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Identification, source and fate of flame-retardants in the environment: Past, present and 

future concerns 

 

 

Mark J. La Guardia 

 

 

Abstract 

 

Over the past 20 years as a senior scientist at the Virginia Institute of Marine Science, I have 

first-authored 10 and coauthored 18 scientific publications with collaborators from academia, 

government and the private sector. The focus of these studies included: analytical method 

development, source identification, bioavailability, biomagnification, degradation and 

environmental and human health exposure to anthropogenic contaminants known as flame-

retardants (FRs). Prior to my Master’s dissertation I conducted scientific investigations that 

resulted in two first-authored publications and six co-authorships; this included a 2001 

communication published in the journal Nature that highlighted land application of FR-laden 

sewage sludge on agricultural fields as a route of environmental release and possible path for 

human exposure. My dissertation research produced several publications, including a detailed 

analysis of the congener composition of the widely used FR, polybrominated diphenyl ether 

(PBDE) technical mixtures, cited over 1,000 times to date (Google Scholar, date accessed 

220419).  I followed with several publications on analytical advances, establishing the identities 

of PBDE degradation products and additional novel-FRs in environmental matrices. From these 

advances I observed in situ debromination of the PBDE decabromodiphenyl ether (BDE-209) 

and published on how this process increased BDE-209’s toxicity. I then explored FR 

distributions in remote areas, co-authoring two publications that identified contributions from 

Antarctic research bases to that pristine environment and first-authored one of the first papers 

describing FRs in the continent of Africa. These publications supported the case for restricting 

the FRs, PBDEs and hexabromocyclododecane in U.S. and European commerce and their later 

listing as Persistent Organic Pollutants (POPs) by the United Nation’s Stockholm Convention, 

restricting their usage globally.  

 

I next studied the extent of human exposure from FR treated consumer products, focusing on 

preadolescent females and those of childbearing years. These individuals have a greater risk of 

attendant adverse health consequences. Here, I first-authored a paper indicating that, despite the 

removal of PBDEs from commerce ten years earlier, human exposure continued due to older 

treated products that remained in use. I then investigated FR exposures in the workplace, which 

included three co-authorships identifying several workplace exposure scenarios that exceeded 

those of the general population. In addition, I examined indoor air exposure and first-authored a 

publication on the contribution of airborne FR-laden particulate size to human exposure. 

 

In conclusion, these contributions improved our knowledge on the sources, fate and exposure to 

flame-retardants.
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Chapter One - Introduction: An overview on usage, regulations, dissemination and health 

effects of flame retardants 

 

Flame-retardants (FRs) are chemical additives that are incorporated into materials to impede the 

ignition and spread of fire. In this discussion the material focused on are polymers. Since the 

mid-1970s, FRs have been added to consumer, transportation, electrical/electronic and building 

products to meet regulations governing fire safety (e.g., California, USA 1975 home furniture 

flammability standards, Technical Bulletin 117 (DCA, 2000) and The Furniture and Furnishings 

(Fire) (Safety) Regulations 1980 (UK, 1988)). By interfering with the combustion process, FRs 

interrupt the radical gas phase and suppress flammability or produce an endothermic reaction 

releasing water vapor that cool the polymer and interrupt the combustion process or create a char 

layer that shields the material from oxygen and a flame or other heat source, limiting its ability to 

act as a fuel source. FRs exists in many different chemical compositions; they may contain 

halogens (bromine and chlorine), phosphorus, nitrogen, aluminum, magnesium, boron, antimony, 

molybdenum, or recently developed nano-fillers. In 2015, worldwide consumption of FRs 

reached 2.5 million tons valued at $5.8 billion (USD) with an estimated annual growth rate of 

4.9%. Consumption is expected to double to $12 billion or 4.0 million tons by 2025 (Addit. 

Poly., 2017). 

 

The construction industry is the largest consumer of FRs and accounts for about 30% of the 

global demand. The Asia-Pacific market was the largest electronic market for FRs in 2015.  It 

accounted for approximately 48% of the global electronics-associated FR demand, followed by 

North America (23%) and Western Europe (19%). The European market consumed more than 

600,000 tons of FRs in 2015, due to its strong fire safety regulations, widespread 

industrialization, and broad awareness of fire safety — an awareness further heightened after 

London’s catastrophic Grenfell Tower fire in 2017. Non-halogenated chemicals were the leading 

FR chemical class in 2015. They accounted for 58% of the total market volume, exceeding 1.4 

million tons. Brominated flame retardants (BFRs) were in second position. These are widely 

used in electronic and electrical products, as well as insulating and polyurethane foams. BFRs 

had a market share of 28% in Asia, 6.4% and 12% in Western Europe and in North America 

respectively. However, environmental and health concerns regarding halogenated FRs has 
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increased the demand for non-halogenated organophosphates and inorganic FRs (Addit. Poly., 

2011). 

 

Concern over the environmental and human health effects of halogenated FRs is not new. 

Polybrominated biphenyls (PBBs), the main ingredient of FireMaster BP-6 (Michigan Chemical 

Corp., St. Louis, Michigan, USA), used in thermoplastics electrical casing (e.g., computer 

monitors, televisions) coatings, lacquers and in polyurethane foam, was discontinued by the 

manufacturer following the accidental contamination of livestock feed in 1973. This accident 

necessitated the destruction of millions of dollars’ worth of Michigan livestock and agricultural 

products, such as eggs, to reduce potential human exposure to PBBs (Di Carlo et al., 1978). This 

prompted the 1976 U.S. PBB production ban, occurring after the surfacing of reports of 

contaminated air, water, sediments, and biota near PBB manufacturing facilities. In 2010 PBBs 

were added to Appendix A of the United Nation’s Stockholm Convention, identifying chemicals 

with bioaccumulative and toxicity concerns, listing them as Persistent Organic Pollutants (POPs) 

and restricting their global production and usage (Stockholm Convention, 2018).  Shortly after 

the Michigan PBB incident, samples collected near U.S. facilities that manufactured or used 

other brominated-FRs were found to contain polybrominated diphenyl ethers or PBDEs 

(DeCarlo, 1979; Erickson et al., 1980). Thereafter in Europe, Andersson and Blomkvist (1981) 

reported finding PBDEs in fish collected from southern Sweden’s Viskan-Klosterfjorden water 

system. Andersson and Blomkvist reported that the source(s) of these PBDEs were not 

determined at that time or were they detected here in previous samplings. In 1983 Stafford 

(1983) observed trophic transfers of PBDEs in tissues and eggs of piscivorous birds collected 

along the U.S. eastern seaboard, the Gulf of Mexico, and the Great Lakes.  The earliest known 

occurrence of PBDEs was in a Michigan (USA) bald eagle (Haliaeetus leucocephalus) egg 

collected in 1969 (Stafford, 1983).  

 

Nonetheless, rising concerns over property damage, injuries and loss of life caused by fires 

eclipsed concerns over the environmental dissemination of FRs. During the 1970s, U.S. 

residential fires caused thousands of deaths and injuries each year, damaging over a million 

structures and costing billions in property damage (Evarts, 2018). Smoking materials (i.e. lighted 

tobacco products) were a major source of unintentional fires. The primary path was smoldering 
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smoking materials igniting trash, mattresses and upholstered furniture. In 1973 the U.S. 

Department of Commerce enacted a mandatory U.S. Standard for the Flammability of Mattresses 

and Mattress Pads, Title 16 CFR 1632 (US, 2011). The furniture industry introduced and adopted 

a similar measure soon after, with a voluntary standard by the Upholstered Furniture Action 

Council in 1978. This was judged substantial enough to remove the need for mandatory federal 

action at that time (Hall, 2013). However, in 1975 California’s Technical Bill 117 (TB-117) was 

signed into law and established the 12-second flammability standard for products sold in the state 

of California (USA) (DCA, 2013). TB-117 required that exposed polyurethane foam used in 

consumer products such as furniture and bedding be capable of withstanding an open flame for 

12 seconds without ignition. To comply, manufactures incorporated FRs, primarily PBDEs, into 

their products. Since California represents a large share of the U.S. market for furniture, local 

and global manufacturers applied this standard to all the furniture they made. The UK followed 

California with the signing of The Furniture and Furnishings (Fire) (Safety) Regulations 1980 

(UK 1988), setting the standard for Europe. These fire safety standards and those enacted for the 

electronic, construction, and transportation industries fueled a global demand for FRs. 

 

From the mid-1980s through the 1990s reports confirmed the global distribution of PBDEs 

within the environment and their presence within food webs. For example, Jansson and Asplund 

(1987) detected PBDEs in seals and pelagic fish-eating birds collected from the Baltic Sea, the 

North Sea, and the Arctic Ocean. PBDE concentrations in pilot whale blubber caught off of the 

North Atlantic’s Faroe Island exceeded previous reports, with concentrations increasing from 

1994 to 1996 (Lindström et al., 1999). In North America, beluga whale blubber collected from 

Canada’s Cumberland Sound showed PBDE concentrations that increased 6.5-fold from 1982 to 

1997 (Stern, 2000). Alaee et al. (1999) observed PBDEs in lake trout collected from the Great 

Lakes, Canada. In the U.S., Kuehl et al. (1991) reported PBDEs in dolphins collected from 1987 

to 1988 along the southern Atlantic coast, and in the Mid-Atlantic region. Hale et al. (2001a)1 

observed PBDEs in freshwater fish tissue collected in 1998 and 1999 from the Roanoke and Dan 

River basins. In that study, carp tissue concentrations from the Hyco R., a tributary of the Dan 

R., exceeded the highest fish tissue values previously reported in the world. In the Pacific, 

PBDEs were detected in both seal blubber and their prey collected between 1989 and 1998 in 

San Francisco Bay, USA (She et al, 2000); in Japan, Watanabe et al. (1987) found similar results 

1. First authored and coauthored publications are identified by bold type citations. 
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in marine fish, shellfish, and river and marine sediments. Approximately 30 years after their 

introduction in commerce, PBDEs were detected in sperm whale blubber, indicating their arrival 

in deep ocean waters (de Boer et al., 1998).  In these samples concentrations were approximately 

50-fold higher than PBBs. 

 

Point sources (i.e., chemical manufacturing and usage sites), along with intentional (e.g., 

pesticides) and accidental releases were historically considered primary routes for anthropogenic 

contaminants entering the environment and food web. In the case of human exposure to FRs, 

however, secondary exposure — for example, from consumer products — appears to be of 

greater concern. Bergman et al. (1997) first reported PBDEs and other FRs in indoor air samples 

collected from offices containing electrical equipment such as computers. Rudel et al. (2003) 

detected Penta-BDE formulation related congeners in house-dust samples collected from 120 

homes on Cape Cod, Massachusetts, USA.  (Note: PBDEs are manufactured as three technical 

mixtures: Penta-, Octa- and Deca-BDE at three levels of bromination: nominally penta-BDE, 

octa-BDE and deca-BDE. To differentiate PBDE technical mixtures from homologue grouping 

the first letter of the technical mixture is capitalized i.e. Penta-, Octa- and Deca-BDE. Lower 

case e.g. penta-BDE, is used when referring to the number of bromines of the homologue. The 

Penta-formulation, primarily added to polyurethane foam, contains tetra- through hexa-BDEs; 

specifically 2,2’,4,4’-tetrabromodiphenyl ether (BDE-47) (~40% of formulation weight) and 

2,2’,4,4’,5-pentabromodiphenyl ether (BDE-99) (~47%). The Octa- formulation used in 

thermoplastics includes hexa- through deca-BDEs, mostly the hepta-BDE 2, 2’, 3, 4, 4’, 5’, 6-

heptabromodiphenyl ether (BDE-183) at 42% by weight. The Deca-formulation contains > 91% 

by weight decabromodiphenyl ether (BDE-209). It is used mostly to flame-retard textiles and 

electronic housings, e.g., televisions and computers (La Guardia et al. 2006).) The authors 

attributed their detection in house dust to releases from consumer products containing treated 

polyurethane foam (e.g., furniture padding), a TB-117 requirement. These releases then 

accumulate in indoor dust, eventually entering wastewater streams. As these streams are treated, 

the FRs within are largely sequestered in the solids, i.e. sewage sludge. Hale et al. (2001b) 

detected Penta-BDE formulation constituents in U.S. sewage sludge at concentrations exceeding 

European sludge by 10- to 100-fold. This was proportionate to the greater U.S. Penta-BDE 

demand, which accounted for 49% (33,100 metric tonnes (MT) of the 2001 global demand, 
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followed by Asia at 37% (24,650 MT) and Europe, 12% (8,360 MT) (Law et al., 2006). Releases 

from building, consumer, and scientific products accompanying researchers were also considered 

the source of PBDEs (Hale et al., 2008) and the FR 1, 2, 5, 6, 9, 10-hexabromocyclododecane 

(HBCDD or HBCD) (added to polystyrene building insulation) (Chen et al., 2015) detected in 

biota collected near wastewater discharge sites from the Antarctic U.S. McMurdo and New 

Zealand-operated Scott research bases. FR patterns observed in associated indoor dust and 

wastewater sludge supported this hypothesis.  La Guardia et al. (2010) detected these and 

several additional FRs in U.S. sewage sludge, presumably also arising from consumer products. 

These included: HBCDD, PBDEs and PBDE alternatives (2-ethylhexyl 2, 3, 4, 5-

tetrabromobenzoate (EH-TBB or TBB), bis (2-ethylhexyl) tetrabromophthalate (BEH-TEBP or 

TBPH), 1, 2-bis (2, 4, 6-tribromophenoxy) ethane (BTBPE) and decabromodiphenyl ethane 

(DBDPE) and chlorinated-FRs; syn- and anti-dechlorane (used in electrical wires and cables, 

computer connectors, and plastic roofing materials). 

 

Release from consumer products into the indoor and eventually the outdoor environment 

presents a pathway for human exposure. Norén et al. (2000) reported that in breast milk collected 

from Swedish women, PBDE concentrations had doubled every five years between 1972 and 

1997. Akutsu et al. (2003) observed similar concentrations and time trends in Japanese breast 

milk. In California, PBDE breast milk concentrations collected between 2003 and 2005 were 

more than an order of magnitude higher than those reported from Asia and Europe (Park et al., 

2011), again proportional to FR consumption rates in the U.S. Wu et al. (2007) also observed a 

positive association between Penta-BDE concentrations in house dust and the breast milk of 

occupants.  Blood serum levels collected from 12 couples living in Boston, MA (USA) strongly 

correlated with PBDE concentrations of the Penta-formulation detected in their house dust 

(Johnson et al., 2010). 

 

Health concerns increased as documentation of exposure mounted. PBDEs were discovered to be 

potential thyroid disrupters and developmental neurotoxicants (Costa and Giordano, 2007), and 

to cross the placenta into the fetal vascular circulation (Gómara et al., 2007). Pre- or post-natal 

exposure of mice or rats to the Penta-formulation has been shown to cause long-lasting changes 

in spontaneous motor activity and disrupt performance in learning and memory tests (Eriksson et 
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al., 2001; Branchi et al., 2003). PBDE-exposed rats from gestation to postnatal stages (Zhou et 

al., 2002), along with adult mice (Fowles et al., 1994), exhibited decreased serum thyroxine (T4) 

levels. Thyroxine plays a key role in early brain and nervous system development. It should be 

noted that impacts on neurodevelopment have been reported in children of mothers with 

suppressed T4 levels (Haddow et al., 1999). Maternal transfer is not the only path for infant 

contamination; infants and young children are vulnerable to inhalation and ingestion of FR-laden 

house dust by their proximity to the floor, i.e. crawling, and dust ingestion, i.e. hand to mouth 

contact (Stapleton et al., 2012). These health concerns, along with the growing reports of global 

PBDE dissemination, enjoined U.S. regulators to broker a voluntary cessation in the manufacture 

of two of the three PBDE formulations (Penta- and Octa-BDEs) starting in December 2004. This 

followed a European Union PBDE ban earlier that year (Renner, 2004). The Deca-formulation 

was banned in electronics and electrical applications by the EU, July 1, 2008 (Joined cases C-

14/06 and C-295/06) and phased out in the U.S. at the end of 2013.  In 2009, PBDEs containing 

four-to-seven bromines were added to Annex A of the Stockholm Convention.  The amendment 

entered into force in 2010, eliminating the production and usage of the Penta- and Octa-mixtures 

in signatory countries. The fully brominated PBDE BDE-209 was later added to Annex A in 

May of 2017 (Stockholm Convention, 2018). However, the production and usage of BDE-209 

still continues as a high production volume chemical in China (Ni et al., 2013 and Ji et al., 2017).  

 

To fill the void projected by these restrictions, FR manufactories introduced alternative FRs into 

the marketplace.  Unfortunately, these replacements lacked comprehensive evaluations which, 

have lead to their detection in the environment soon after their introduction (Covaci et al., 2011, 

Guigueno and Fernie, 2017). Several of these Penta-, Octa-, and Deca-BDE replacements 

products, including EH-TBB, BEH-TEBP, BTBPE, and DBDPE, respectively, have been 

detected in U.S. sewage sludge prior to and during their transition (La Guardia et al., 2010). 

These “newer” or novel-BFRs, including chlorinated organophosphate-FRs (Cl-OPFRs), have 

also been detected in house dust.  These along with the previously restricted-FRs, released from 

older in-use products, are creating additional health concerns (La Guardia et al., 2015; Zheng et 

al., 2017). Both EH-TBB and BEH-TEBP have been shown to exhibit endocrine disruption 

potentials (Saunders et al., 2013). Adverse biological effects were observed by Nacci et al. 

(2018) in BEH-TEBP dietary exposure Atlantic killifish (Fundulus heteroclitus). Cl-OPFRs, 
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tris(1-chloro-2-propyl)phosphate (TCIPP or TCPP) and tris(1,3-dichloro-2-propyl)phosphate 

(TDCIPP or TDCPP) have been banned for some uses due to health concerns (EU, 2014), but 

are now/still being used in non-restricted products (Schreder et al., 2016). TDCIPP, an analogue 

of TCIPP, was used as an FR in children’s sleepwear until manufacturers voluntarily withdrew it 

in 1977 due to mutagenicity concerns (Gold et al., 1978). 

 

As health concerns rise over replacement FRs and the controversy continues over regulations 

requiring their usage, realignment of the existing paradigm is needed. Fire safety advocates have 

often claimed that FRs contributed to the observed 55% decline in U.S. fire-related deaths 

between 1977 and 2017 (Roe and Callahan, 2012). However, these advocates neglect to 

acknowledge new regulation requiring smoke detectors, a decline in cigarette consumption, and 

the implementation of “fire safe” cigarettes that reduced their propensity to burn when left 

unattended. “Fire safe” cigarettes are believed to be a principal reason for the 30% decline in 

U.S. fire deaths from 2003 to 2011 (Hall, 2013). McKenna et al. (2018) also showed that while 

flame-retardant sofa beds burnt somewhat slower than non–flame-retardant sofa beds, they 

produced significantly greater quantities of fire’s main toxicants, carbon monoxide and hydrogen 

cyanide. This bears out the findings of the open-flame test (TB-117), which dictated that FRs, 

designed to suppress ignition, have little effect on fire progression. Smoke inhalation, not burns, 

is the largest cause of fire-related deaths (Stec, 2017). To address these concerns, in 2013 

California revised its 1975 flammability standard TB-117, now TB-117-2013, substituting the 

open-flame test with smolder-resistant covers, fabrics, barrier materials, and resilient filling 

materials (DCA 2013). This created the opportunity for choosing not to use FRs. Soon after the 

bill’s passing, the first federal flammability standard was introduced on October 4, 2018. Titled 

U.S. Senate Bill 3551 “Safer Occupancy Furniture Flammability Act,” it required the U.S. 

Consumer Product Safety Commission to adopt California TB-117-2013. However, the impact 

of California’s 2013 revised flammability standard remains uncertain and, if the federal standard 

is implemented, furniture manufacturers can still choose to use FRs and be in compliance with 

the law. And, this standard applies to only a single class of FRs, those designed for use in 

polyurethane furniture padding.  It does not address FRs used in other applications such as 

electronics, transportation and building materials. Without a holistic approach to both fire safety 

and chemical FR usage, FR disposal, health implementation, and dissemination will continue. At 
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the same time, the introduction of inadequately understood replacement FRs will add to and 

create new health concerns, while potentially falling short of reducing losses caused by fires. 

 

My contributions to these complex discussions are highlighted in the following chapters. Areas 

of research include the development of analytical techniques, identification of chemical 

composition of FRs in technical mixtures and complex environmental matrices, delineation of 

FR point sources and distributions in remote areas, demonstration of FR degradation products in 

real-world settings and uptake within ecosystems, and human exposure and inhalation of FR-

laden airborne particulates. These contributions include 10 first-authored and 18 coauthored 

scientific publications representing my interactions and evaluations to promote greater 

understanding of this complex issue. Despite these efforts, it remains clear that future work is 

required. Scientists, academics, and regulators must continue to question and evaluate FR usage 

with the goal of developing safer products, protective of environmental and public health. 
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Chapter Two – Analytical advances in flame retardant analysis 

 

Like polychlorinated biphenyls (PCBs), there are a possible 209 polybrominated diphenyl ether 

(PBDE) congeners. However, PBDE technical formulations are much simpler than those of 

PCBs. PBDEs are produced commercially at three levels of bromination: nominally penta-BDE, 

octa-BDE and deca-BDE. These formulations contain primarily 39 individual PBDE congeners 

(La Guardia et al., 2006). This is due to the directing influence of the diphenyl ether’s oxygen 

atom and the steric hindrance of the bromine atoms. The first gas chromatogram/mass 

spectroscopy (GC/MS) investigations of the European Penta-BDE formulation, Bromkal 70-5DE 

(Chemische Fabrik Kalk, Köin, Germany), identified three major PBDE compounds, 

representing 93% of the mixture by weight. Two compounds were further isolated from the 

technical mixture and analyzed using nuclear magnetic resonance (NMR); these compounds 

were identified as 2,2’,4,4’,-tetrabromodiphenyl ether (BDE-47) (the same IUPAC naming 

scheme for PCBs is used for PBDEs) and 2,2’,4,4’,5-pentabromodiphenyl ether (BDE-99) at 

41% and 45%, by weight, respectively (Sundström and Hutzinger, 1976). With the aid of 

commercially available analytical standards and GC/MS, Sjödin et al. (1998) identified an 

additional seven PBDEs within the Bromkal 70-5DE mixture used primarily in Europe. Sjödin’s 

team confirmed BDE-47 and -99 as the two major constituents at 37 and 35% by weight, 

respectively, followed by two penta-BDEs; 2,2’,4,4’,6-pentabromodiphenyl ether (BDE-100) 

and 2,2’,3,4,4’-pentabromodiphenyl ether (BDE-85) at 6.8 and 1.6% by weight and three hexa-

BDEs; 2,2’,4,4’,5,5’-hexabromodiphenyl ether (BDE-153), 2,2’,4,4’,5’,6-hexabromodiphenyl 

ether (BDE-154) and 2,2’,3,4,4’,5-hexabromodiphenyl ether (BDE-138) at 3.9, 2.5, and 0.41% 

by weight followed by an additional three minor PBDEs: two tri-BDEs; 2,4,4’-tribromodiphenyl 

ether (BDE-28) and 2,2’,4-tribromodiphenyl ether (BDE-17) and 2,3,4,4’-tetrabromodiphenyl 

ether (BDE-66) totaling 0.35% by weight. Later Sjödin (2000) identified additional PBDE 

congeners by homologue grouping of several European (Chemische Fabrik Kalk Köin, 

Germany), Middle Eastern (Dead Sea Bromine Group, Beer Sheve, Israel) and U.S. (Great Lakes 

Chemical Corporation, West Lafayette, USA) Penta-, Octa- and Deca-PBDE commercial 

mixtures. 
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By the early 2000s, PBDEs had been widely used to flame-retard products common in homes 

and in the workplace. They also became widely dispersed in the environment. Detailed 

compositional knowledge of these complex PBDE mixtures beyond homologue grouping was 

thus crucial for a fuller understanding of their toxicological potencies and environmental fate due 

to selective congener biomagnification, degradation, and transport. Adding to uncertainty, some 

also had observed PBDEs might be natural products biosynthesized by marine sponges, adding 

to the debate over their environmental point of origin (Gribble et al., 1999; Renner, 2000). Using 

recent technical enhancements and the availability of a wider range of commercially available 

standards, we expanded on Sjödin’s work by developing a GC/MS method capable of analyzing 

a larger suite of congener-specific mono- through deca-BDEs. Sixty-four commercially available 

PBDEs standards were chromatographed using two non-polar GC columns with different 

stationary phases, 100% dimethylpolysiloxane and 5% diphenyl/95% dimethylpolysiloxane. By 

altering the stationary phases, two relative retention indexes (RRI) were determined for each 

commercial PBDE standard, reducing the influence of co-eluting compounds. The creation of 

PBDE debromination products as a result of prolonged exposure to high GC injector 

temperatures of approximately 300 oC, common in split/splitless injector protocols (Covaci et al., 

2003), was avoided by using a low temperature on-column injector. The initial on-column 

injector, set at 65 oC, was programed to follow the GC column oven.  This minimized bromine 

loss from the PBDE through thermal degradation, avoiding misidentification of the parent 

PBDE. Structural conformations for each standard were then based on fragmentation patterns 

and molecular ions established by GC/MS, first operating in the electron-capture negative 

ionization (ECNI) mode and then electron ionization (EI) mode. These ion fragmentation 

patterns, isotope intensities and structural conformations were recorded and a PBDE reference 

library of their RRIs, ECNI and EI spectra was established. Using this library we then 

characterized the congener composition of six common Penta-, Octa- and Deca-technical 

mixtures.  These included those from Chemische Fabrik Kalk and Great Lakes Corporation and 

the Deca-product Saytex-102E by Albemarle Corporation, Louisiana, USA. This work was 

published in Environmental Science and Technology (ES&T) and titled “Detailed 

polybrominated diphenyl ether (PBDE) congener composition of the widely used Penta-, Octa-

, and Deca-PBDE technical flame-retardant mixtures,” which outlined the identification of 39 

PBDEs in these technical mixtures, 29 at concentrations > 0.02% by weight (La Guardia et al., 
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2006). Of these, 12 previously unreported PBDE congeners were confirmed as commercial 

mixture components. Five additional PBDE compounds were tentatively identified based on their 

molecular ion and ECNI fragmentation in the absence of corresponding analytical standards. 

 

Additional observations originating from this research were that the softer ECNI ionization 

technique produced spectra with unique PBDE structure information, compared with the more 

commonly used EI ionization approach. For the higher brominated PBDEs, ECNI spectra 

provided ion fragments indicating bromine benzene ring substitution, molecular ion, and other 

PBDE characteristic ions. Of the possible 39 PBDEs identified in the three common technical 

mixtures, additional PBDEs have been reported in biotic and abiotic matrices.  These occurred 

presumably via thermal, photolytic or biological debromination of PBDEs from the technical 

mixtures (Chen et al., 2008; Hale et al., 2012). However, specific compound identification of 

these debromination products has been under-reported due both to the cost of acquiring the full 

body of 209 individual PBDE analytical standards and to the exclusive use of EI spectra for 

identification - that only permitted classification to the level of the homologue grouping. By 

utilizing the ECNI-produced PBDE spectra we were able to identify structural differences 

existing between PBDE congeners, as a function of bromine position on the phenyl rings. We 

thus suggested that using ECNI, analysts could elucidate congener structure and, at a minimum, 

eliminate many possibilities within the homologue grouping. Published in a special edition of 

Mass Spectrometry, “Current Trends in Mass Spectrometry” and titled, “Use of electron-capture 

negative ion mass spectra to establish the identities of polybrominated diphenyl ether flame 

retardants and their degradation products”; this technique demonstrated cleaving of the 

PBDE’s ether bond by ECNI, producing ion clusters indicative of a bromine substituted benzene 

ring. It also showed that the bromine positioning (ortho, meta, and para) on the ring influenced 

the observed ion fragmentation patterns (La Guardia, 2008). It was apparent that in ECNI, 

opposing bromines in the ortho (6, 6’) position contribute stress to the oxygen bond, causing the 

PBDE to be cleaved at the ether bond. Alternately, bromines in the para (4, 4’) positions have a 

stabilizing effect on the ortho-position bromines, allowing for molecular ion identification; if the 

bromine shifts from the para-position to the meta-position (5’) the molecular ion is not observed. 

Identification by ECNI spectra analysis was then assignable to PBDEs containing greater than 
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five bromines and a searchable ECNI spectra library of 64 PBDEs was assembled (La Guardia, 

2008). 

 

Next, to show the ability of ECNI to analyze complex matrices for both known and unknown 

(non-targeted) halogenated organic compounds, we analyzed several types of stabilized land-

applied sewage sludges, i.e., biosolids. Biosolids are increasingly land-applied as a soil 

amendment, but the compositional complexity of this matrix has hampered understanding the 

risks of land application. Compound-specific analytical approaches may also underestimate 

environmental impact of land application by overlooking additional contaminants contained 

within biosolids. However, by utilizing an alternative analytical approach based on compound 

functional group (i.e., alkyl halides) and ECNI spectra interpretation we observed 49 

organohalogens by GC/ECNI-MS in biosolids; 23 identified as FRs which included 17 PBDEs, 

their replacement products (EH-TBB, BEH-TEBP, BTBPE and DBDPE) and HBCDD and 

Dechloran Plus. An additional 16 compounds were tentatively identified as triclosan (an 

antibacterial and antifungal agent), chlorinated pesticides, hexachlorobiphenyl (PCBs), EH-TBB 

degradation products, brominated furans, and two nonabromochlorodiphenyl ether (NBCDE). 

These finding were published in ES&T under the title “Flame-retardants and other 

organohalogens detected in sewage sludge by electron capture negative ion mass 

spectrometry,” and emphasized that this screening and quantitation approach can cost-effectively 

facilitate the identification of constituents present in complex matrices that may have detrimental 

human and environmental health consequences (La Guardia et al., 2010). 

 

This study also assisted in determining a potential source of the novel brominated/chlorinated 

diphenyl ether (NBCDEs) identified by others in urban and e-waste recycling air and soil 

samples from Guangzhou China (Yu et al., 2011a). Mixed brominated/chlorinated dibenzo-p-

dioxins and dibenzofurans have been previously detected at sites associated with anthropogenic 

combustion (Weber et al., 2003). Therefore, Yu et al. (2011a) proposed that these novel 

NBCDEs were thermolytic transformation products of PBDEs, formed during the open burning 

of e-waste. They detected two NBCDEs (5’ Cl-BDE-207 and 4’ Cl-BDE-208) in thermoplastics 

at 5–8% by weight of BDE-209, contributing by their inadvertent formation during the 

manufacturing of PBDEs and chlorine-containing products. However, we previously 
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hypothesized that these products were constituents of an alternative Deca-BDE formulation by 

Albemarle Corporation (La Guardia et al., 2010). The Albemarle Corp. patent describes the co-

feeding of diphenyl oxide, or partially brominated diphenyl oxide and bromine chloride with 

bromine or chlorine, into a refluxing reaction mixture of bromine and a Lewis acid bromination 

catalyst to produce > 96% BDE-209 and up to 4% by weight two NBCDEs (WIPO, 2008). 

Similar BDE-209 and NBCDE ratios were observed in thermoplastics that Yu et al. analyzed. 

Moreover, Albemarle Corp. is a worldwide manufacturer and supplier of FRs, including the 

manufacturing facilities in Guangzhou, China where Yu et al. collected their samples. Our 

observations were published in an ES&T article titled “Comment on: Identification of 

monochloro-nonabromodiphenyl ethers in the air and soil from South China,” which offered 

an alternative explanation for the source of NBCDE contamination in air and soil samples from 

Guangzhou, China (La Guardia et al., 2011). These comments were also the topic of several 

additional ES&T communications: authors Yu et al. acknowledged our findings and further 

explored their position (Yu et al., 2011b), and Albemarle Corp. explained their active research 

and developmental programme and confirmed registering the patent, but stated that they never 

manufactured Deca-BDE as described in their patent (Hardy et al., 2011). Regardless of whether 

NBCDEs were formed during the manufacture of thermoplastics, or during unregulated e-waste 

recycling, or introduced as trace additives, our detection of them in the environment validates the 

need for non-target chemical analysis, as demonstrated by GC/ECNI-MS, to further our 

understanding of the environmental occurrence and fate of potentially harmful anthropogenic 

contaminants. 
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Chapter Three - Detection of flame retardants and their degradation products in abiotic 

and biotic environments 

 

The FRs BDE-209 and tetrabromobisphenol A (TBBPA or TBBP-A), the latter used to flame-

retard polycarbonates used in electrical casings and printed circuit boards, were first observed in 

air, soil, sediments and human hair in areas that bordered industrial manufacturing or otherwise 

using these compounds in the mid-1970s (DeCarlo, 1979). Dissemination of an array of PBDEs 

in fish tissues from the Viskan R., Sweden was reported shortly after by Andersson and 

Blomkvist (1981) in areas where no manufacturing facilities were known and later in sperm 

whales by de Boer et al. (1998) which normally stay and feed in deep ocean waters. Trophic 

transfers were reported in avian tissues and eggs of fish-eating birds (Stafford, 1983). Extreme 

PBDE levels were later observed in carp (Cyprinus carpio) tissues collected from the rural 

freshwater Hyco R. USA (Hale et al., 2001a). 

 

Once considered non-dispersive chemicals, polymer products that contain FRs can break down, 

releasing FRs into the environment. Hale et al. (2002) observed that after four weeks of 

exposure to ambient outdoor conditions, the surface of PBDE treated polyurethane foam became 

brittle and began to disintegrate. The fragments generated are then easily transported, entering 

waste streams within the outdoor and indoor environments (Renner, 2000). Partitioning of waste 

particulates and associated hydrophobic chemicals and their subsequent removal as sewage 

sludge is an integral step in the wastewater treatment process, as this process decreases the levels 

of pollutants discharged to receiving streams. However, in a 2001 Nature communication we 

reported the detection of several PBDEs in land-applied sewage sludge (biosolids) and its role in 

facilitating the dissemination of PBDEs and other chemicals sequestered in biosolids (Hale et 

al., 2001b). To further investigate additional chemical constituents within biosolids, we 

expanded our analysis to include several other contaminants of concern: 1) alkylphenol 

polyethoxylate (APEO) degradates (e.g., nonylphenol (NP)) formed from detergent additives 

(surfactants) which, are acute toxicants to aquatic organisms; 2) polycyclic musks used as 

fragrances, reported to accumulate in fish tissues and human breast milk; and 3) the anti-bacterial 

additive triclosan, an aquatic toxicant which may contribute to antibiotic resistance. The 

detection of these additional contaminants was confirmed along with PBDEs in biosolids 
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obtained from multiple U.S. states. These observations were published in the Journal of 

Residuals Science & Technology article titled, “Organic contaminants of emerging concern in 

land-applied sewage sludge (Biosolids)” (La Guardia et al., 2004). This publication supported 

the U.S. National Academy of Science’s 2002 request to update the 1990 National Sewage 

Sludge Survey and the corresponding risk assessment. We then explored ecosystem migration of 

PBDEs by analyzing soil, soil invertebrates, and vegetation collected from an agricultural field 

that had received biosolid applications since the mid-1980s. PBDEs with three to seven bromines 

were detected in the sludge-amended soil and soil invertebrates (earthworms and detritivores, 

e.g. woodlice and June beetles). PBDEs were below quantitation limits in vegetation from the 

sludge-amended site, and in soils, vegetation and soil invertebrates collected from the control 

site. These findings were reported in a coauthored paper (Gaylor et al., 2014), indicating that 

sewage-sludge amended lands are a point source for the environmental introduction of PBDEs 

and other toxic constituents contained within biosolids. 

 

Contaminants that enter the wastewater treatment process and are not completely eliminated or 

removed by the sludge collection process have the ability to also enter receiving streams. It has 

been estimated that > 90% of the PBDEs that enter a wastewater treatment plants (WWTPs) will 

ultimately reside in sludge, with the remainder being released to wastewater-receiving streams 

(North et al., 2004; Song et al., 2006). As a follow-up to our previous report of high 

concentrations of PBDEs observed in fish tissue collected from the Hyco R., we sought to locate 

the source. According to the U.S. Environmental Protection Agency’s (U.S. EPA) Toxic Release 

Inventory (TRI), which lists the U.S. industries that report releases (e.g., air emissions and 

surface water discharge) and transfers (e.g., landfills and WWTPs) of high production volume 

chemicals (chemicals produced or imported into the U.S. in quantities of 500 tons per year), a 

local textile manufacturer reported substantial transfers of the then-unrestricted BDE-209 to a 

WWTP for treatment. This WWTP releases its treated wastewater to Marlowe Creek, a tributary 

of the Hyco R. This WWTP’s outfall is located approximately 11 km upstream from the Hyco R. 

and approximately 45 km from the initial site where we had previously observed exceptionally 

high concentrations of BDE-47 and -99 in carp tissue (Hale et al., 2001a). We hypothesized that 

once in the environment, BDE-209 may encounter conditions favoring debromination, forming 

congeners with greater toxicity, bioaccumulation potential, and persistence. However, at the time 
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this had only been shown under laboratory conditions (Stapleton et al., 2004; Stapleton et al., 

2006). To determine whether the Marlowe Creek WWTP outfall contributed to PBDEs detected 

in the Hyco R. and to examine if PBDE debromination was likely in the field, we analyzed 

sewage sludge for PBDEs and tracked PBDE congener profiles from the WWTPs’ receiving 

stream sediments and associated aquatic biota. These results were published in the ES&T article 

titled, “Evidence of debromination of decabromodiphenyl ether (BDE-209) in biota from a 

wastewater receiving stream” (La Guardia et al., 2007). BDE-209 and 23 additional PBDEs 

were detected entering the aquatic ecosystem at this site. Sludge congener profiles resembled the 

commercial Penta- and Deca- formulations, suggesting minimal BDE-209 debromination during 

wastewater treatment. Similar profiles were observed in surficial sediments near the outfall and 

downstream. However, sunfish (Lepomis gibbosus), creek chub (Semotilus atromaculatus), and 

crayfish (Cambarus puncticambarus sp. c) collected near the outfall contained tri- through deca-

PBDEs, including PBDE congeners not detected in the commercial PBDE mixtures, sludge or 

sediments. This suggested debromination. A previous in vivo laboratory study by Stapleton et al. 

(2004) identified these same congeners we detected as BDE-209 metabolic debromination 

products. Our research supported the hypothesis that metabolic debromination of BDE-209 does 

occur in aquatic environments under realistic conditions. This suggested that previous 

assessments that assume that BDE-209 does not debrominate likely underestimate associated 

bioaccumulation and toxicity attributable to the less brominated congeners produced. 

 

In a later study of the Hyco R., we also detected HBCDD and PBDEs in several Hyco river fish 

species (Chen et al., 2011). In this publication we observed that, while PBDE concentrations had 

decreased from 2002 to 2007, HBCDD concentrations had increased from 13 ng to 4,640 ng g-1 

(lipid weight basis). HBCDD concentrations in fish from the Hyco R. also exceeded those from 

rivers less influenced by manufacturing outfalls, an indication of the manufacturer’s efforts to 

reduce PBDE environmental burdens by switching to an alternative FR. By the end of 2010, 

manufacture of Penta- and Octa-BDE formulations was discontinued globally and the mixtures 

added to the Stockholm Convention’s Persistent Organic Pollutants list in May 2009 (Stockholm 

Convention, 2018). In July 2008, the third and most widely used PBDE formulation, Deca-BDE, 

was banned in electrical equipment in the EU under their Registration, Evaluation, Authorization 

and Restriction of Chemicals (REACH) programme (Kemmlein et al., 2009) and phased out of 
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U.S. production by the end of 2013 (USEPA, 2017). After this removal from the marketplace, 

the flame-retardant industry quickly replaced these with alternative FR formulations. However, 

the environmental fate of these replacement products remained inadequately investigated 

(Covaci et al., 2011). Several of these alternatives, including HBCDD, were previously detected 

in sewage sludge (La Guardia et al., 2010).  Like PBDEs, their removal by wastewater 

treatment may be incomplete, and they might still enter the aquatic ecosystems through 

wastewater discharge and ultimately land application of biosolids. 

 

According to the U.S. EPA’s TRI, an on-site textile wastewater treatment facility released 6000 

kg of BDE-209 to surface waters of the Yadkin R. (North Carolina, USA) between 2000 and 

2004. We hypothesized that replacement BFRs may also be used and released to the Yadkin R. 

by this facility. We then collected sediments, locally available bivalves (Corbicula fluminea), 

and gastropods (Elimia proxima) at the outfall, upstream of the outfall, and at several locations 

up to 44.6 km downstream.  We then analyzed them for PBDEs, alternative-PBDEs; EH-TBB, 

BEH-TEBP, BTBPE and DBDPE, and HBCDD. We also evaluated these BFRs’ 

bioavailabilities, which are influenced by the organisms’ ecology (i.e., route of uptake) and in 

situ environmental factors. This research was published by ES&T in an article titled “In situ 

accumulation of HBCDD, PBDEs, and several alternative flame-retardants in bivalve 

(Corbicula fluminea) and gastropod (Elimia proxima) (La Guardia et al., 2012).  The 

research confirmed that PBDEs, HBCDD, and the alternative-PBDEs were bioavailable to the 

filter-feeding bivalves and grazing gastropods. Tissue concentrations of HBCDD and PBDEs 

collected at the outfall are among the highest reported worldwide. HBCDD, PBDEs, and the 

alternative-PBDEs were detected in sediments at the outfall. FR sediment concentrations 

decreased as distance increased downstream from the outfall.  However, FRs were still detected 

in sediments as far as 44.6 km from the WWTP’s outfall, indicating that this outfall was likely a 

significant aquatic point source for these FRs. BDE-209 was the dominant BFR detected in the 

sediments.  Despite its presumed modest bioavailability, due to its large molecular size, it was 

the dominant PBDE observed in both bivalve and gastropod tissues, probably caused by 

sediment particles present the gastrointestinal tract. This may have been avoided if the samples 

were depurated prior to chemical analysis. However, the percent contribution of BDE-209 to 

total PBDEs in these tissues was lower (37 to 67%) than in sediments (> 94%). This likely 
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relates to its strong association with particulates and attendant lower bioavailability. In contrast, 

BDE-47, -99 and -100 contributed 18 to 59% of the total PBDEs in these mollusks, while their 

contributions in sediments ranged from only 0.5 to 3.6%, likely due to their greater 

bioaccumulation potentials. Probable BDE-209 metabolic debromination products were also 

detected, e.g. BDE-201. Bioaccumulation factors were similar between HBCDD and PBDEs 

with 4 to 6 bromines. Factors for EH-TBB, BEH-TEBP and BTBPE were lower, following the 

equilibrium partitioning theory. Despite different feeding strategies, the bivalves (filter feeders) 

and gastropods (grazers) showed similar BFR water and sediment accumulation factors. These 

observations indicated that the alternative-PBDEs have the same affinity to enter and accumulate 

in the environment as the FRs they replaced, and may contribute to any observed toxicological 

effects. 

 

Shortly after the removal of PBDEs from the marketplace — or, according to some accounts, 

prior to that removal — the environmental dissemination of PBDEs replacement products had 

become widespread (Covaci et al., 2011). Technology and the consumption of tech-related 

products (e.g., computers, mobile phones) that contain FRs fueled this process. Challenges to 

address proper disposal of waste electrical and electronic equipment (WEEE) persists. Hicks et 

al, (2005) reported that nearly 80% of all U.S.WEEE generated in the early 2000s was exported 

to developing nations for metal salvaging (e.g., copper), recycling, and disposal. However, the 

crude electronic-waste (e-waste) recycling and disposal techniques that were practiced in poor 

underdeveloped regions exposed workers and the environment to complex mixtures of hazardous 

materials including FRs.  

 

Prior to 1995, Guiyu, China was a poor, rural, rice-growing community.  It subsequently became 

one of the largest e-waste “recycling” centers in the world, handling 1.6 million tons of imported 

e-waste annually (Bloomberg, 2015). To study the environmental impact of poorly regulated e-

waste recycling we analyzed FRs in surface sediments collected along the Lian R. The Lian R. 

flows through the Guiyu e-waste recycling zone.  Our analysis detected that Guiyu sediments 

contained some of the highest concentrations ever reported of Penta-BDE, BTBPE, TBBPA and 

triphenyl phosphate (TPHP or TPP), a plasticizer with FR properties used in electronic 

equipment (Li et al., 2019). This study also observed hazard quotients (HQ) > 1 for several FRs 
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at Lian R. sample sites both within the Guiyu recycling zone and downstream (~ 30 km).  Some 

of these sites were heavily contaminated, exhibiting HQs > 100. (HQs were derived by the 

European Commission’s Technical Guidance Document (TGD) to characterize ecological risk to 

FR exposure. A HQ > 1 indicates potential risk meriting further investigation/remediation.) 

 

The densely populated urban centers, urban sprawl and desire for new technologies in the 

northern hemisphere are believed to result in greater FR burdens than in the less populated 

southern hemisphere. However, electronics use as well as WEEE exportation from developed to 

developing nations is occurring within the southern hemisphere on the African continent. 

According to a 2011 United Nations Environmental Program (UNEP) report, it is estimated that 

1.3 million MT of WEEE is disposed of annually in sub-Saharan African countries. To better 

understand the extent of FR environmental dissemination in a southern African urban 

community, we conducted analysis for BFRs in inland and coastal sediments from the eThekwini 

metropolitan municipality in South Africa. This municipality is located in the KwaZulu-Natal 

Province on the country’s northeast coast and includes South Africa’s third largest city, Durban, 

population 3.5 million. South Africa is the world’s 28th richest country and Africa’s leading 

economy.  The results of this evaluation were published in an ES&T article titled “Brominated 

flame-retardants in sub-Saharan Africa; Burdens in inland and costal sediments in the 

eThekwini metropolitan municipality, South Africa” (La Guardia et al., 2013). This survey 

included 45 sediments collected from Durban Bay and 13 other rivers of the municipality. Most 

of the natural river systems within the urbanized area have been canalized to receive runoff and 

to facilitate drainage, preventing inland flooding during storm events. These systems have also 

become catchments for trash and illegal dumping. Several wastewater treatment plants also 

discharge into these rivers; all utilize only primary treatment, i.e., screening and grit removal. 

BFRs were detected in all samples. BDE-209 was detected in 93% of the samples, followed by 

the PBDE-replacement EH-TBB at a 91% detection rate. Other PBDE replacement products 

included BEH-TEBP, BTBPE, and DBDPE, at concentrations of up to 13,900 ng g-1, total 

organic carbon (TOC). HBCDD was detected in 69% of the samples, up to 27,500 ng g-1, TOC. 

Durban Bay, which is strongly influenced by urban runoff and tidal hydrology that traps 

sediments within the bay, exhibited PBDE concentrations that rival those in the heavily impacted 

Pearl River Delta (PRD), China. The PRD is located in the world’s most densely urbanized 
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region (population 120 million) and a major electronic manufacturing center. Our survey 

traversed the municipality from north to south and indicated that BFR concentrations increased 

near the coastal urban center, exceeding the mean total BFR concentration by several fold. 

Several highly contaminated sites were noted along rivers that flowed past industrial parks. One 

such site drained a large industrial area where automotive manufacturing and salvaging took 

place. These finding suggest that, if the demand for polymer products and electronics escalates 

and if the area remains a center for WEEE salvaging, BFR burdens will increase in sub-Saharan 

Africa’s urban centers. 

 

These reports underscore the need for further investigation into environmental burdens of 

historic- and current-use BFRs, their degradation products and risks associated with wastewater 

discharge, WEEE disposal, and salvaging. They also highlight the need for developed nations to 

manage their WEEE within their own boundaries, and not to depend on safe disposal in 

developing nations that lack adequate environmental and human health regulations. 
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Chapter Four – Bioavailability of and human exposure to flame retardants 

 

Many FRs are persistent toxicants with the ability to bio-magnify. Accumulated maternal body 

burdens may be transferred to their offspring during prenatal development, placing the fetus at 

greater risk. If unchecked, burdens will continue to accumulate in the newborn and throughout 

adulthood, transferring higher burdens onto the next generation. Kajiwara et al. (2008) estimated 

that melon-headed whales’ (Peponocephala electra) maternal transfers of PBDEs to offspring at 

85% of the mother’s body load. Maternal FR burdens may also alter human prenatal 

development. Chao et al (2007) observed low birth weights associated with elevated maternal 

PBDE levels within a Taiwanese population. Transfers of lipophilic FRs also occur during 

breastfeeding, placing additional stress on early development. A California (USA) study of 82 

first-time mothers determined that 60% of their breastfed infants had daily intake of BDE-47 

exceeding the U.S. EPA’s Reference Dose (RfD) for neurodevelopmental toxicity (Park et al., 

2011). Since the 1970s, human blood, milk, and tissue PBDE levels have increased by a factor of 

100 times (Hites, 2004). Steps to control exposures to legacy bioaccumulative contaminants 

(e.g., PBBs and polychlorinated biphenyls (PCBs)) have focused on restricting usage and their 

removal from the “food-basket.” However, along with diet, direct exposure through inhalation 

and ingestion of indoor dust has been suggested as an equally or even more important route for 

FR exposure (Bramwell et al., 2016).  

 

Norén and Meironyté (2000) observed a steep increase in Swedish PBDE breast milk 

concentrations between 1972 and 1997, with a doubling time of 5 years.  Infant PBDE burdens 

increased 60 times during that period. However, with no known production or manufacturing of 

PBDEs in Sweden and no known exposure reflected in diet, the authors assumed that household 

goods containing FRs were responsible for the exposure. PBDEs, TBBPA, and nine 

organophosphate esters, including the Cl-OPFRs tris (2-chloroethyl) phosphate (TCEP), TCIPP, 

and TDCIPP, were first reported in indoor air collected from workplaces occupied by computers 

and other electronics (Bergman et al., 1997). Rudel et al. (2003) and Sjödin et al. (2008) later 

reported PBDEs in house dust and air samples, and proposed a potential route of human 

exposure. To further explore the potential of indoor exposure, we analyzed breast milk, house 

dust, and the diets of 46 mothers from the greater Boston, MA (USA) area to identify key routes 
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of PBDE exposures (Wu et al., 2007). We found statistically significant, positive associations 

between PBDE concentrations in breast milk and house dust (r = 0.79, p = 0.003)—though not 

with BDE-209, due to low detection frequencies—and similar associations with reported dietary 

habits, particularly the consumption of dairy products (r = 0.41, p = 0.005) and meat (r = 0.37, p 

= 0.01) for tetra- through hexa-BDEs present in the Penta-formulation. These findings supported 

the hypothesis that along with diet, indoor dust contributes to PBDE exposure.  

 

We then expanded our analysis to additional FRs in residential dust collected from the state of 

Washington (USA). Here we reported the detection of 21 compounds which included PBDEs of 

the Penta-formulation, BDE-209, alternative-PBDEs (EH-TBB, BEH-TEBP, DBDPE and 

BTBPE), TBBPA, TCEP, TCIPP and TDCIPP) and HBCDD (Schreder and La Guardia, 

2014). The Penta-BDE concentrations were about double those of BDE-209 and 10 times higher 

than the alt-BFRs, but were comparable to TCIPP concentrations. We also concluded that FRs in 

household dust and laundry wastewater were significant sources to municipal wastewater 

treatment facilities. This was supported by observations of FR concentrations in household 

laundry wastewater and those of wastewater entering the treatment plant. We identified several 

FRs that were poorly removed during the treatment process. Specifically, the Cl-OPFRs had a < 

16% removal rate versus a > 86% for other FRs (e.g., PBDEs).  We thus estimated that 2% of the 

annual U.S. usage, 174,000 kg of TCIPP and 402,000 kg of TDCIPP, were discharged to the 

aquatic environment. This was also observed in a Swedish study with approximately 5% of their 

annual usage of TCIPP and TDCIPP being discharged (Marklund et al., 2005). We later reported 

that inhalation exposure for Cl-OPFRs exceeded dust ingestion rates (Schreder et al., 2016). 

This was an important observation as it was widely accepted that ingestion by hand-to-mouth 

contact was the primary route of exposure for children (Stapleton et al., 2012). In Schreder et al. 

(2016) we analyzed inhalation exposure rates of participants from the state of Washington (USA) 

using personal air samplers. These samplers collected both respirable (air particulates < 4 µm, 

nominal) and inhalable (> 4 µm, nominal) particulate fractions, measuring the likelihood of 

particles penetrating deep into the gas exchange region of the lungs (particulates < 4 µm). Cl-

OPFR exposure via inhalation for children was estimated to be 9.8 times that from dust ingestion 

and 31.3 times for adults. 
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In addition to measuring FR exposure within the indoor environment, it is also important to 

understand the nature of products and interactions within these environments that can elevate 

exposure. For example, young children spend considerable time in contact with the floor (e.g., 

crawling).  This makes floor dust a significant exposure point.  Older children and adults spend 

more time near elevated surfaces (e.g., sitting on a sofa or using a computer); making dust on 

elevated surfaces an important route of exposure. It has been suggested that FR concentrations 

can vary widely across microenvironments (Harrad et al., 2009), and the presence of electronics 

may affect FR dust levels (de Wit et al., 2012; Harrad et al., 2004). To address this, we analyzed 

dust samples for FRs collected from floors and elevated surfaces from various rooms (e.g., 

apartments, classrooms, laboratories, and buses) containing various amounts of electronics on a 

college campus in California (USA).  We reported our findings in the journal Environmental 

Research (Allgood et al., 2017). Results showed that exposure to FRs, i.e., the penta-

formulation, EH-TBB, BEH-TEBP, and TDCIPP on elevated surfaces, were statistically higher 

than concentrations on floor surfaces. Secondly, elevated surfaces had higher FR levels in 

environments categorized as having a high density of electronics, compared to elevated surfaces 

categorized as having a low presence of electronics. This implied that human-exposure estimates 

based on the analysis of floor surfaces or on a combination of floor and elevated surfaces may 

underestimate true exposure, especially when there is a high density of electronic devices in the 

study area. 

 

Activities such as occupations may also adversely expose certain sub-populations, i.e., those 

employed in polymer, textile, electronics manufacturing and dismantling of electronic waste 

(Besis and Samara, 2012), as well as workers such as aircraft personnel who frequent 

environments laden with FRs (Strid et al., 2014).  Lifestyle, including sports or recreation may 

also alter exposure, e.g. collegiate gymnast (Carignan et al., 2013) were shown to have elevated 

PBDE serum levels compared to the general population. To further explore exposures through 

recreational activities we then studied exposures within gymnastic studios by analyzing FRs in 

indoor dust and size-fractionated respirable and inhalable air particulates. These were collected 

at four studios and values compared to air and dust samples collected from the homes of coaches 

employed at these facilities. Polyurethane foam blocks, which are used in safety pits, were also 

analyzed to characterize potential FR sources. These findings were published in the journal 
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Environmental International in an article titled, “Halogenated flame-retardants concentrations 

in settled dust, respirable and inhalable particulates and polyurethane foam at gymnastic 

training facilities and residences” (La Guardia et al., 2015). It was observed that the pit foam 

used in these studios contained multiple FRs at cumulative concentrations of 12,100 to 25,800 

µg g-1 or 1.2% to 2.6% by weight. EH-TBB and BEH-TEBP were the most abundant FRs 

detected, followed by TDCIPP and several PBDEs. The mean total FR dust burden detected at 

the gym was 8.6-fold higher than that observed in the house dust samples.   The polyurethane 

additives EH-TBB and TDCIPP exhibited significantly greater levels (p < 0.05) in the gym than 

house dust. Mean concentrations of BDE-99, -100, -153, -209 and TDCIPP were also higher in 

gym respirable particulates than the homes.  BDE-47, EH-TBB, BEH-TEBP and DBDPE were 

higher at the homes than the gyms; but these differences were not significant (p > 0.05). Several 

additional FRs were detected in inhalable particulates: mean levels of BDE-66, -206 and TCIPP 

were higher in the homes and BDE-47, -85, -99, -100, -153, -209, EH-TBB, BEH-TEBP and 

TDCIPP were higher at the gyms. BDE-100, EH-TBB and TDCIPP were significantly greater (p 

< 0.05) in the gym inhalable particulates than the homes. Concentrations of FRs used in 

polyurethane foam were higher in gym air and in dust compared to homes, particularly EH-TBB 

and TDCIPP. These were also the primary FRs detected in the gym’s pit-foam samples. 

 

Firefighters, too, have exhibited evidence of exposure to elevated levels of FRs, and their 

personal safety equipment has shown to be a sink for FRs released during a fire. This equipment 

can be a source of exposure later if not properly cleaned. We explored this phenomenon with 

colleagues from the U.S. National Institute for Occupational Safety and Health (NIOSH) at the 

Centers for Disease Control and Prevention (CDC). By collecting protective hood samples (a 

cloth garment worn around the face and neck, under the helmet, respirator and coat) previously 

exposed in a controlled burn exercise and then washed, we sought to determine the efficiency of 

laundering to remove fire contaminants (e.g., FRs and polycyclic aromatic hydrocarbons 

(PAHs)) from personal protective gear (Mayer et al., 2018). We also conducted a field 

evaluation with NIOSH CDC using sequential hand wipes. Such wipes are commonly used to 

evaluate dermal exposure. In this study, published by Chemosphere we used three sequential 

hand wipes collected from 12 employees at a U.S. electronics recycling facility immediately at 

the end of their shift and analyzed them for a range of FRs (Beaucham et al., 2019). Results 
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showed that, although the first wipe removed the highest median percentage of the total of the 

three wipes for most FRs, there was a wide variation for individual FRs. Generally those FRs 

with low log Kow and high water solubility (e.g., TCIPP) were mostly efficiently removed by the 

first wipe.  Those with high log Kow and low water solubility, e.g., BEH-TEBP were retained on 

the hand and mostly removed by later wipes (>50 % of the total by the third wipe). This suggests 

that a single wipe may not be sufficient to characterize the extent of dermal contamination. 

 

As a follow-up to our earlier gymnastic studio FR exposure study, and with collaborators from 

NIOSH CDC, we evaluated FR exposure at gymnastics studios before, during, and after the 

replacement of existing pit foam blocks with PBDE-free foam blocks (Ceballos et al., 2018). 

This evaluation included hand wipes of coaches to measure levels of FRs on their skin before 

and after the work shift, as well as before and after foam replacement. Analysis was conducted 

on FR concentrations in dust and on window glass in the gymnastic areas and office areas, and in 

new and old foam blocks used throughout the studios. We found statistically higher 

concentrations of nine FRs, those of the Penta-formulation, EH-TBB, BEH-TEBP and TDCIPP, 

and found higher concentrations on employees’ hands after work than we found before work, 

and this difference was reduced to four analytes (i.e. BDE-153, EH-TBB, BEH-TEBP and 

TDCIPP) after the foam replacement. Windows in the gymnastic areas still had higher 

concentrations of four, i.e. BDE-99, EH-TBB, BEH-TEBP and TDCIPP, of the 13 FRs analyzed 

than windows outside the gymnastic areas.  However, concentrations were significantly reduced 

after replacing the pit foam. Analysis of the new replacement blocks did agree with their third-

party certificate of FR analysis, i.e., that they did not contain PBDEs. But they did contain EH-

TBB and BEH-TEBP, up to 3.4% by weight. EH-TBB and BEH-TEBP were not included in the 

third-party’s certificate of analysis. We concluded that replacing the pit foam blocks eliminated a 

source of PBDEs, but not all FRs (e.g., EH-TBB and BEH-TEBP). Additional recommendations 

were provided to further minimize employee exposure to FRs at work and acknowledge the 

challenges consumers have in identifying chemical contents of products purchased. 

 

Exposures along with bioavailability are key issues when determining health risks associated 

with FRs. Strong correlations between dust FR concentrations and body burdens have been 

previously observed, but there is little scientific consensus on what constitutes a dust sample. 
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Most studies have include dust particles > 100 µm. These larger particulates are less likely to be 

inhaled and interact deep inside the alveolar region of the lung, which may lead to an 

overestimation of exposure. Ingestion of these larger dust particles would likely be the primary 

route of exposure, however, FR bioavailability (i.e., desorption from particles and uptake by the 

digestive tract) has been suggested to be < 100% (Fang and Stapleton, 2014), and thereby only 

partial uptake via the vascular system would occur. It has also been suggested that once FRs are 

released, > 80% will remain in the particle and not volatilize into the gas phase (Cetin et al., 

2008). Rauert and Harrad (2015) did not observe detectable transfers from source materials (i.e., 

FR-treated television plastics) to dust by volatilization at 22 0C and 60 0C, but they did detect 

transfers as fragments abraded following a motion that mimicked repeated 

wiping/moving/bumping. An electron microscopy examination of large dust particles 

approximately 30 µm in diameter, conducted by Webster et al, (2009), revealed that BDE-209 

was highly associated (1000 ppm or 0.1% by weight) with polymer/organic matrix clusters, 

suggesting fragments of FR-treated products were transferred to dust. To further investigate the 

bioavailability of airborne FRs, we collected respirable air (airborne particles < 4 µm that can 

enter and interact with vascular membranes within the alveolar region of the lung) and inhalable 

air (airborne particles > 4 µm which are trapped on the mucosal lining of the respiratory tract, 

expelled or swallowed entering the digestive tract) and analyzed them for FRs and their 

bioavailability estimations. This first-authored examination titled, “Human indoor exposure to 

airborne halogenated flame retardants: Influence of airborne particle size” (La Guardia et 

al., 2017), was published in the International Journal of Environmental Research and Public 

Health. We observed that the larger, inhalable air particulates carried the bulk (> 92%) of the 

FRs: BDE-47, -85, -100, -99 and -153, EH-TBB, BEH-TEBP, TCEP, TCIPP and TDCIPP. 

These findings suggested that estimates relying on a single exposure route, such as alveolar gas 

exchange at a 100% adsorption rate, may not accurately estimate FR internal dosage because 

they ignore additional contributions from larger inhalable particulates that enter via the digestive 

tract. Consideration of the fate and bioavailability of these larger particulates resulted in higher 

dosage estimates for FRs with log Koa < 12 (i.e., Penta-BDEs and Cl-OPFRs) and lower 

estimates for those with log Koa > 12 (i.e., EH-TBB and BEH-TEBP) when compared to the 

alveolar route exposure alone. Of those FRs examined, the most significant effect was the 41% 

lower estimate for BEH-TEBP. 



28 

These contributions have supported other human exposure studies of legacy and replacement 

FRs and support the need for future work on exposure, uptake and health effects. These reports 

also support the need to continue to monitor discontinued FRs. The need for this monitoring is 

seen as new products comprised of recycled materials containing discontinued FRs (e.g., carpet 

underlayment (rebond) can contain PBDEs up to 0.1% by weight 

(http://carpetcushion.org/Bonded-Cushion-and-FRs.cfm )) continue to enter the marketplace and 

as in-use products complete their end-of-life cycle. These new sources and products will add to 

releases from still-in-use products, contributing additional indoor and outdoor burdens. 

Unfortunately, this will continue until proper disposal methods are established to remove from 

commerce those discontinued-FRs and replacement-FRs that are of concern, and until safer FR 

alternatives are identified. 

  

http://carpetcushion.org/Bonded-Cushion-and-FRs.cfm
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Chapter Five – Concluding remarks 

 

The work and associated publications presented in this thesis has supported the global 

manufacturing and usage restrictions of several FRs (e.g., PBDEs and HBCDD) and the 

decisions of regulators across the globe to enact and evaluate improved fire-prevention and 

safety legislation (e.g., California’s (USA) TB-117 2013). These studies identified FR point 

sources to populated areas (e.g., land applied sewage sludge) as well as remote sites (e.g., 

Antarctic research bases). We observed novel-FRs (e.g., PBDE degradation and replacement 

products) and other FRs entering the environment and their accumulation within the ecosystem. 

We also observed that alternative-PBDEs are released into the environment by similar processes 

as the toxic FRs they replaced, raising additional health concerns. These studies have clearly 

shown that the chemical industry’s modus operandi of replacing one FR with another has often 

been flawed, and complicated our understanding of adverse health consequences. Legislation by 

the United Nation’s Stockholm Convention on POPs has reduced potential environmental and 

human health effects by removing several toxic FRs from commerce. However, these actions 

often take place after detrimental health impacts have occurred. Movements like the EU’s 

REACH programme to identify and curb the dissemination of potentially hazardous chemicals 

before harm escalates, appears to be a better approach. However, such regulations need to be 

adopted globally before viable changes can take place. This work has also identified several 

research gaps covering analytical aspects, environmental issues (e.g., source, persistence, and 

degradation products), routes of exposure and bioavailability measured in relevant matrices (e.g., 

bound to polymers or un-bound/dissociated chemical interactions with gut fluids) and the 

potential risk associated within their environmental presence (e.g., one’s occupation or 

recreational activities) and subsequent environmental and human health exposure. All of these 

areas of study need continued examination. 

 

Finally, this thesis is a culmination of 20 years of research using a multifaceted approach to 

improve our knowledge on the state of FRs.  It incorporated analytical method development, 

abiotic and biotic environmental analysis, and human exposure evaluations. This endeavor 

integrated interdisciplinary collaborations with professionals in toxicology, occupational 

hygiene, epidemiology, and other disciplines.  Efforts were also greatly enhanced by scores of 
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volunteers who invited us into their homes and workplaces, completed our surveys, and allowed 

us to stick and prod them and their families. Their efforts have greatly contributed to the success 

of this work, which will continue to provide guidance for a healthier and safer environment for 

all, now and into the future. To those collaborators and volunteers I offer my most sincere 

gratitude. With your assistance, I truly believe we have contributed to the health of our 

environment. 
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