15.5 

(2.1) 
0.5 (0.7) 0 
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Table A 16: Summary of the benthic macroinvertebrates collected in the mesocosms, and the summary indices used to describe 

them 

Treatment Pond 
Number of 

Families 

Number of 

Individuals 

Simpson 

Diversity Index 

Pielou 

Evenness Index 

Family Biotic 

Index 

Control 
P4 6 406 0.26 0.29 7.80 

P9 5 83 0.55 0.65 7.98 

Average 5.5 244.50 0.41 0.47 7.89 

Standard Deviation 0.7 228.4 0.2 0.3 0.1 

BTBPE 
P2 7 134 0.63 0.61 7.88 

P15 8 173 0.54 0.54 8.11 

Average 7.5 153.50 0.59 0.58 7.99 

Standard Deviation 0.7 27.6 0.1 0.05 0.2 

TBBPA-DBPE 
P7 7 228 0.41 0.44 7.71 

P13 4 455 0.48 0.53 8.01 

Average 5.5 341.50 0.44 0.49 7.86 

Standard Deviation 2.1 160.5 0.05 0.1 0.2 

BZ-54 
P3 5 510 0.11 0.18 6.60 

P12 5 722 0.54 0.53 7.90 

Average 5 616.00 0.32 0.36 7.25 

Standard Deviation 0.0 149.9 0.3 0.2 0.9 
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8.7 Fish Study Supporting Information 

8.7.1 Fish Assessment Sheet 

Fish Health Score Sheet for Monitoring – Protocol  
      

Pond  #____ 

 

Indicate presence or absence of condition by a + or – in the appropriate box   Note: for positive entries record number of fish affected per 

pond i.e. 3/16.  

 

Observations and 

Score 

Date Date Date Date Date Date Date Date Date Date Date 

Fin Erosions (record 

one + for every fin 

involved) 

                      

Skin erosions (+/-) 

 

 

                      

Loss of righting 

ability (+/-) 
 

                      

Exophthalmia (+/-)                       

Ascites/Abdominal 

distention (+/-) 
                      

Subcutaneous edema 

(+/-) 
                      

 

Action:  Fish with positive entries for any of the above criteria should be promptly removed and humanely euthanized in MS-222 bath. 
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8.7.2 Growth and Physical Responses 

 

 
Figure A 22: Fathead minnow growth rates 
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Figure A 23: Liver growth ratesfor the fathead minnow 
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8.7.3 Biochemical 

8.7.3.1 Methodologies 

8.7.3.1.1 FAO 

Frozen liver pieces (~100 mg) were homogenized in a buffer containing 0.3 M mannitol, 

10 mM HEPES, and 1 mM EGTA (pH 7.2). The homogenates were sonicated, then centrifuged 

for 5 min. at 3000 x g. The supernatants are collected and centrifuged for an addition 20 min. at 

18 000 x g, resulting in the formation of peroxisome-enriched pellet, which is then resuspended 

in 1.0 mL of homogenizing buffer following vortexing. Aliquots of 50 µL are added to four 12 x 

75 mm culture tubes containing 500 µL of assay cocktail (4 U/mL horseradish peroxidase, 1 mM 

hydroxyphenylacetic acid, 20 µM flavin adenine dinucleotide [FAD], 0.2 mg/mL Triton X-100, 

8.3 µM rotenone, and 1 mM sodium azide). Samples are incubated in the dark (FAD is light 

sensitive) at 37
o
C for 30 minutes with the reaction being terminated by the addition of 1.5 mL 

chilled 100mM sodium carbonate buffer (pH 10.5) containing 2 mM potassium cyanide. The 

concentration of H2O2 was determined relative to a standard curve, based on fluorescence as 

measured on a Molecular Devices Spectramax Gemini XS Multiplate Spectroflourometer by 

excitation at 318 nm (slit width 3 nm) and emission 405 nm (slit width 3). Concentrations of 

protein were measured using the Bio-Rad protein-assay kit (Bio-Rad Laboratories, Mississauga, 

ON), and fatty acyl-CoA oxidase activities were expressed both as nmoles H2O2/g liver and 

nmoles H2O2/min/mg protein. 

8.7.3.1.2 TBARs 

Pieces of frozen hepatic tissue (~100 mg) were homogenized (ten passes using a teflon 

homogenizer at 1100 rpm) in 900 mL of 1.15% KCl containing 35 mM butlylated 
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hydroxytoluene (BHT). The 10% homogenate (50 mL) was added to the reaction mixture 

containing 12.4 mM sodium dodecyl sulfate (SDS), 1.5 ml of 20% acetic acid adjusted to pH 3.5 

with NaOH, and 750 ml of double distilled water (ddH2O). An additional 200 mL of 67 mM 

BHT (in ethanol) was added prior to heating the mixture in a 95
o
C water bath for 60 min. After 

cooling, 1.0 ml ddH2O, and 5.0 mL n-butanol and pyridine (15:1 v/v) were added with thorough 

vortexing. After centrifugation at 2000-/g, the immiscible organic layer was removed and its 

fluorescence measured on a Molecular Devices Spectramax Gemini XS Multiplate 

Spectroflourometer by excitation at 515 nm (slit width 10 nm); emission peak is at 553 nm (slit 

width 5). The concentration of lipid peroxides was expressed as nmols TBARS per g tissue (wet 

wt), which was calculated from the fluorescence at 553 nm using tetramethoxypropane (TMP) as 

an external standard. 

 

8.7.3.1.3 Sex Steroids 

Pooled volumes of plasma (50-200 µL) were added to glass test tubes and brought to 1.0 

mL volume with distilled H2O, after which 5 mL of ether was added and vortexed for 20 sec., 

followed by standing for 10 min. to allow the ether and aqueous phases to separate. The upper 

organic phase was transferred to a glass scintillation vial. This separation and extraction is 

repeated and the extracts were combined. The remaining ether phase was evaporated off under 

gentle agitation with nitrogen, while in a 50
o
C water bath. The sample was then reconstituted 

with 1.0 mL Phosgel and may be snap frozen (-20
o
C) until needed for RIA analysis. For the RIA, 

200 µL of the sample was pipetted into a 12x75 mm borosilicate glass test tube, followed by the 

addition of 200 µL of 
3
H-labelled steroid and 200 µL of diluted antisera, then left to incubate 

overnight at 4
o
C. Following incubation, 200 µL of dextran-coated carbon solution is added, then 



366 

 

incubated for a further 10 minutes. The sample is centrifuged for 12 minutes at 3000 rpm, and 

the supernatant is decanted into scintillation vials. Lastly, 5 mL of scintillation fluid is added, 

and then the radioactivity is measured on a Beckman LS 6000 Scintillation Counter. The 

detection limits are 25-50 pg/mL and 60 pg/mL for E2 and 11KT, respectively. Testosterone and 

E2 antibodies were sourced from Medicorp (Montreal, QC, Canada) and 11-KT antibody from 

Helix Biotech (Vancouver, BC, Canada). These antibodies had less than 0.1% affinity for 

steroids other than those intended according to the manufacturer. Tritiated testosterone, E2 and 

11-KT were purchased from GE Healthcare (Baie d’Urfe, QC, Canada).
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8.7.3.2 Results 

Table A 17: Concentrations of vitellogenin and circulating sex steroids in male, female and immature fathead minnows during 

the uptake (d 0-42) and depuration periods (d 42-70). Values are mean ± standard deviation (n). Significant differences (p < 

0.05) between the uptake and depuration period for each endpoint were detected using students t-test and are indicated by *, 

while differences between treatments were determined by Holm-Sidak pairwise comparisons and are indicated by capital 

letters; the absence of capital letters indicates no significant difference as determined by Holm-Sidak pairwise comparisons. 
  Vitellogenin (ng/mL) E2 (ng/mL) 11-KT (ng/mL) 

 Uptake Depuration Uptake Depuration Uptake Depuration Male 

Control 
781.67 ±  1014.5 

(4) 
146  ±  0.0 (2) (0) 8.96 (1) 22.46 ±  36.8 (4) 4.04 (1) 

BTBPE 
5019.31 ±  

8372.5 (3) 
146 ±  0.0 (2) 9.97 ±  9.3 (2) (0) 4.04  (1) 4.04 (1) 

TBBPA-DBPE 146.0  ±  0.0 (4) 146.0 ±  0.0 (2) 30.00 (1) (0) 31.31 ±  54.6 (4) 4.04 (1) 

BZ-54 146.0 ±  0.0 (3) 146.0 ±  0.0 (2) 3.37 (1) 29.70 (1) 41.23 ±  52.6 (2) 30.65 ±  37.6 (2) 

Female 

Control 
1161.28 ±  

1374.8 (2) 

86722.68 ±  

122437.9 (2) 

146.44 ±  299.1 

(5) 
41.35 (1) - - 

BTBPE 
937270.91 ±  

1314624.5 (4) 
512.50.42 (1) 

61.11 ±  115.5 

(4) 
258.47 (1) - - 

TBBPA-DBPE 
887956.37 ±  

997425.8 (2) 

224511.60 ±  

17744.1 (2) 
3.37 ±  0.0 (2) 

568.45 ±  799.1 

(2) 
- - 

BZ-54 664.14 (1) 30592.47 (1) 54.20 (1) 3.37 (1) - - 

Immature 

Control 
14909.09 ±  

29526.2 (4) 
146.0 ±  0.0 (2) - - 6.44 ±  4.8 (4) 71.41 (1) 

BTBPE 
529708.06 ±  

626972.1 (4) 

1636.03 ±  

2107.2 (2) 
- - 10.08 ±  7.2 (4) 

1459.22 ±  

2057.9 (2) 

TBBPA-DBPE 
226.82 ±  140.0 

(3) 
(0) - - 10.34 ±  10.9 (3) (0) 

BZ-54 
12552.69 ±  

24813.4 (4) 
146.00 (2) - - 6.23 ±  4.4 (4) 

274.24 ±  61.0 

(2) 
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8.7.4 Uptake and Metabolism 

Table A 18: Percent lipid of the fish. 

 

  Control BTBPE TBBPA-DBPE BZ-54 

Day Pond-

> 

4 9 11 2 8 15 5 7 13 3 6 12 

7 1 1.6  4.2 3.3 2.1 5.4 2.4 1.4 2.1 0.6 0.5 2.7 

2 2.6  3.2 3.4 2.0 0.9 1.4 2.3 3.2 1.7 2.1 0.4 

3 2.9  2.6 3.9 1.5 4.3 3.2 2.7 3.9 1.1 2.8 1.7 

 Mean 2.4  3.3 3.5 1.9 3.5 2.3 2.2 3.1 1.1 1.8 1.6 

 St Dev 0.7  0.8 0.3 0.3 2.3 0.9 0.7 0.9 0.6 1.2 1.2 

14 1 2.5 2.3 6.5 2.3 2.2 4.1 5.4 1.6 0.6 2.1 1.0 5.0 

2 2.3 2.6 3.0 0.8 1.1 2.2 3.0  3.6 1.9 3.3 2.7 

3 1.3 1.3 5.1 2.8 2.4 3.2 3.0 1.6 3.4 1.6 2.7 0.8 

 Mean 2.0 2.1 4.9 2.0 1.9 3.2 3.8 1.6 2.5 1.9 2.4 2.8 

 St Dev 0.6 0.7 1.8 1.0 0.7 1.0 1.4 0.0 1.7 0.2 1.2 2.1 

28 1 1.8 2.0 1.1 0.8 1.9 6.4 6.4 * 1.2 0.4 * 4.5 

2 1.8 1.9 1.8 1.2 1.4 1.0 2.8  1.6 0.6  1.8 

3 1.2 2.7 2.4 2.4 0.5 2.9 1.8  3.1 0.9  1.5 

 Mean 1.6 2.2 1.8 1.5 1.3 3.5 3.7  2.0 0.6  2.6 

 St Dev 0.4 0.4 0.7 0.9 0.7 2.7 2.4  1.0 0.2  1.7 

42 1 0.8 3.0 4.5 3.4 2.2 3.3 6.7  1.4 1.9  3.0 

2 2.3 1.9 6.5 2.4 1.6 3.4 1.3  2.3 1.6  0.7 

3 0.6 1.6 1.8 3.5 1.3 4.5 2.4  2.7 1.7  2.2 

 Mean 1.3 2.2 4.3 3.1 1.7 3.7 3.5  2.1 1.7  2.0 

 St Dev 0.9 0.7 2.4 0.6 0.5 0.7 2.9  0.6 0.2  1.2 

49 1 0.8 1.0 4.7 2.4 0.0 5.0 3.6  0.7 0.2  5.6 

2 1.4 1.9 1.5 1.2 1.3 0.3 3.0  2.2 0.4  0.5 

3 0.7 1.5 2.4 3.8 2.0 1.2 1.2  3.0 0.6  0.4 
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 Mean 1.0 1.5 2.9 2.4 1.1 2.2 2.6  2.0 0.4  2.2 

 St Dev 0.4 0.5 1.7 1.3 1.0 2.5 1.3  1.1 0.2  3.0 

70 1 2.1 2.2  2.5 2.3 3.3 3.9  1.6 0.7  3.9 

2 0.7 3.0  2.5 3.6 3.0 3.9  0.8 0.4  0.8 

3 3.1 3.4  1.3 1.0 3.8 2.8  3.3 0.4  0.8 

 Mean 2.0 2.9  2.1 2.3 3.3 3.5  1.9 0.5  1.8 

 St Dev 1.2 0.6  0.7 1.3 0.4 0.7  1.3 0.2  1.8 
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Table A 19: Growth adjusted concentrations of the BFRs in the fish (ng/g lw) 

 

  
BTBPE TBBPA-DBPE 

BZ-54 

  EHTeBB BEHTBP 

Day Pond

-> 
2 8 15 5 7 13 3 6 12 3 6 12 

7 1 123.2 693.8 51.0 21036.0 68671.9 98720.8 
   

3.1 
  

2 297.3 529.7 3885.5 48836.2 82165.6 32249.3 
      

3 367.9 1098.7 781.5 30425.2 41599.4 22832.3 46.7 
     

 Mea

n 
262.8 774.1 1572.7 33432.5 64145.6 51267.5 

      

 St 

Dev 
125.9 292.8 2036.0 14142.0 20658.4 41364.6 

      

14 1 
282.0 4202.9 609.9 11834.0 53622.4 

178835.

7 
3.1 

  
2.0 

 
0.3 

2 16.1 1114.3 1243.3 31922.7 
 

23701.2 12.3 
     

3 406.0 893.4 1985.1 23055.1 57701.4 32687.8 
      

 Mea

n 
234.7 2070.2 1279.5 22270.6 55661.9 78408.3 

      

 St 

Dev 
199.2 1850.3 688.3 10067.3 2884.3 87088.7 

      

28 1 564.8 1234.0 326.1 11411.9 * 41321.5 
 

* 
 

4.3 
  

2 362.2 992.2 498.7 23885.6 
 

<MDL 
      

3 428.1 322.2 775.8 52762.2 
 

24767.1 
      

 Mea

n 
451.7 849.5 533.6 29353.2 

 
33044.3 

      

 St 

Dev 
103.3 472.4 226.9 21210.4 

 
11705.7 

      

42 1 232.1 723.8 91.7 7234.2 
 

57590.2 
     

-0.2 

2 237.2 877.3 654.9 51123.7 
 

30076.2 25.6 
     

3 200.7 2362.3 766.0 37645.1 
 

21769.4 
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 Mea

n 
223.3 1321.1 504.2 32001.0 

 
36478.6 

      

 St 

Dev 
19.8 905.0 361.6 22482.5 

 
18749.0 

      

49 1 88.9 <MDL 134.7 23340.6 
 

71442.7 
     

-0.1 

2 382.6 761.2 515.7 37999.4 
 

<MDL 
      

3 183.3 925.4 830.1 9653.6 
 

30901.4 
     

-20.9 

 Mea

n 

218.3 843.3 493.5 23664.5   51172.1             

 St 

Dev 

150.0 116.1 348.2 14175.7   28667.1             

70 1 204.2 703.2 241.1 6649.1  41508.7 17.8        

2 248.5 504.3 504.9 10689.6  91288.4          

3 465.8 722.1 285.4 12167.1  16225.3          

 Mea

n 

306.1 643.2 343.8 9835.3   49674.2             

 St 

Dev 

140.0 120.6 141.3 2856.5   38191.9             
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8.8 Precipitation Data for 2009 

 

 
Figure A 24: Total rainfall and mass of particulates from the mesocosms during the 2009 

sampling season 
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8.9 Additional Studies 

8.9.1 TBBPA-DBPE Method Development 

8.9.1.1 Abstract 

The presented work is focused on development of a simple extraction procedure and final 

analytical HPLC/MS method for determination of (TBBPA-DBPE). The retention 

behavior and its metabolites were studied under various chromatographic conditions 

using different columns with stationary phases. The mixture of ACN/water was used as a 

mobile phase in isocratic modes. The effect of organic modifier content and temperature 

of mobile phase has been investigated. The selected ion monitoring (SIM) mode (MS/MS 

with ESI) was used for the detection of (TBBPA-DBPE), while open scan mode was used 

for selection of precursor ion of each compound. The various values and polarity of ion 

spray voltage and variable fragmentor voltage were used for maximum signal intensity 

achievement. Optimal conditions were used for identification and/or determination with 

multiple reaction monitoring (MRM).  

8.9.1.2 Introduction 

 There are thousands of halogenated organic chemicals in commercial use and 

many others that are produced as unintentional by-products or degradation products that 

could potentially be more toxic than the parent compound. Given how complex the 

environmental chemistry, fate and transport of these compounds are, it is important that 

our analytical methods enable us to scan the environment for persistent toxic organic 

compounds. Traditionally, liquid chromatography (LC) in combination with ultraviolet 

(UV), fluorescence, or electrochemical detection is employed for this purpose. The 
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successful hyphenation of LC and mass spectrometry (MS), however, has dramatically 

changed this. MS detection provides better sensitivity and selectivity than UV detection 

and, in addition, is applicable to a significantly larger group of compounds than 

fluorescence or electrochemical detection. Therefore, LC/MS has now become the 

method of first choice for the quantitative analysis of many emerging contaminants. 

 Health and environmental concerns have led to the banning or phase-out of many 

the polybrominated diphenyl ether (PBDE) flame retardants. The replacement of PBDEs 

with a variety of new halogenated compounds is cause for concern as there are little 

toxicological and environmental data for these replacements. A proposed octa-BDE 

replacement compound is tetrabromobisphenol-A 2,3-dibromopropyl ether (TBBPA-

DBPE).  This additive BFR is used in polymers, including polypropylene, high-density 

polyethylene, low-density polyethylene and high-impact polystyrene and is commercially 

available as Great Lakes PE-68™ or FR-720, and is listed by the OECD as a high-

production-volume chemical. TBBPA-DBPE is prepared by reacting TBBPA with allyl 

chloride followed by the addition of two mole of bromine. This material has 34% 

aliphatic bromine and 34% aromatic bromine, and a low melting point (Table 2) which 

lends to its ability to melt blend into products. 

TBBPA-DBPE has recently been identified in the environment (Shi et al. 2009), 

and as its usage increases, concentrations in the environment are expected to rise as well. 

Presently, there is little information regarding the toxicity of TBBPA-DBPE to humans 

and wildlife, or its fate in the environment. The lack of information is largely due to the 

analytical difficulties associated with measuring TBBPA-DBPE in environmental 

matrices. Previous studies have attempted to quantify TBBPA-DBPE using HPLC/DAD 
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or GC/MS, but these have suffered from poor detection limits and the inability to detect 

the parent ion, both of which are necessary for environmental and toxicological analysis 

(Table A 20). 

 

Table A 20: Review of published works that analyze TBBPA-DBPE 

 

 Method development for brominated flame retardants in recent years has been 

driven by the analytical necessities arising from their widespread (and increasing) 

occurrence in the environment and biota.  This paper intends to give an overview of an 

analytical method developed for the detection of TBBPA-DBPE using HPLC-MS 

techniques. 

PAPER METHOD MATRIX LOD LOQ COMMENTS

Gautier et al 

2009
LC-APPI-MS

• Herring Gull 

eggs

• Several late eluting and major GC peaks 

were observed that did not correspond to 

any authentic reference

• No detects for TBBPA-DBPE, however 

TBBP-DBPE was present below 

quantification limit

• Suggests BFRs present that are not 

quantifiable with present analytical 

methodology

Knudson et al 

2007

• HPLC-UV/VIS –

radio analysis

• Liquid scintillation

• Rat tissue and 

feces

•0.99 

µg/mL

•19.8 

ng/mL

•3.0 ug/mL

•100.3 

ng/mL

• Potential for ADME in vivo studies

• Limited application for environmental 

samples

Köppen et al 

2006
HPLC-DAD/MS

• Sediment

• Sewage

•10 ng/g

•22 ng/g

• 30 ng/g

• 72 ng/ g

• Presents fragmentation pattern 

• DAD not as sensitive as MS/MS, not 

useful for environmental samples

Rattfelt Nyholm

et al 2008
GC ECNI

• Fish

• Fish eggs

• 0.0036 –

0.054 

nmol/g

•0.001-

0.003nmol/

g

• Based on Br only

• No metabolite or degradation products

Seino et al 2007

Laser desorption/ 

ionization mass spec 

using self assembled 

germanium nanodots 

(LDI-MS GeNDs). 

Adduct formation 

with AgTFA

• Plastics

• Availability and cost

• Sensitivity of BFRs to laser heat and light

• Potential for environmental samples?

Shi et al 2009 GC EI MS

• Sediment

• Sewage

• Dust

• Farm Soil

• 1.5 ng/g 

dry 

weight

• Identification based on 1 or 2 Br 

containing fragments, no parent compound, 

degradative or metabolic products
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8.9.1.3 Materials and Methods 

8.9.1.3.1 Source of Materials 

 Technical TBBPA-DBPE was provided by Shenzhen Dehayer Chemical Co.,Ltd. 

(China). A laboratory standard of TBBPA-DBPE was provided by Wellington 

Laboratories (Guelph, Ontario).  

8.9.1.3.2 Equipment and Operating Conditions 

 Liquid chromatographic separations were performed with an Agilent 1200 HPLC. 

A 40 µL injection volume was used. Detection was performed with Applied Biosystems 

API 2000 LS/MS in ESI negative ionization mode. The analysis was carried out at a 

temperature of 50
o
C. Chemical separations were achieved on a Varian 2.1 mm ID, 50 

mm long column. C18 (ODS) reversed phase and a particle size of 3 µm were used as 

stationary phase. 90% Acetonitrile and 10% water were used as mobile phase at a flow 

rate of 300 µL/minute. 

 A post column addition of 25 mM (NH4)2CO3 in 100% methanol at a flow rate of 

35 µL/minute was used to create an adduct of 74.9 amu that allowed for detection of the 

parent compound, m/z parent + adduct = 1018.6. A possible structure for the parent + 

adduct is shown in Figure A 25. 
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Figure A 25: Predicted structure of TBBPA-DBPE + adduct after post column addition of 

(NH4)2CO3solution. 

 

 Confirmation was performed using the transition 1018.6/79 and 1018.6/81. 

Quantification was performed using the transitions 1018.6/74.9, 819.6/74.9 and 

542.8/290.8. As no mass labeled TBBPA-DBPE was available, TBBPA was used as an 

internal standard due to its structural similarities and clean separation (Figure A 26) 

 

 

Figure A 26: Chromatographic separation of TBBPA and TBBPA-DBPE + adduct 
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8.9.1.4 Results 

8.9.1.4.1 LC/MS Adduct formation 

 Strong adduct formation, mostly post column, can help to obtain uniform and 

stable molecular ions for detection in LC-MS. Iodide ions have been successfully used to 

create adducts with BFRs to identify structural isomers, such as 

tetrabromoethylcyclohexane (TBECH). Riddell et al. (2009) promoted the formation of 

iodo-adducts in the MS source by introducing a solution of potassium iodide (KI), 

allowing for the observation of an (M+I)
-
 cluster for γ- and δ-TBECH, which otherwise 

does not produce a molecular ion cluster by ESI, APCI, or APPI. 

 

 

Figure A 27: Response of TBBPA-DBPE +Adduct with varying concentrations of 

ammonium carbonate 
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Figure A 28: Average intensity of TBBPA-DBPE + Adduct after consecutive measures, 

at two different concentrations 
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Figure A 29: Relative response of TBBPA-DBPE+Adduct from different columns 

compared to direct injection 

 

8.9.1.5 Discussion 

While this method initially provided promising results, they were inconsistent, 

and ultimately proved to not be appropriate for detection and identification of 

environmentally derived samples. As such efforts were focused on modifying existing 

GC/MS methods to be able to detect TBBPA-DBPE.   
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8.9.2 Surface Microlayer  

8.9.2.1 Introduction 

In collaboration with Derek Jackson at the University of Toronto, efforts were 

undertaken to quantify the enrichment factors of novel BFRs in the surface microlayer 

(SML) relative to subsurface water, and to investigate the importance of photolytic 

degradation in the non-aqueous microlayer. The goals of the project were to sample the 

microlayer with the use of silanized glass plates and the subsurface waters of treated and 

control mesocosms.  

8.9.2.2 Materials and Methods 

Silanized glass plates were vertically dipped into the cosms 10 times from various 

locations in the ponds. After each dip, the plate was rinsed with DCM into a 1 L amber 

glass bottle. After collection of the SML, 4, 1 L volumes of subsurface water were 

collected from the cosms, using amber glass bottles opened under water at a depth of ~30 

cm. All samples were returned to University of Toronto for cleanup and analysis. The 

SML extracts were filtered to remove particulates, then washed with water to remove the 

more polar compounds. The extract was then transferred to a Rotovap, and was run to 

dryness. The SML residue was weighed, then reconstituted into 2 mL of toluene. The 

reconstituted extract was passed through 3% deactivated (with toluene) silica gel column. 

The extract was then diluted to 100 µL for analysis by GC-MS.  

The subsurface water (1 L) was passed through a Discovery C18 SPE column 

(500 mg). The column was eluted with 2 mL toluene and transferred to GC vials for 

analysis. GC-MS analysis was carried out on a Perkin-Elmer Autosystem XL GC with a 
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15m x 0.25 mm x 0.25 µm DB-5 column with splitless injections. The instrument used 

for the analysis was quite old and often proved unreliable. It lacked a CI gas flow 

indicator, thus requiring manual adjustment. As well, the autosampler was unreliable, 

with retention times differing by almost 2 min. There were major issues with carryover, 

particularly with higher concentrations, which required the syringe to be rinsed ~50 times 

between injections. Additionally the mass spectrometer needed to be manually tuned, and 

frequently drifted outside of the optimal parameters. For these reasons, as well as changes 

in academic focus, this project was not continued beyond the initial results presented 

below.  

8.9.2.3 Results 

Table A 21: Recoveries of the selected BFRs from different stages of the analysis. 

Compound Silica Gel Cleanup SPE 

BTBPE 104  ± 30 % 128 ± 70 % 

EHTeBB 101 ± 8 % 151 ± 83 % 

BEHTBP 67 ± 20 % N.D. 
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Figure A 30: Concentration of BTBPE in the surface microlayer of the mesocosms from 

the 2009 study. 

The BTBPE was found to have an enrichment factor between 600 000 – 1 000 

000; however this was not significantly different from the calculated enrichment factor 

for BTBPE from the control pond. 
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8.9.3 Laboratory Chironomid Study 

8.9.3.1 Introduction 

As part of an undergraduate thesis project, Sarah Crawford was supervised by 

Ben de Jourdan in conducting a laboratory based study which exposed Chironomus 

dilutus larvae to sediments that had been spiked with BFRs. The objectives of the study 

were to determine the acute toxicity of TBBPA-DBPE and BTBPE spiked sediment to C. 

dilutus, as measured by change in growth rate and mortality, as well as to develop a 

concentration-response relationship for each of the compounds after a 10 d exposure test. 

The null hypotheses tested are that there will be no effect of TBBPA-DBPE and BTBPE 

on the growth and survival of C. dilutus relative to the controls and that no differences 

will be observed between the treatments and controls for the dose-response relationship. 

The results of that study are briefly presented below. 

8.9.3.2 Materials and Methods 

8.9.3.2.1 Collection of sediment and sample preparation 

Sediment was collected late September 2009 from a control pond at the Guelph 

Turfgrass Institute Mesocosm Facility.  All sediment collected was passed through a 4.0 

mm sieve followed by a 1.2 mm sieve to remove any debris and indigenous organisms. 

1.5 L of sediment was distributed into eight 4 L plastic buckets, then thoroughly mixed 

with a paint mixer attached to a hand held drill. One of these buckets was set aside and 

designated as a negative control treatment. Concentrations of 90, 900, and 9000 ng of test 

compound per gram of wet sediment were prepared for both TBBPA-DBPE and BTBPE 

in separate buckets. Due to the low water solubility of these compounds (8.17 x 10
-7

 and 
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1.56 x 10
-4

 mg/L for TBBPA-DBPE and BTBPE, respectively), a solvent mixture was 

required to ensure the compounds remained in solution while mixing and throughout the 

test.  The solvent mixture used in both the solvent control and each of the compound 

treatments consisted of 250 mL of iso-propanol and 5 mL of toluene. The solutions were 

then mixed into each of the appropriately labelled buckets, six treatment and two control 

buckets, and were thoroughly mixed for 10 minutes with a paint mixer attached to a hand 

held drill daily for a total of 14 days prior to the initiation of the test.  

8.9.3.2.2 Bioassay 

The sediment bioassay was conducted with 10-d old C. dilutus larvae using 

modifications, discussed below, to the standard procedure developed by the U.S. 

Environmental Protection Agency (USEPA) and ASTM. Egg cases were obtained from 

the Ontario Ministry of the Environment (MOE) and cultured in a walk-in environment 

test chamber maintained at 21 ± 1°C with a photoperiod of 16-h light: 8-h dark.  

Reconstituted water was used as the overlying water for a higher degree of 

standardization along with a sandy substrate in the culturing tank. The C. dilutus larvae 

were cultured from egg and fed 10 mL of 28 mg/L suspension of fish food flakes 

(Tetrafin Flakes™) from the time they hatched until the beginning of the test.   

Exposure chambers were prepared using 300 mL high-form beakers with two 17 mm 

holes and pipette-tipped tubing for aeration. The chambers were filled with 100 mL of 

test sediment and approximately 100 mL of reconstituted water.  The test was static with 

no renewal of water except for the replacement of overlying water lost to evaporation. 

The test treatments include a negative and solvent sediment control as well as 

concentrations of TBBPA-DBPE and BTBPE for 90, 900, and 9000 ng compound/g wet 



386 

 

sediment, each with 6 replicates per treatment. A total of 48 exposure chambers were 

placed into a walk-in environmental test chamber one day before the start of the bioassay. 

Aeration also began one day prior to the beginning of the test and continued throughout 

the 10 d bioassay except for an hour after feeding each day.  

One d prior to the initiation of the test, temperature, dissolved oxygen (DO), pH, 

alkalinity, and hardness were measured. Larvae of a uniform age (10-12 days after 

hatching) and size were collected at random from the test culturing tanks by gentle 

prodding to cause them to leave their larval tubes (cases). They were randomly assigned 

in groups of ten into clean 100-mL glass beakers, and the beakers were randomly 

assigned to exposure chambers on the first day of the experiment. Larvae in each 

chamber were fed 1.5 mL of a 4 g/L of Tetrafin fish food slurry daily throughout the 10 

day test. On d 5 and 10, two and four replicates for each of the eight treatments, 

respectively, were removed from the walk-in environmental test chamber for analysis. 

The sediment was examined to locate organisms and survival was determined by gently 

prodding the organisms. The number of survivors for each test chamber was recorded 

after which they were pooled, rinsed with deionized water, dried with Kim Wipes, and 

weighed to the nearest 0.0001 g. They were then transferred into vials containing ethanol 

and placed in the refrigerator for future bioaccumulation analysis.  A 2 g sample of 

sediment from each replicate was obtained and frozen for future analysis. 

8.9.3.2.3 Extraction and Analysis 

The extraction and analysis of the BFRs in sediment was carried out as described 

previously in Chapter 3, and the extraction of the C. dilutus followed that as described for 

the H. azteca in Chapter 4.  
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8.9.3.2.4 Statistical analysis 

Statistical analyses were performed with procedures in the SigmaStat statistical 

package (Systat Software Inc., 2008). Statistical comparisons were evaluated at the 5% 

significance level (α = 0.05). Comparisons of bioassay results among treatments were 

made by analysis of variance (one-way ANOVA). Logarithmic transformation was used 

to achieve normality and homogeneity. Differences between negative, solvent and test 

treatments were assessed with one-tailed Dunnett’s test. 

8.9.3.3 Results 

The mortality in each treatment after 10 d is presented in Figure A 31. 

Unfortunately, the assay did not meet the criteria of 80% survival in the control, with the 

negative control having 73% survival, and the solvent control having only 27%. Because 

of the high mortality in the control, no statistically significant comparisons could be 

made. 

 

Figure A 31: The total percent mortality of Chironomus dilutus larvae after 5 (n = 2) and 

10 day (n = 4) exposure to a negative and solvent control as well as 90, 900 and 900 ng of 
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TBBPA-DBPE or BTBPE / g wet sediment. Error bars represent the standard error of the 

mean mortality 

 

The mass of the C. dilutus was measured after 10 d and are presented in Figure A 

32. There was large variability in the control treatments and the BTBPE treatment. The 

mass of C. dilutus in the 9 000 ng/g treatment was significantly less than the controls, but 

not significantly different from the other TBBPA-DBPE concentrations.  

 
Figure A 32: Mass of the C. dilutus after 10 d in each of the treatments. Concentrations 

on the x-axis are the nominal concentrations. 

 

The concentration of BTBPE was determined in the sediment and C. dilutus at d 5 and 

10.  
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Figure A 33: Concentration of BTBPE in the chironomids (green) and paired sediment 

(brown) samples. 

The concentrations in Figure A 33 were used to calculate the biota-sediment 

accumulation factor and are presented in Figure A 34 for each level of the BTBPE 

treatment at each sampling time. TBBPA-DBPE was not detected in the C. dilutus.  
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Figure A 34: BSAF for the BTBPE treated C. dilutus measured at d 5 and 10. 

8.9.3.4 Discussion and Conclusions 

Because of the large mortality in the controls and the variable concentrations 

observed in the sediments, the results of this study are incomplete and must be interpreted 

with caution. 
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8.9.4 Lemna gibba in situ exposure study 

8.9.4.1 Introduction 

8.9.4.2 Materials and Methods 

The mesocosms were setup as described in Chapter 4. Lemna gibba floating trays 

as described in Hanson et al. (2001), were used to secure the Hyalella cages suspended in 

the water column. At the initiation of the treatment, each cell received 2, 3 frond L. gibba 

plants. The number of fronds and plants were counted weekly for 6 weeks, after which 

the plants were removed from the mesocosms, transported to the lab, dried over night in 

at 60
o
C, and dry weight taken in the following day. Growth rate was calculated and 

statistical analysis was conducted as described in Hanson et al. (2001). 

8.9.4.3 Results 

The number of fronds per treatment is shown in Figure A 35. After 21d, all 

treatments had fewer fronds relative to the Control treatment, however this was not 

statistically significant. The biomass of Lemna, both total and normalized to number of 

fronds is shown in Table A 22, along with the 70 d growth rate. None of the treatments 

were statistically different from the control. 
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Figure A 35: Number of fronds from in situ Lemna gibba exposure assay. Values are the 

mean and standard deviation for each treatment (n = 2).  
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Table A 22: Summary of the growth responses of Lemna gibba in the mesocosms. 

  

Total 

number of 

fronds 

Mass 

(mg) 

Mass per 

frond 
Growth rate 

Control 

Pond 4 2632.0 433.9 0.2 0.2 

Pond 9 75.0 20.8 0.3 0.0 

Average 1353.5 227.4 0.2 0.1 

Standard 

Deviation 
1808.1 292.1 0.1 0.1 

CV 133.6 128.5 36.0 103.4 

BTBPE 

Pond 2 698.0 114.9 0.2 0.1 

Pond 15 269.0 62.8 0.2 0.1 

Average 483.5 88.9 0.2 0.1 

Standard 

Deviation 
303.3 36.8 0.0 0.0 

CV 62.7 41.5 24.5 30.4 

TBBPA-DBPE 

Pond 7 40.0 21.4 0.5 0.0 

Pond 13 720.0 126.3 0.2 0.1 

Average 380.0 73.8 0.4 0.1 

Standard 

Deviation 
480.8 74.2 0.3 0.1 

CV 126.5 100.5 71.5 141.4 

BZ-54 

Pond 3 599.0 99.4 0.2 0.1 

Pond 12 42.0 11.2 0.3 0.0 

Average 320.5 55.3 0.2 0.1 

Standard 

Deviation 
393.9 62.4 0.1 0.1 

CV 122.9 112.8 32.9 131.4 

 

8.9.4.4 Discussion and Conclusion 

In this study there was considerarble variation within the control treatment which 

prevented any statistically significant differences from being detected.  
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8.9.5 Trends in the Publications Associated with Brominated Flame Retardants 

Research on BFRs has largely been reactive, rather than proactive. Many of the 

early studies on the toxicology of BFRs were the results of accidental exposure and 

contamination (Section 1.3.2.1). Studies on environmental fate have come about in 

response to detection of these compounds in the environment. Analysis of the trends in 

BFR research is an objective method for assessing past, present and future directions for 

research. To evaluate the publication and research trends relating to BFRs a keyword 

analysis was applied papers published between 1976 and 2010 in any journal of all the 

subject categories of the Science Citation Index compiled by ISI (Institute for Scientific 

Information, Philidelphia, USA). “Brominated Flame Retardants” was used as a keyword 

to search parts of titles, abstracts, or keywords. The impact factor of a journal was 

determined by the publisher’s website. Citation counts of papers were obtained on July 

12, 2010 when the SCI search for this analysis was conducted. Once retrieved records 

were analyzed by the type of publication, year of publication, journals of the highest 

number of publications and the highest impact factor, and the most active authors and 

frequently cited paper.   

8.9.5.1 Output of Publications 

 The number of publications relating to BFR research has steadily increased over 

the past thirty years, with the annual output in publications in 2003 nearly double the 

output of 2002 (Figure A 36). 
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Figure A 36: Output for peer reviewed papers associated with “Brominated Flame 

Retardants” 

 

Using the keywords “Persistent”, “Bioaccumulation” and “Toxicity” (PBT), the 

publication patterns and trends for three commercially important BFRs, polybrominated 

diphenyl ethers (PBDEs), hexabromocyclododecane (HBCD) and tetrabromobisphenol A 

(TBBPA), are shown in Figure A 37. Focus on the PBT properties of these BFRs has 

consistently been low relative to all studies on the BFRs, however research into this area 

has been increasing.  
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Figure A 37: Publication pattern for three commercially important BFRs, A) PBDE, B) 

HBCD, and C) TBBPA from 1960-2010. 
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8.9.5.2 Distribution of Publications 

The total number of results related to the BFR keyword search in the ISI web 

database between 1974 and 2010, is 2205. These were published in 11 different 

document types with the following distribution; 1760 paper articles accounting for 80% 

of the total production, followed by meeting abstracts (305; 14%), reviews (117; 5%), 

news (23; 1.0%), other (22; 1.0%), editorials (19; 0.9%), books (10; 0.5%), correction (5; 

0.2%) and report (1; 0.01%).  

 The 2205 papers were distributed among three general categories, science and 

technology (2117; 96%), social sciences (172; 8%) and arts and humanities (16; 0.7%).  

Within the categories the subject area was dominated by toxicology, environmental 

sciences and ecology, and public, environmental and occupational health. The top 25 

subject areas are shown in Table A 23, 88 subject areas are not shown and 85 records did 

not contain subject identifiers.    
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Table A 23: Top 25 subject areas of papers relating to BFR research 

 

 It is desirable to determine the leading journals in BFR research, as it directs 

researchers to which journals to regularly scan or contribute papers to in order to make 

efficient use of time while keeping up to date on new developments (Hawkins 1977). 

Table A 24 lists the 25 journals with the greatest number of published papers on BFR 

research.  The journal Environmental Science & Technology ranked first with 312 

publications. An additional 411 journals published papers relating to BFR research that 

are not shown. 

Subject Area Record Count % of 2205

Environmental Sciences & Ecology 1448 65.67

Toxicology 1332 60.41

Public, Environmental & Occupational Health 1031 46.76

Biochemistry & Molecular Biology 855 38.78

Chemistry 607 27.53

Pharmacology & Pharmacy 533 24.17

Zoology 482 21.86

Engineering 429 19.46

Marine & Freshwater Biology 298 13.51

Food Science & Technology 265 12.02

Science & Technology - Other Topics 252 11.43

Reproductive Biology 208 9.43

Water Resources 196 8.89

Agriculture 185 8.39

Energy & Fuels 167 7.57

Endocrinology & Metabolism 158 7.17

Spectroscopy 158 7.17

Gastroenterology & Hepatology 154 6.98

Instruments & Instrumentation 152 6.89

Anatomy & Morphology 148 6.71

Nutrition & Dietetics 147 6.67

Cell Biology 141 6.39

Physiology 131 5.94

Genetics & Heredity 117 5.31

Developmental Biology 116 5.26
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Table A 24: The 25 journals with the highest number of BFR publications 

 

Journal
Record 

Count

% of 

2205

Impact 

Factor

Environmental Science & Technology 312 14.15 4.63

Chemosphere 275 12.47 3.25

Environment International 89 4.04 4.79

Environmental Pollution 76 3.45 3.43

Environmental Toxicology And Chemistry 76 3.45 2.57

Journal Of Chromatography A 72 3.27 4.10

Environmental Health Perspectives 67 3.04 6.19

Toxicological Sciences 61 2.77 4.81

Science Of The Total Environment 55 2.49 2.91

Aquatic Toxicology 32 1.45 3.12

Marine Pollution Bulletin 31 1.41 2.63

Analytical And Bioanalytical Chemistry 26 1.18 3.48

Analytical Chemistry 24 1.09 5.12

Journal Of Environmental Monitoring 23 1.04 2.23

Toxicology Letters 22 1.00 3.48

Toxicology 20 0.91 3.24

Analytica Chimica Acta 19 0.86 3.76

Bulletin Of Environmental Contamination And Toxicology 16 0.73 0.99

Rapid Communications In Mass Spectrometry 16 0.73 2.77

Talanta 15 0.68 3.29

Toxicology And Applied Pharmacology 15 0.68 3.36

Atmospheric Environment 14 0.63 3.14

Journal Of Agricultural And Food Chemistry 14 0.63 2.47

Marine Environmental Research 14 0.63 1.76

Molecular Nutrition & Food Research 13 0.59 3.44
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Fifty percent of all papers were published in journals with impact factors ranging 

from 3 to 6 (Table A 25). The journal with the highest impact factor (8.58) that published 

papers relating to BFR research was Abstracts of Papers of The American Chemical 

Society which published 10 papers, followed by Trac-Trends in Analytical Chemistry 

(6.55) which published 11 papers.  

Table A 25: Distribution of journals with publications relating to BFR research according 

to impact factor 

 

  

A total of 5528 authors have contributed to BFR research between 1960 and 2010, 

the top 25 are shown in Table A 26. The most prolific being Prof. Adrian Covaci of the 

Universiteir Antwerpen, who is an author on 73 peer reviewed articles at the time of the 

search. 

Impact 

Factor

Number of 

Journals

Number of 

Publications 

% Share of 

Publications

0-1 5 45 2.0

1-2 6 65 2.9

2-3 13 291 13.2

3-4 16 562 25.5

4-5 5 545 24.7

5-6 1 24 1.1

6-7 2 78 3.5

7+ 1 10 0.5
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Table A 26: Top 25 authors with the most publications in the BFR field. An additional 

5503 authors are not shown. 

 

The most frequently cited paper (721 citations at time of this review) is de Wit 

2002, titled “An Overview of Brominated Flame Retardants in the Environment”. This 

review paper, published in a special issue of Chemosphere focusing on BFRs, outlines 

the current state of knowledge about the sources, environmental fate, and toxicity for 

polybrominated biphenyls (PBBs), polybrominated diphenyl ethers (PBDEs), 

hexabromocyclododecane (HBCD), and tetrabromobisphenol A (TBBPA), which are 

reviewed in this document in Section 1.3. 

Author Record Count % of 2205

Covaci, A 73 3.31%

Letcher, RJ 61 2.77%

Bergman, A 60 2.72%

Mai, BX 43 1.95%

Luo, XJ 36 1.63%

Tanabe, S 33 1.50%

Alaee, M 32 1.45%

Stapleton, HM 30 1.36%

De Boer, J 29 1.32%

Chen, SJ 28 1.27%

Barcelo, D 26 1.18%

Gabrielsen, GW 26 1.18%

Harrad, S 26 1.18%

Hites, RA 26 1.18%

Muir, DCG 26 1.18%

Voorspoels, S 26 1.18%

Neels, H 25 1.13%

Jones, KC 24 1.09%

Marsh, G 24 1.09%

Takahashi, S 24 1.09%

Sjodin, A 23 1.04%

Van Den Berg, M 23 1.04%

Ikonomou, MG 22 1.00%

Lam, PKS 22 1.00%

Tomy, GT 22 1.00%
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8.9.6 Trends in Publications Associated with the Guelph Microcosm Facility 

The University of Guelph Microcosm Facility is located at the Guelph Turfgrass 

Institute (ON, Canada) and consists of 30 artificial cosms of approximately 12 000L. The 

mesocosms have a depth of 1.2 m and a diameter of 3.9 m, and are filled with water to a 

depth of approximately 1 m. The water supply for the mesocosms is an irrigation cosm 

(62 x 62 x 4 m deep) supplied by a well located on site. The cosms have been used for a 

variety of experiments investigating the environmental fate and toxicity of several 

different types of compounds, the breadth of which was explored using an online 

keyword search. On January 20
th

, 2012, a keyword search was performed in Google 

Scholar with the keywords “Guelph”, “Microcosm”, “Mesocosm” and “Aquatic”. The 

results (382) were sorted and determined whether the experiment had taken place at the 

Guelph Microcosm Facility. A total of 44 peer reviewed papers were determined to have 

taken place at Guelph Microcosm Facility. The test compound used in the study was 

determined and grouped into three categories; industrial (e.g., perfluorinated compounds, 

creosote), pharmaceutical (e.g., monesin, tetracyclines), and pesticide (e.g., atrazine, 

ivermectin). The primary objective of each study was determined and grouped into three 

broad categories; environmental fate (e.g., persistence, degradation), toxicity (e.g., 

EC50s, community structure changes), and method development (e.g., minimum 

detectable differences, plant community density).  Lastly the organism(s) used in each 

study was determined. The results of the search are displayed in Figure A 38. 
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Figure A 38: The distribution of compounds, objectives and organisms from peer reviewed studies performed at the Guelph 

Microcosm Facility 
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The search revealed that studies which focus on fate, and fish are under 

represented, as well there has never been a study with brominated flame retardants 

performed at this facility. The above exercise demonstrates that the Guelph Microcosm 

Facility provides an appropriate and suitable environment for testing the fate and effects 

of novel BFRs. 
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8.9.7 The Safety of Flame Retardants  

The impetus behind this thesis was to assess the environmental fate and toxicity 

of several non-PBDE BFRs. As PBDEs, like the PBBs before them, were being phased 

out of production because of concerns regarding their persistence, bioaccumulation 

potential, and toxicity, new BFRs were being phased into production and incorporation of 

products, to be able to meet the regulatory flame retardancy requirements of jurisdictions 

across the globe. The question of whether the replacement compounds are better than the 

PBDEs aside for a moment, it is worth while to examine the role of BFRs in public 

safety. BFRs are incorporated into a variety of products; ignition-prone parts of electrical 

equipment and appliances, especially wiring; circuit boards and plastic cabinets; synthetic 

textiles such as nylon and polyester used in upholstery and curtains; and cushioning, such 

as polyurethane (Clarke 1999). These applications are in products with relatively high 

probabilities of accidental ignition, which, left unchecked could result in flashover. BFRs 

act to reduce the time for flashover to occur (Section 1.3.1), thereby increasing the 

available escape time for any persons near the fire, and providing a valuable service to 

public safety. The greatest benefit to public safety when it comes to fires is the role of 

firefighters and first responders in managine fires and saving lives. Firefighters risk their 

lives to battle fires; however it is the battle against the byproducts of fire that often gets 

the better of them. When products with BFRs incorporated into them burn at high 

temperatures, they can produce polybrominated dibenzo-p-dioxins and dibenzofurans 

(Wang et al. 2010d; Weber and Kuch 2003), resulting in high rates of exposure for 

firefighters. Firefighters have elevated rates of some cancers (LeMasters et al. 2006); and 

those with brain, bladder, kidney, colon/rectum, ureter, esophagus, non-Hodgkin’s 
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lymphoma, or any of three specified types of leukemias, whom have met the mimimum 

years of service (10-25 years depending on the cancer), are eligible for compensation, as 

it is presumed that the disease is occupational occupational due to the nature of the 

firefighters work (WSIB 2010). The ‘mimimum years of service’ requirement is of 

concern to volunteer firefights, whom may not have worked as long as full time 

firefighters, but are becoming increasingly common. Many firefighting services, 

particularly in rural areas, are being downsized and restructured, relying more on 

volunteer firefighters (Warda et al. 1999). Volunteer firefighters do not have a mandate 

for fire prevention as do full time firefighters, thereby weakening the ability of 

firefighting services to provide education and outreach in communities. This is 

particularly troubling given that according to the National Fire Protection Agency, the 

highest fire death rates are seen in communities with large percentages of people who 

possess one or more of the following characteristics: are poor, smoke, have less formal 

education, or who live in rural areas (Karter 2010), the very people whom would benefit 

from fire outreach and education services. In addition to their higher risk of fire related 

death, people in these demographics/communities have among the highest body burden 

of BFRs (Stapleton et al. 2012; Zota et al. 2011). 

It is clear that BFRs and their combustion byproducts are accumulating in the 

public (Section 1.3.5.1); while the effects of this accumulation remain largely unknown, 

they are not believed to cause acute toxicity. However, a recent finding suggests that 

BFRs may be causing acute toxicity through the production of toxic gases. It was found 

that halogenated flame retardants increased the amount of carbon monoxide and 

hydrogen cyanide released during combustion (ACS 2012). This is a disturbing finding as 
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these gases are the leading cause of fire related deaths, given that BFRs are intended to 

reduce deaths, its begs the question, do BFRs increase public safety? 
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8.10 Possible PBDE Congeners – Structures and Naming 

 

Table A 27: Structure of 209 PBDE congeners 

Congener 

# 
PBDE Congeners 

Structure 

1 2-MoBDE 

 

2 3-MoBDE 

 

3 4-MoBDE 
 

4 2,2'-DiBDE 

 

5 2,3-DiBDE 

 

6 2,3'-DiBDE 

 

7 2,4-DiBDE 

 

8 2,4'-DiBDE 

 

9 2,5-DiBDE 

 

10 2,6-DiBDE 

 

11 3,3'-DiBDE 
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12 3,4-DiBDE 

 

13 3,4'-DiBDE 

 

14 3,5-DiBDE 

 

15 4,4'-DiBDE 
 

16 2,2',3-TrBDE 

 

17 2,2',4-TrBDE 

 

18 2,2',5-TrBDE 

 

19 2,2',6-TrBDE 

 

20 2,3,3'-TrBDE 

 

21 2,3,4-TrBDE 

 

22 2,3,4'-TrBDE 

 

23 2,3,5-TrBDE 
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24 2,3,6-TrBDE 

 

25 2,3',4-TrBDE 

 

26 2,3',5-TrBDE 

 

27 2,3',6-TrBDE 

 

28 2,4,4'-TrBDE 

 

29 2,4,5-TrBDE 

 

30 2,4,6-TrBDE 

 

31 2,4',5-TrBDE 

 

32 2,4',6-TrBDE 

 

33 2',3,4-TrBDE 

 

34 2',3,5-TrBDE 
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35 3,3',4-TrBDE 

 

36 3,3',5-TrBDE 

 

37 3,4,4'-TrBDE 

 

38 3,4,5-TrBDE 

 

39 3,4',5-TrBDE 

 

40 2,2',3,3'-TeBDE 

 

41 2,2',3,4-TeBDE 

 

42 2,2',3,4'-TeBDE 

 

43 2,2',3,5-TeBDE 

 

44 2,2',3,5'-TeBDE 

 

45 2,2',3,6-TeBDE 
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46 2,2',3,6'-TeBDE 

 

47 2,2',3,4'-TeBDE 

 

48 2,2',4,5-TeBDE 

 

49 2,2',4,5'-TeBDE 

 

50 2,2',4,6-TeBDE 

 

51 2,2',4,6'-TeBDE 

 

52 2,2',5,5'-TeBDE 

 

53 2,2',5,6'-TeBDE 

 

54 2,2',6,6'-TeBDE 

 

55 2,3,3',4-TeBDE 

 

56 2,3,3',4'-TeBDE 
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57 2,3,3',5-TeBDE 

 

58 2,3,3',5'-TeBDE 

 

59 2,3,3',6-TeBDE 

 

60 2,3,4,4'-TeBDE 

 

61 2,3,4,5-TeBDE 

 

62 2,3,4,6-TeBDE 

 

63 2,3,4',5-TeBDE 

 

64 2,3,4',6-TeBDE 

 

65 2,3,5,6-TeBDE 

 

66 2,3',4,4'-TeBDE 

 

67 2,3',4,5-TeBDE 
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68 2,3',4,5'-TeBDE 

 

69 2,3',4,6-TeBDE 

 

70 2,3',4',5-TeBDE 

 

71 2,3',4',6-TeBDE 

 

72 2,3',5,5'-TeBDE 

 

73 2,3',5',6-TeBDE 

 

74 2,4,4',5-TeBDE 

 

75 2,4,4',6-TeBDE 

 

76 2',3,4',5-TeBDE 

 

77 3,3',4,4'-TeBDE 
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78 3,3',4,5-TeBDE 

 

79 3,3',4,5'-TeBDE 

 

80 3,3',5,5'-TeBDE 

 

81 3,4,4',5-TeBDE 

 

82 2,2',3,3',4-PeBDE 

 

83 2,2',3,3',5-PeBDE 

 

84 2,2',3,3',6-PeBDE 

 

85 2,2',3,4,4'-PeBDE 

 

86 2,2',3,4,5-PeBDE 

 

87 2,2',3,4,5'-PeBDE 

 

88 2,2',3,4,6-PeBDE 
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89 2,2',3,4,6'-PeBDE 

 

90 2,2',3,4',5-PeBDE 

 

91 2,2',3,4',6-PeBDE 

 

92 2,2',3,5,5'-PeBDE 

 

93 2,2',3,5,6-PeBDE 

 

94 2,2',3,5,6'-PeBDE 

 

95 2,2',3,5',6-PeBDE 

 

96 2,2',3,6,6'-PeBDE 

 

97 2,2',3',4,5-PeBDE 

 

98 2,2',3',4,6-PeBDE 
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99 2,2',4,4',5-PeBDE 

 

100 2,2',4,4',6-PeBDE 

 

101 2,2',4,5,5'-PeBDE 

 

102 2,2',4,5,6-PeBDE 

 

103 2,2',4,5,6'-PeBDE 

 

104 2,2',4,6,6'-PeBDE 

 

105 2,3,3'4,4'-PeBDE 

 

106 2,3,3',4,5-PeBDE 

 

107 2,3,3',4',5-PeBDE 

 

108 2,3,3',4,5'-PeBDE 
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109 2,3,3',4,6-PeBDE 

 

110 2,3,3',4',6-PeBDE 

 

111 2,3,3',5,5'-PeBDE 

 

112 2,3,3',5,6-PeBDE 

 

113 2,3,3',5',6-PeBDE 

 

114 2,3,4,4',5-PeBDE 

 

115 2,3,4,4',6-PeBDE 

 

116 2,3,4,5,6-PeBDE 

 

117 2,3,4',5,6-PeBDE 

 

118 2,3',4,4',5-PeBDE 
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119 2,3',4,4',6-PeBDE 

 

120 2,3',4,5,5'-PeBDE 

 

121 2,3',4,5,6-PeBDE 

 

122 2',3,3',4,5-PeBDE 

 

123 2',3,4,4',5-PeBDE 

 

124 2',3,4,5,5'-PeBDE 

 

125 2',3,4,5,6'-PeBDE 

 

126 3,3',4,4',5-PeBDE 

 

127 3,3',4,5,5'-PeBDE 

 

128 2,2',3,3',4,4'-HxBDE 
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129 2,2',3,3',4,5-HxBDE 

 

130 2,2',3,3',4,5'-HxBDE 

 

131 2,2',3,3',4,6-HxBDE 

 

132 2,2',3,3',4,6'-HxBDE 

 

133 2,2',3,3',5,5'-HxBDE 

 

134 2,2',3,3',5,6-HxBDE 

 

135 2,2',3,3',5,6'-HxBDE 

 

136 2,2',3,3',6,6'-HxBDE 

 

137 2,2',3,4,4',5-HxBDE 

 

138 2,2',3,4,4',5'-HxBDE 
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139 2,2',3,4,4',6-HxBDE 

 

140 2,2',3,4,4',6'-HxBDE 

 

141 2,2',3,4,5,5'-HxBDE 

 

142 2,2',3,4,5,6-HxBDE 

 

143 2,2',3,4,5,6'-HxBDE 

 

144 2,2',3,4,5',6-HxBDE 

 

145 2,2',3,4,6,6'-HxBDE 

 

146 2,2',3,4',5,5'-HxBDE 

 

147 2,2',3,4',5,6-HxBDE 

 

148 2,2',3,4',5,6'-HxBDE 
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149 2,2',3,4',5',6-HxBDE 

 

150 2,2',3,4',6,6'-HxBDE 

 

151 2,2',3,5,5',6-HxBDE 

 

152 2,2',3,5,6,6'-HxBDE 

 

153 2,2',4,4',5,5'-HxBDE 

 

154 2,2',4,4',5',6-HxBDE 

 

155 2,2',4,4',6,6'-HxBDE 

 

156 2,3,3',4,4',5-HxBDE 

 

157 2,3,3',4,4',5'-HxBDE 

 

158 2,3,3',4,4',6-HxBDE 
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159 2,3,3',4,5,5'-HxBDE 

 

160 2,3,3',4,5,6-HxBDE 

 

161 2,3,3',4,5',6-HxBDE 

 

162 2,3,3',4',5,5'-HxBDE 

 

163 2,3,3',4',5,6-HxBDE 

 

164 2,3,3',4',5',6-HxBDE 

 

165 2,3,3',5,5',6-HxBDE 

 

166 2,3,4,4',5,6-HxBDE 

 

167 2,3,4,4',5,5'-HxBDE 

 

168 2,3',4,4',5',6-HxBDE 
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169 3,3',4,4',5,5'-HxBDE 

 

170 2,2',3,3',4,4',5-HpBDE 

 

171 2,2',3,3',4,4',6-HpBDE 

 

172 2,2',3,3',4,5,5'-HpBDE 

 

173 2,2',3,3',4,5,6-HpBDE 

 

174 2,2',3,3',4,5,6'-HpBDE 

 

175 2,2',3,3',4,5',6-HpBDE 

 

176 2,2',3,3',4,6,6'-HpBDE 

 

177 2,2',3,3',4',5,6-HpBDE 

 

178 2,2',3,3',5,5',6-HpBDE 
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179 2,2',3,3',5,6,6'-HpBDE 

 

180 2,2',3,4,4',5,5'-HpBDE 

 

181 2,2',3,4,4',5,6-HpBDE 

 

182 2,2',3,4,4',5,6'-HpBDE 

 

183 2,2',3,4,4',5',6-HpBDE 

 

184 2,2',3,4,4',6,6'-HpBDE 

 

185 2,2',3,4,5,5',6-HpBDE 

 

186 2,2',3,4,5,6,6'-HpBDE 

 

187 2,2',3,4,5,5',6-HpBDE 

 

188 2,2',3,4',5,6,6'-HpBDE 

 



426 

 

189 2,3,3',4,4',5,5'-HpBDE 

 

190 2,3,3',4,4',5,6-HpBDE 

 

191 2,3,3',4,4',5',6-HpBDE 

 

192 2,3,3',4,5,5',6-HpBDE 

 

193 2,3,3',4',5,5',6-HpBDE 

 

194 2,2',3,3',4,4',5,5'-OcBDE 

 

195 2,2',3,3',4,4',5,6-OcBDE 

 

196 2,2',3,3',4,4',5,6'-OcBDE 

 

197 2,2',3,3',4,4',6,6'-OcBDE 

 

198 2,2',3,3',4,5,5',6-OcBDE 
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199 2,2',3,3',4,5,5',6'-OcBDE 

 

200 2,2',3,3',4,5,6,6'-OcBDE 

 

201 2,2',3,3',4,5',6,6'-OcBDE 

 

202 2,2',3,3',5,5',6,6'-OcBDE 

 

203 2,2',3,4,4',5,5',6-OcBDE 

 

204 2,2',3,4,4',5,6,6'-OcBDE 

 

205 2,3,3',4,4',5,5',6-OcBDE 

 

206 
2,2',3,3',4,4',5,5',6-

NoBDE 

 

207 
2,2',3,3',4,4',5,6,6'-

NoBDE 

 

208 
2,2',3,3',4,5,5',6,6'-

NoBDE 
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209 
2,2',3,3',4,4',5,5',6,6'-

DeBDE 

 

 

 

 


