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Abstract 

Over half of the biosolids produced in wastewater treatment facilities in the 

United States are land-applied as a nutrient-rich soil amendment. However, these 

biosolids are not regulated for chemicals of emerging concern that are often present at 

high concentrations in biosolids. The overall goal of this dissertation is to evaluate the 

specific chemical fates of these compounds in biosolid-amended soil, including their 

persistence, degradation pathways, and phytoaccumulation potential.  

As a first step toward this goal, the fate of select brominated flame retardants 

(BFRs) when exposed to sunlight was examined to evaluate their photodegradation 

pathways and to identify degradation products that may be used as markers of 

environmental degradation in future studies. In Chapter 2, the photodegradation of 

three polybrominated diphenyl ether (PBDE) congeners (i.e., the nonabrominated 

congeners BDE 206, 207, and 208) was examined individually in three different solvents 

exposed to natural sunlight. Rapid degradation of nonaBDEs was observed coincident 

with formation of octa- and heptabrominated PBDEs. The photodegradation pathways 

of each nonaBDE congener were consistent among the different solvent matrices tested; 

however, mass balances were found to vary with solvent type. The octabrominated 

congener, BDE 202, and the ratio of BDE 197 to BDE 201, were identified as degradation 

products that can serve as environmental markers of debromination. Additional 
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photodegradation studies were conducted with two new BFRs used in replacements for 

pentaBDE mixtures: 2-ethylhexyltetrabromobenzoate (TBB) and di(2-ethylhexyl)-

tetrabromophthalate (TBPH). Both TBB and TBPH underwent photolysis more slowly 

than nonaBDEs and primarily formed debrominated products. This study is the first to 

report on the photodegradation of TBB and TBPH via debromination reactions and 

suggests that these replacement flame retardants may be more photolytically persistent 

than higher brominated PBDE congeners. 

Chemical analysis of biosolids collected from wastewater treatment plants 

(WWTPs) can help determine whether these flame retardants are migrating from the 

indoor environment to the outdoor environment, where little is known about their 

ultimate fate and effects. In Chapter 3, concentrations of a suite of flame retardants and 

the antimicrobial compound triclosan were measured in opportunistic samples of 

municipal biosolids and the domestic sludge Standard Reference Material (SRM) 2781. 

Grab samples of biosolids were collected from two WWTPs in North Carolina and two 

in California. Biosolids samples were also obtained during three subsequent collection 

events at one of the North Carolina WWTPs to evaluate fluctuations in contaminant 

levels within a given facility over a period of three years. The biosolids and SRM 2781 

were analyzed for PBDEs, a suite of alternate brominated and chlorinated flame 

retardants, and triclosan. PBDEs were detected in every sample analyzed, and ΣPBDE 

concentrations ranged from 1750 to 6358 ng/g dry weight (dw). Additionally, the PBDE 
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replacement chemicals TBB and TBPH were detected at concentrations ranging from 120 

to 3749 ng/g dw and from 206 to 1631 ng/g dw, respectively. Triclosan concentrations 

ranged from 490 to 13,866 ng/g dw. The detection of these contaminants of emerging 

concern in biosolids suggests that these chemicals have the potential to migrate out of 

consumer products and enter the outdoor environment. Furthermore, land application 

of these contaminated biosolids may result in soil contamination and enhance the 

bioaccumulation and long-range transport potential of these compounds.  

In order to fully evaluate the benefits and impacts of biosolids land application, a 

comprehensive view of the behaviors of chemicals of emerging concern in biosolids is 

needed. In Chapter 4, the fates of a suite of flame retardants and triclosan in soil were 

evaluated in a greenhouse experiment utilizing three biosolid amendment levels 

(control, low, and high) and two vegetation treatments (unplanted and planted with 

alfalfa (Medicago sativa)). BDE 47, BDE 209, TBB, TBPH, and triclosan declined 

significantly in the high biosolid-amended vegetated soil between Days 0 and 28 (p < 

0.05), and then reached a plateau between Days 28 and 90 during which no further 

significant loss from soil was observed. In contrast, no significant losses of those analytes 

were observed from soil at the high biosolids amendment in non-vegetated pots. The 

percent of a given analyte lost from the vegetated soil at the high amendment between 

Day 0 and the plateau ranged from 43.1% for TBPH to 60.9% for triclosan and was 

significantly and negatively related to the log octanol-water partition coefficient (log 
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KOW) of the analyte (p = 0.0103, R2 = 0.9178) and marginally significantly and positively 

related to the log of water solubility (p = 0.0686, R2 = 0.7213). Alfalfa root and shoot 

tissues were monitored for the analytes of interest but no clear evidence of 

phytoaccumulation was observed. Methyl triclosan formation was observed in the 

biosolid-amended soils during the study period, indicating that biotransformation 

played a role in the observed dissipation of triclosan. The results of Chapter 4 

demonstrate that PBDEs, selected alternate BFRs and triclosan are highly recalcitrant in 

biosolid-amended soils but capable of undergoing dissipation in the presence of alfalfa 

and, in the case of triclosan, biotransformation.  

In conclusion, this dissertation provides a comprehensive view of the fates of 

flame retardants and triclosan in biosolid-amended soil, identifying markers of 

degradation that can be used in complex real-world scenarios, developing methods for 

measurement of a diverse suite of analytes in biosolids and plant tissues, and 

demonstrating the persistence of these compounds in biosolid-amended soil. 
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1. Introduction 

1.1 Thesis Overview 

Brominated flame retardants (BFRs) are a class of chemical compounds that are 

commonly added to a wide range of flammable materials such as polyurethane foam, 

plastics, and textiles in order to decrease combustibility. These BFR-treated materials are 

then incorporated into a variety of consumer products, including furniture and 

electronics. Although BFRs are added to these products with the intention of slowing the 

rate at which they burn, many BFRs are known to be ubiquitous environmental 

pollutants. Furthermore, most BFRs are incorporated into consumer products in an 

additive manner (i.e., not chemically bound to the material) and can therefore leach out 

of these products and into the environment over time. The most historically widely used 

class of BFRs, polybrominated diphenyl ethers (PBDEs), are known to be persistent, 

bioaccumulative, and toxic. For this reason, PBDE commercial mixtures are facing 

increasing restrictions in the United States and elsewhere. In response to the declining 

use of PBDEs, several alternate brominated and chlorinated flame retardants have seen 

increased and/or renewed use as PBDE replacements. Among these replacement flame 

retardants are 2-ethylhexyl 2,3,4,5-tetrabromobenzoate (TBB), di(2-ethylhexyl)-2,3,4,5-

tetrabromophthalate (TBPH), tris(1,3-dichloro-2-propyl) phosphate (TDCPP), triphenyl 

phosphate (TPP), hexabromobenzene (HBB), 1,2-bis(2,4,6-tribromophenoxy)ethane 

(BTBPE), and Dechlorane Plus (DP). Little is known about the environmental fates of 
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these alternate flame retardants, but many share structural similarities with PBDEs 

(aromaticity and/or high degree of halogenation) and therefore may be expected to share 

similar environmental fates.  

One area where the environmental fates of both PBDE and non-PBDE flame 

retardants remain poorly understood is in soils following land application of treated 

municipal sewage sludge (also known as biosolids), which is often heavily contaminated 

with flame retardants as well as a variety of pharmaceuticals/personal care products 

(PPCPs) such as the antimicrobial agent 5-chloro-2-(2,4-dichlorophenoxy)phenol 

(triclosan). Biosolids land application is currently thought to be the most sustainable 

option for the disposal of treated sludge in the United States, but without a more 

thorough understanding of the chemical fates of these contaminants in biosolid-

amended soil, the true environmental impact of this practice remains unclear.  

This dissertation evaluates the specific chemical fates of a suite of flame 

retardants and triclosan in biosolid-amended soil. In order to accomplish this goal, the 

following aims were undertaken: 

 Examine the fates of nonabrominated diphenyl ethers (nonaBDEs), TBB, 

and TBPH exposed to natural sunlight to better understand potential 

photodegradation pathways and to identify degradation products that 

may be used as markers of environmental degradation. 
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 Develop an analytical method for the measurement of PBDEs, a broad 

suite of alternate flame retardants, and triclosan in biosolids, and measure 

these contaminants in biosolids from the East and West Coasts of the 

United States. 

 Investigate the fates of these contaminants in soil and in crops planted in 

biosolid-amended soil in a greenhouse experiment simulating a biosolids 

land application scenario. 

Chapter 1 provides relevant background on the contaminants of interest for this 

dissertation as well as the practice of biosolids land application. Chapter 2 investigates 

the photodegradation pathways and products of nonaBDEs and TBB and TBPH. 

Chapter 3 discusses the development of an analytical method for the measurement of 

PBDE and non-PBDE flame retardants and triclosan in biosolids using complementary 

gas and liquid chromatography techniques and reports on the concentrations of these 

contaminants measured in biosolids collected from North Carolina and California. 

Chapter 4 addresses the fates of these chemicals in a simulated biosolids land 

application scenario based on a greenhouse experiment. The general conclusions and 

contributions of this work are explored in Chapter 5.  
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1.2 Background on Flame Retardant Chemicals  

1.2.1 The Fire Problem in the United States 

Fire safety is an important concern in the United States, where fire death rates 

and property losses range from 2 – 2 ½ times those in similarly industrialized nations 

[1]. The National Fire Protection Association (NFPA) estimates that in 2011, over 484,500 

structure fires were reported, causing over 2,600 civilian deaths and $9.7 billion in 

property damage [2]. The leading cause of residential fires is cooking at 40.3%, followed 

by heating at 13.6% (Figure 1). Another important cause of fires is smoking, which 

causes only 2.4% of all residential fires but 18.2% of fatal residential fires [1].  

 

Figure 1. Causes of residential structure fires in 2007. Adapted from “FEMA: 

Fire in the United States 2003-2007” [1]. 
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Despite the severe nature of fires in the United States, some improvement in fire 

safety has been observed in recent years. Although the number of residential fires in this 

country remained relatively unchanged between 2003-2007, residential fire deaths 

dropped by 13.5% over the same period. The Federal Emergency Management Agency 

(FEMA) attributes this decrease in fire fatality largely to the now almost-universal 

prevalence of smoke alarms but also to other factors such as improvements in fire codes 

and public awareness [1]. Another approach used to address fire safety concerns is the 

use of flame retardant chemicals in flammable materials such as polymers and resins. 

Flame retardants comprise a wide-ranging group of chemical compounds that are used 

in a variety of building and construction materials as well as consumer products at 

relatively high concentrations in order to reduce flammability and slow the spread of 

fires. The widespread use of flame retardant chemicals in consumer products is driven 

at least in part by fire safety standards, which are regulated at both the state and federal 

levels in the United States. One such standard, California Technical Bulletin 117 (TB 

117), took effect in 1975 [3] and requires filling materials (such as polyurethane foam) 

used in residential upholstered furniture to withstand a 12-second open flame test [4]. 

Although TB 117 and many other similar state and federal flammability standards do 

not actually require the use of chemical flame retardants, the application of flame 

retardants is often the easiest and most inexpensive way for manufacturers to comply. 

Additionally, although TB 117 applies only to furniture sold in the state of California, 
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the rule affects consumers on a national scale because manufacturers are often unwilling 

to engineer separate products for the California and national markets [5]. As a result of 

standards such as TB 117, flame retardant chemicals have become ubiquitous in the 

indoor environment.   

1.2.2 Flame Retardant Chemicals 

1.2.2.1 Types of flame retardants 

In 1997, the World Health Organization estimated that there were more than 175 

flame retardants commercially available at that time [6]. These chemicals can be divided 

up into four general groups: inorganic, halogenated organic, phosphorus-containing, 

and nitrogen-containing flame retardants (Figure 2).  

 

Figure 2. Categories of flame retardant chemicals (Adapted from 

Environmental Health Criteria 192 [6]). 
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1.2.2.2 Halogenated flame retardants (HFRs) 

Of these four classes, halogenated organic flame retardants (HFRs) typically 

contain either bromine (Br) or chlorine (Cl) and can be either aliphatic or aromatic. HFRs 

act in the gas phase of the flame reaction by interfering with the free radical chain 

reaction mechanism. HFRs release comparatively low-energy halogen-containing 

species that compete for the high-energy free radicals (such as H˙ and OH˙) that are 

essential for flame propagation, thereby reducing the heat generated and slowing or 

stopping the combustion process [6, 7]. Although usage statistics on HFRs are difficult to 

obtain, it is known that worldwide use of brominated flame retardants (BFRs) has risen 

steadily over the past few decades; the global demand for BFRs was 410,000 metric tons 

(MT) in 2008, up from 310,000 MT in 2000 and 145,000 MT in 1990 [8, 9]. HFRs are used 

in a wide array of consumer products including plastics, textiles, polyurethane foam, 

and electronics. Flame retardants are incorporated into these materials in either a 

reactive or an additive nature. Reactive flame retardants are chemically bound to the 

polymer either by incorporation into the backbone as a comonomer or by grafting flame 

retardant monomers onto the pre-formed backbone, whereas additive flame retardants 

are introduced after the manufacture of the polymer and during manufacture of the end 

product, along with other additives such as plasticizers [7, 10]. Flame retardants 

incorporated into products in this additive manner are more likely to migrate out of 

those products over time. Most chemical flame retardants are used as additives [7] and 
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may therefore leach out of consumer products and pose exposure risks to humans and 

wildlife. 

1.2.2.3 Polybrominated diphenyl ethers (PBDEs) 

Polybrominated diphenyl ethers (PBDEs) are one class of historically widely 

used BFRs. The general structure of PBDEs is shown in Figure 3, which depicts the 

diphenyl ether backbone substituted with between 1 and 10 bromine atoms. This yields 

a possible 209 individual PBDE compounds, or congeners, which are identified by the 

naming scheme “BDE XXX,” where “XXX” represents a number identifying a specific 

structure. PBDEs of a given homologue group are commonly referred to according to 

the number of bromine atoms they have in common (i.e., decaBDE, nonaBDEs, 

octaBDEs, etc.). The numeric names given to the PBDE congeners in each homologue 

group are outlined in Table 1. 

 

Figure 3. General structure of PBDEs. 
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Table 1. PBDE congeners and homologue groups. 

Homologue Group Congener Numbers in Group 

Mono 1-3  

Di  4-15 

Tri  16-39 

Tetra  40-81 

Penta  82-127 

Hexa  128-169 

Hepta  170-193 

Octa  194-105 

Nona  206-208 

Deca 209 

 PBDEs have been marketed in three types of commercial mixtures known as 

PentaBDE, OctaBDE, and DecaBDE, with each mixture containing different proportions 

of the various congeners. PentaBDE and OctaBDE consist primarily of tetra- through 

hexabrominated and hepta- through octabrominated congeners, respectively, while 

DecaBDE is made up almost exclusively of the fully brominated PBDE congener, BDE 

209 (see Table 2 for structure) [9]. PentaBDE has primarily been used in polyurethane 

foam and textiles whereas OctaBDE’s primary use was in plastics commonly used in 

electronic equipment. DecaBDE is used in a wider variety of consumer products 

including textiles and plastics for electronics [11, 12].  

Due to mounting concerns over the persistence, bioaccumulation potential, and 

toxicity of PBDEs, the commercial mixtures PentaBDE and OctaBDE were banned in 

Europe and voluntarily phased out by manufacturers in the United States in 2004 [13]. 

Additionally, on May 8th 2009, the Convention of the Parties of the Stockholm 

Convention on Persistent Organic Pollutants (POPs) listed components of both 
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commercial mixtures (i.e., tetra- through heptabromodiphenyl ethers) as POPs under 

Annex A of the Convention, which calls for their elimination with only the possibility of 

very strict, time-limited exemptions [14]. The third commercial mixture, DecaBDE, has 

also recently begun facing increasing restrictions in the United States and elsewhere [15-

17] and will undergo a voluntary phase-out by manufacturers in the United States by the 

end of 2013 [18]. However, many PBDE-treated products such as residential furniture 

will have a lifetime of many years (up to 30, according to furniture industry estimates 

[3]), creating a large indoor reservoir of PBDEs that will persist long after these phase-

outs have taken effect. 

As previously discussed, PBDEs, like most flame retardants, are used as 

additives and can thus migrate readily from consumer products out into the 

environment [12]. PBDEs have been detected globally in humans, wildlife, and 

environmental compartments in both terrestrial and aquatic ecosystems [12]. PBDEs 

have been associated with a variety of adverse effects including hormone disruption, 

reproductive consequences, neurotoxicity, obesity, and cancer [19-27]. Unlike levels of 

historic organochlorine pollutants such as polychlorinated biphenyls (PCBs) which are 

declining over time in humans and the environment [28, 29], levels of PBDEs have been 

on the rise over the past few decades. A 2004 meta-analysis of PBDE concentrations in 

humans and the environment found that PBDE concentrations in human blood, milk, 

and tissue have increased exponentially over the past 30 years, with a doubling time of 
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about 5 years [30]. Additionally, significant increases in PBDE concentrations over time 

have been observed in marine mammals, birds’ eggs, and sediments [30].   

1.2.2.4 Hexabromocyclododecane (HBCD) 

Another widely used additive BFR, hexabromocyclododecane (HBCD; see Table 

2), is primarily used in polystyrene foam, textiles, and electronic equipment [12, 31]. The 

estimated global demand for HBCD in 2003 was 22,000 tons [32], and HBCD is currently 

the most widely used cycloaliphatic additive BFR [33]. The production of HBCD yields 3 

stereoisomers: α-, β-, and γ-HBCD. The commercial product consists of roughly 75-89% 

γ-HBCD, 10-13% α-HBCD, and 1-12% β-HBCD [34]. Although biological samples are 

typically dominated by the α-HBCD stereoisomer, abiotic samples such as sludge and 

biosolids often have an isomer composition similar to that of the commercial product 

(Figure 4). This variation is generally explained by solubility differences among the 

isomers (α-HBCD: 4.9 x 10-5 g/L; β-HBCD: 1.5 x 10-5 g/L; γ-HBCD: 2.1 x 10-6 g/L [35]) that 

affect partitioning, as well as differences in their uptake and metabolism by organisms 

[36, 37].  
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Figure 4. HBCD stereoisomer distribution in abiotic and biotic environmental 

samples given in percent of total HBCD [36]. 

HBCD has been detected in humans, birds, marine mammals, and most 

environmental compartments including dust, air, sediment, soil, and sludge [36]. Due to 

growing concerns over its persistence, widespread detection, and potential for 

reproductive, neurological, and developmental toxicity [36, 38], HBCD is currently being 

considered for inclusion in the Stockholm Convention [39] and is also under evaluation 

by the U.S. Environmental Protection Agency (US EPA) [40].  

1.2.2.5 Alternate flame retardants  

As the use of PBDEs becomes increasingly restricted worldwide due to their 

persistence, bioavailability, and potential toxicity, a growing number of alternate flame 

retardants are seeing increased use as PBDE replacements in an effort to comply with 

fire safety standards such as TB 117 [41].  
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One such replacement flame retardant is the commercial mixture Firemaster® 

550 (FM 550). Approximately 50% of FM 550 is a mixture of triaryl phosphates and 

triphenyl phosphate (TPP). The remainder of the mixture is composed of Firemaster® 

BZ-54, which contains the two BFRs 2-ethylhexyl-2,3,4,5-tetrabromobenzoate (TBB) and 

di(2-ethylhexyl)-2,3,4,5-tetrabromophthalate (TBPH; see Table 2) [41, 42]. TBPH is also 

present in the commercial mixture DP-45, which is used as a flame retardant plasticizer 

for polyvinylchloride (PVC) applications [43]. FM 550 is marketed as a replacement for 

PentaBDE and is used primarily in polyurethane foam in products such as furniture and 

automobiles [44, 45]. All three commercial products are manufactured by Chemtura. 

Notably, TBPH is a tetrabrominated analogue of di(2-ethylhexyl)-phthalate (DEHP), a 

common plasticizer that is now restricted in children’s toys because of its endocrine 

disrupting properties [46, 47]. TBB and TBPH have recently been detected in indoor dust 

and sewage sludge as well as in marine mammals from Hong Kong, South China [41, 48, 

49]. Little is known about the environmental fates of TBB and TBPH, although their 

potential for bioaccumulation and toxic effects in fathead minnows has recently been 

reported [42]. The structural similarities between PBDEs and TBB and TBPH 

(aromaticity, high degree of bromination) suggest that these compounds will display 

similar partitioning behaviors in the environment. Although the use of TBB and TBPH is 

currently unrestricted, the EPA announced in June 2012 its plan to conduct a risk 

assessment on these compounds over the next two years [50]. 
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Other BFRs currently in use include hexabromobenzene (HBB) and 1,2-bis(2,4,6-

tribromophenoxy)ethane (BTBPE; see Table 2). HBB has historically been used as an 

additive flame retardant in materials such as paper and plastics. Although production 

volume data are scarce for HBB, it is not thought to be a high production volume 

chemical; in 1998 its production/import volume was between 10,000-500,000 pounds 

[51]. BTBPE, another additive BFR, is a high production volume chemical [51] and is 

sold by Chemtura Corporation under the name Firemaster® 680 (FM 680). FM 680 has 

been in production for over 25 years but recently has been marketed as an OctaBDE 

replacement product [52, 53].  

Organophosphorus (OP) esters comprise another class of flame retardants 

currently receiving attention for their potential to contaminate the environment. 

Organophosphorus flame retardants (OPFRs) such as tris(1-chloro-2-propyl) phosphate, 

tris(1,3-dichloro-2-propyl) phosphate, and triphenyl phosphate (TCPP, TDCPP, and 

TPP, respectively; see Table 2) have been in use since the late 1970s. TDCPP was phased 

out from use as a flame retardant in children’s sleepwear after it was shown to be 

weakly mutagenic [54] and today is considered a probable human carcinogen [7, 54-56]. 

However, it is now one of the primary flame retardants detected in polyurethane foam 

in furniture, indicating that it is being used as a replacement for PentaBDE [44, 57]. 

OPFRs were recently detected in airborne particles over the Northern Pacific, Indian, 
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Arctic, and Southern Oceans, a finding which highlights their global prevalence and 

suggests their potential for long-range global transport [58].  

Another nonbrominated flame retardant currently in use is Dechlorane Plus (DP; 

see Table 2). DP, a highly chlorinated compound and a reformulation of the banned POP 

Mirex, is now used as an additive flame retardant in materials such as wire cable 

coatings and is being considered as a replacement for DecaBDE in electronics [59]. DP 

has been in use for more than 40 years, but was only first reported in environmental 

samples in 2006 [60, 61] and since then has been measured in a variety of biotic and 

abiotic environmental samples in North America, including sediment [59, 62-64], tree 

bark [65, 66], air samples [67], indoor dust [68], aquatic food webs [64], herring gull eggs 

[69, 70], and bald eagle plasma [71]. 

1.2.2.6 Triclosan 

Although not a flame retardant, another contaminant of concern is 5-chloro-2-

(2,4-dichlorophenoxy)phenol (triclosan; see Table 2), a polychlorinated aromatic 

compound that bears structural similarities to PBDEs and is commonly used as a broad-

spectrum antimicrobial agent in personal care products (e.g., hand soaps, toothpaste, 

deodorant) and also in textile fibers in certain consumer products [72]. Triclosan is a 

ubiquitous environmental pollutant and has been measured in most abiotic 

environmental compartments as well as in aquatic organisms and humans [72]. 

Triclosan has also been shown to undergo transformation reactions to form other 
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problematic compounds; during wastewater treatment processes triclosan can undergo 

biotransformation to form methyl triclosan, a highly persistent metabolite [73]. 

Additionally, the chlorination of triclosan leads to the formation of chlorinated phenols 

and dioxins [74-77]. 
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Table 2. Structures and physical-chemical properties of target contaminants (KOW: octanol-water partition 

coefficient; KOA: octanol-air partition coefficient). 

Name Structure 

Molecular 

Weight 

(g/mol) 

Water 

Solubility 

(g/L) 

log KOW log KOA 

Henry's 

Law 

Constant 

(atm-

m3/mol) 

Vapor 

Pressure 

(Pa) 

Half-

Life in 

Soils 

(days) 

DecaBDE 

  

959.17 
3.0 x 10-5 

[78] 

9.97 

[78] 
18.42 1.19 x 10-8 

3.9 x 10-9 

[79] 
360 

HBCD 

  

641.7 

α: 4.9 x 10-5;  

β: 1.5 x 10-5;  

γ: 2.1 x 10-6 

[35] 

5.6 

[34] 
10.47 1.72 x 10-6 

6.3 x 10-5 

[80] 
120 

TBB 

  

549.92 
1.1 x 10-8 

[81] 

8.75 

[81]  
12.33 6.36 x 10-6 

4.57 x 10-6 

(EPI 

Suite) 

120 
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Name Structure 

Molecular 

Weight 

(g/mol) 

Water 

Solubility 

(g/L) 

log KOW log KOA 

Henry's 

Law 

Constant 

(atm-

m3/mol) 

Vapor 

Pressure 

(Pa) 

Half-

Life in 

Soils 

(days) 

TBPH 

  

706.15 
2.0 x 10-14 

[81]  

11.95 

[81] 
16.86 2.98 x 10-7 

2.3 x 10-9 

[81]  
120 

HBB 

  

551.49 
1.1 x 10-7 

[82] 

6.07 

[82] 
9.13 2.15 x 10-5 

2.24 x 10-6 

(EPI 

Suite) 

360 

BTBPE 

  

687.64 
2.0 x 10-4 

[81] 

9.15 

[81] 
15.67 7.32 x 10-9 

30.7 

[81] 

360 
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Name Structure 

Molecular 

Weight 

(g/mol) 

Water 

Solubility 

(g/L) 

log KOW log KOA 

Henry's 

Law 

Constant 

(atm-

m3/mol) 

Vapor 

Pressure 

(Pa) 

Half-

Life in 

Soils 

(days) 

TDCPP 

  

430.91 
7.0 x 10-3 

[81] 

3.65 

[81] 
10.62 2.61 x 10-9 

9.8 x 10-6 

[81] 
360 

TCPP 

  

327.57 
1.2 

[82] 

2.59 

[82] 
8.20 5.96 x 10-8 

2.69 x 10-3 

[82] 
120 

TPP 

  

326.29 
1.9 x 10-3 

[83] 

4.59 

[84] 
8.46 3.98 x 10-8 

8.40 x 10-4 

[84] 
75 
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Name Structure 

Molecular 

Weight 

(g/mol) 

Water 

Solubility 

(g/L) 

log KOW log KOA 

Henry's 

Law 

Constant 

(atm-

m3/mol) 

Vapor 

Pressure 

(Pa) 

Half-

Life in 

Soils 

(days) 

DP 

  

653.73 
4.4 x 10-11 

[81] 

11.6 

[81] 
14.79 7.44 x 10-6 

9.5 x 10-8 

[81] 
360 

Triclosan 

  

289.55 
1.2 x 10-2 

[85] 

4.8  

[85] 
11.45 4.99 x 10-9 

6.9 x 10-4 

[85] 
120 

Log KOA and Henry’s Law Constant values calculated using EPI Suite v. 4.10. 

Half-life values predicted using PBT Profiler (http://www.pbtprofiler.net/). 

 

 

 

http://www.pbtprofiler.net/
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1.3 Land Application of Biosolids 

1.3.1 Background on Land Application 

One case where the fates of current-use and historical flame retardants remains 

poorly understood is in soil amended with treated municipal sewage sludge, or 

biosolids. Land application of biosolids is widely thought to be a beneficial solid waste 

disposal approach in the United States; however, biosolids are commonly contaminated 

with chemicals of concern such as flame retardants, pesticides, PPCPs, and 

perfluorinated chemicals. Therefore widespread land application of these biosolids may 

increase concentrations of these pollutants in the terrestrial environment and enhance 

their potential for bioaccumulation and long-range transport. Thus, a thorough 

understanding of the environmental fates of flame retardants in biosolid-amended soil is 

critical. 

Under the Clean Water Act, the US EPA requires that municipal and industrial 

wastewater be treated to meet certain water quality standards before it can be 

discharged back into the environment. Centralized municipal wastewater treatment 

plants (WWTPs) treat the domestic sewage of over 75% of the United States population 

[86]. In these WWTPs, influent goes through primary, secondary, and sometimes tertiary 

treatment processes, with municipal WWTPs being required to meet a minimum of 

secondary treatment under the Clean Water Act [86].  
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Upon reaching the WWTP, the first treatment process, also called preliminary 

treatment, involves the use of mechanical screens to remove large objects that may clog 

or damage downstream equipment. Screened influent then flows into a grit chamber, 

where sand, grit, and small stones are allowed to settle out of the wastewater prior to 

additional treatment [86]. After preliminary treatment, sewage undergoes primary 

treatment, a physical treatment process in which the wastewater flows into primary 

sedimentation tanks where the flow is slowed down and suspended solids are allowed 

to settle to the bottom of the tank, forming primary sludge [86]. The resultant partially 

clarified wastewater, or primary effluent, then undergoes secondary treatment, which 

uses biological processes to remove up to 90% of the organic matter in wastewater [86]. 

These processes are divided into either attached growth (fixed film) or suspended 

growth processes. In attached growth processes such as trickling filters, microbial 

biomass is grown on a medium such as plastic or stone, and wastewater is passed over 

the surface of the media aerobically such that organic matter is metabolized by the 

microbes [87]. By contrast, in suspended growth secondary treatment processes such as 

activated sludge treatment, microbial biomass is suspended in wastewater in an aeration 

tank [86, 87]. Secondary effluent is then either disinfected and discharged or further 

treated via tertiary processes to remove additional contaminants, while the sludge 

accumulated throughout the treatment process typically undergoes either anaerobic or 

aerobic digestion or composting to reduce organic matter content and pathogen load 
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and is then dewatered prior to use or disposal. A treatment schematic for a typical full-

scale activated sludge wastewater treatment facility is shown in Figure 5 [88].  

 

Figure 5. Treatment schematic for an example full-scale activated sludge 

wastewater treatment plant [88]. 

In order to be used or disposed of safely as per the Part 503 Rule [89], this 

resulting sewage sludge must have been treated for pollutants such as pathogens and 

metals as described above. This treated sludge (or biosolids) is rich in organic matter, 

nutrients, and essential trace metals, and can thus serve as a beneficial soil enrichment in 

agriculture, forestry, and other land uses. In 1999, the US EPA issued a report estimating 

that of the 6.9 million tons of biosolids produced in the country in 1998, about 41%, or 

2.8 million tons, were applied to land as a soil amendment. An additional 19% received 

further treatment or were put to another beneficial use, while the remaining 40% were 

discarded in landfills or incinerated. An estimated 4 million dry tons of biosolids were 

land-applied to soils in the United States in the year 2004 alone [90]. The 50% increase in 

biosolid production in the United States between 1972 and 1998 [91], coupled with the 
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increasing percentage of those biosolids being applied to land, highlights the importance 

of understanding the environmental impacts of land application.  

In 1982, the US EPA began a scientific risk assessment of the land application of 

biosolids for the development of the Part 503 Rule. This risk assessment sought to 

determine whether the land application of biosolids resulted in an acceptable level of 

environmental change, such that human and environmental health were “still protected 

from reasonably anticipated adverse effects of pollutants in biosolids” [89]. In 

consultation with panels of scientific experts, the EPA selected 50 pollutants for the 

detailed risk assessment. This list consisted of metals such as lead and mercury, but also 

a variety of historic persistent organic pollutants such as 

dichlorodiphenyltrichloroethane (DDT), dioxins, furans, and PCBs. The final rule, 

published in the Federal Register in 1993, requires no regulation of organic pollutants in 

biosolids because the risk assessment determined that all of the organic pollutants 

examined were either banned or restricted for use in the United States, no longer 

manufactured in the United States, or not present in biosolids at sufficient 

concentrations to exceed safety limits [89]. However, this risk assessment evaluated only 

historic organic contaminants and thus overlooks the potential risks posed by emerging 

organic contaminants in biosolids. Concentrations of these emerging pollutants are 

increasing in the environment over time, and while some are known to be 
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environmentally problematic, others remain largely unstudied. Thus, the environmental 

impacts of land application of biosolids must be reconsidered.  

1.3.1 Contaminants of Interest in Biosolids 

Some of the highest concentrations of PBDEs found in North America have been 

measured in biosolids (commonly > 1 mg/kg dry weight (dw) [92, 93]). The presence of 

high levels of PBDEs in municipal wastewater influent is likely due in part to 

contaminated residential wastewater from homes that contain PBDE-laden products. 

PBDEs in the wastewater stream sorb tightly to wastewater solids [94], thereby resulting 

in high concentrations in sewage sludge. This sorption is driven by the high 

hydrophobicity of PBDEs, which have log octanol-water partition coefficients (log KOW) 

ranging from ~5 for tribrominated congener BDE 17 up to ~10 for BDE 209 [78, 95]. 

Certain PBDE congeners have been shown to bioaccumulate in earthworms in biosolid-

amended soil [96]. Additionally, certain food and forage crops have been demonstrated 

to accumulate PBDEs from soil spiked with select PBDE congeners in solvents [97] or 

when grown in pure sludge [98]. However, limited data show that uptake and 

accumulation is less likely to be observed in field studies [99], suggesting that 

experimental designs involving spiked soil or pure sludge rather than biosolid-amended 

soil may overestimate the bioavailability of PBDEs to plants. Thus, the fate of PBDEs in 

biosolid-amended soil remains unclear and further study is needed to determine 
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whether land application of biosolids enhances the bioaccumulation potential of PBDEs 

in the terrestrial environment. 

Often, BDE 209 is found to be the most abundant PBDE congener detected in 

biosolids [92]. This congener profile is of some concern because several studies have 

demonstrated that BDE 209 and other higher brominated congeners can undergo 

photolytic and microbial degradation reactions in a variety of environmental media 

including soil and sewage sludge [100, 101]; the primary degradation products of these 

reactions are nona- and octaBDEs, and other less brominated PBDE congeners. In 

general, the persistence, bioaccumulation potential, and toxicity of PBDEs all increase 

with decreasing degree of bromination [24, 102]. Land-applied biosolids containing high 

levels of DecaBDE may therefore constitute a source of these environmentally 

problematic less brominated PBDE congeners in the terrestrial environment, making it 

important to examine the degradation reactions of DecaBDE in the environment and 

specifically in biosolid-amended soil. However, the presence of nona- and octaBDEs at 

background levels in soils and biosolids make it difficult to trace the degradation of 

DecaBDE in situ, and this knowledge gap may only be filled by laboratory studies that 

seek to identify markers of degradation that can easily be quantified in environmental 

samples. 

Many of the PBDE replacement compounds have also been detected in sewage 

sludge and biosolids but are typically present at concentrations comparable to or lower 
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than the total PBDE burden. TBB and TBPH have been detected in biosolids from North 

Carolina and California WWTPs [103]. HBB, BTBPE, and syn- and anti-DP were recently 

measured in Ontario sewage sludge [104]. Another recent study reported levels of TBB, 

TBPH, BTBPE, and syn- and anti-DP in sludge samples from a WWTP in the mid-

Atlantic US [48]. Data on OPFRs in North American sewage sludge are scarce; however, 

a Swedish study investigating the mass balance of OPFRs in WWTPs concluded that 

<1% of the annual amount of OP flame retardants in influent ends up in sludge [105]. 

Due to its widespread use in personal care products and its typical “down the drain” 

disposal, triclosan is often detected at high concentrations in wastewater and biosolids; 

one study reported an average triclosan concentration of 30,000 ± 11,000 ng/g dw in 

digested sludge [88]. In addition, triclosan is toxic to aquatic biota and has been shown 

to bioaccumulate readily in earthworms in biosolid-amended soil [106, 107].  

1.4 Research Objectives 

The overall objective of this research was to develop a comprehensive 

understanding of the specific chemical fates of PBDE and non-PBDE flame retardants 

and triclosan in biosolid-amended soil. To accomplish this objective, three specific aims 

were set for this dissertation. The first objective (Chapter 2) was to investigate the 

photodegradation pathways and products of select PBDEs and replacement BFRs TBB 

and TBPH in an effort to better monitor degradation of these compounds in complex 

environmental settings such as biosolid-amended soil. To accomplish this objective, each 
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flame retardant of interest was individually dissolved in a suite of different solvents and 

exposed to natural sunlight in UV transparent glass vials. Samples were then analyzed 

for parent compounds and degradation products via gas chromatography/mass 

spectrometry (GC/MS). Photodegradation products of PBDEs that can be used as 

markers of environmental degradation were identified and the photodegradation 

potential of TBB and TBPH was demonstrated. 

The second objective (Chapter 3) was to develop an analytical method for the 

measurement of flame retardants and triclosan in biosolids. Biosolids are very complex 

matrices that often present analytical challenges, and direct measurement strategies that 

incorporate a broad range of compounds are advantageous. Additionally, the chemical 

analysis of biosolids collected from municipal WWTPs can help determine whether 

contaminants of concern such as flame retardants and triclosan are migrating from the 

indoor environment to the outdoor environment. Complementary gas and liquid 

chromatography techniques were used to measure the concentrations of PBDE and non-

PBDE flame retardants and triclosan in biosolids collected from North Carolina and 

California WWTPs.  

The final objective (Chapter 4) was to examine the effects of a forage crop and 

varying biosolid amendment rates on the fates of contaminants in biosolid-amended 

soil. A 60-day greenhouse study was conducted to determine whether a suite of 

brominated and chlorinated flame retardants, as well as triclosan, would be 
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accumulated by alfalfa grown in the amended soil and/or undergo transformation 

reactions over time. Concentrations of the analytes of interest were measured in the soil 

as well as the above- and below-ground plant biomass. 

Lastly, Chapter 5 discusses the general conclusions of this project and the 

implications for our understanding of contaminant fate in biosolid-amended soils.  
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2. Photodegradation Pathways of Nonabrominated 
Diphenyl Ethers, 2-Ethylhexyltetrabromobenzoate, and 
Di(2-ethylhexl)tetrabromophthalate: Identifying Potential 
Markers of Photodegradation  

This chapter was published in Davis, E.F., Stapleton, H.M. (2009) Environmental 

Science & Technology, 43, 5739–5746.  

2.1 Introduction 

Polybrominated diphenyl ethers (PBDEs) have historically been the most widely 

used class of brominated flame retardants (BFRs), being applied as additives to 

combustible materials such as polyurethane foam, plastics, and textiles in order to 

decrease flammability [108]. PBDEs have received a great deal of attention due to their 

persistence and potential toxicity; additionally, they have been detected globally in 

humans, wildlife, and environmental media [12]. As a result, two of the three 

commercial PBDE mixtures, PentaBDE and OctaBDE, were banned in Europe and 

voluntarily phased out in the United States in 2004 [13]. The third commercial mixture, 

DecaBDE (which consists primarily of the fully brominated diphenyl ether congener, 

BDE 209), remains one of the most heavily used BFRs worldwide. However, DecaBDE 

has recently begun to face restrictions in the United States and elsewhere [15-17].  

Several studies have shown that BDE 209 can undergo photolytic degradation in 

solvents when exposed to UV radiation and/or natural sunlight [101, 109-111]. 

Generally, these studies all suggest that DecaBDE undergoes reductive debromination, 
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forming less brominated congeners which can be more recalcitrant to further 

breakdown. This breakdown pattern is of some concern as the lower brominated PBDE 

congeners formed as a result of debromination are generally more persistent, 

bioaccumulative, and toxic [24, 102].  

The photodegradation of DecaBDE has been investigated in a wide variety of 

natural and artificial matrices. Soderstrom et al. studied exposed DecaBDE in toluene, 

silica gel, sand, soil, and sediment to artificial UV radiation; photodegradation kinetics 

were highly variable among the different matrices, with half-lives ranging from less than 

15 minutes (toluene) to 200 hours (soil) [101]. Additionally, Stapleton et al. calculated a 

half-life of 301 hours for DecaBDE photodegradation in house dust [111]. These 

variations in degradation rates between sample matrices have been explained by 

differences in the radiation shielding of the matrix, as well as the presence of light co-

absorbers in different matrices [101, 111].  

Several studies have investigated photodegradation reactions in artificial 

matrices such as solvents, which facilitate photodegradation kinetics by providing 

minimal radiation shielding as well as even exposure to light sources. Thus, more can be 

learned about the basic chemical behaviors of individual PBDE congeners. Six PBDEs 

(BDE 28, 47, 99, 100, 153, and 183) have been shown to undergo reductive 

photodegradation in hexane [110]. Eriksson et al. investigated the photodegradation 

kinetics of 15 PBDE congeners in different solvents exposed to UV light, determined the 
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major products of BDE 209 degradation, and examined the photodegradation kinetics of 

all three nona-BDEs (2,2',3,3',4,4',5,5',6-nonabrominated diphenyl ether (BDE 206), 

2,2',3,3',4,4',5,6,6'-nonabrominated diphenyl ether (BDE 207), and 2,2',3,3',4,5,5',6,6'-

nonabrominated diphenyl ether (BDE 208); see Figure 6 for structures) in methanol and 

methanol/water [109]. These studies have shown that DecaBDE debrominates rapidly in 

solvents. However, it is quite difficult to trace the pathways by which BDE 209 degrades 

through sequential removal of the bromine atoms. The rapid formation of all three nona-

BDEs and several octa-BDEs from photodegradation of DecaBDE makes it impossible to 

determine how the individual nona-BDEs degrade to specific octa-BDE congeners. This 

pathway may only be elucidated by an experimental determination of the 

photodegradation products of nona-BDEs. More information is needed on the specific 

products and relative kinetics of nona-BDE photodegradation reactions in order to better 

understand the environmental debromination of DecaBDE. 
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Figure 6. Structures of (A) BDE 206, (B) BDE 207, (C) BDE 208, (D) TBB and (E) TBPH. 

Due to the growing restrictions on PBDEs there has been an increased use of 

alternate types of BFRs in order to comply with federal fire safety standards. Among 

these alternate BFRs currently in use are 2-ethylhexyl 2,3,4,5-tetrabromobenzoate (TBB) 

and di(2-ethylhexyl)-2,3,4,5-tetrabromophthalate (TBPH), the brominated components of 

the commercial fire retardant mixture Firemaster 550 (FM 550) [41] (See Figure 6 for 

structures). TBB and TBPH are also present in the fire retardant mixture known as BZ 

54, and TBPH alone is found in a commercial mixture known as DP-45, all of which are 

manufactured by Chemtura Inc. [43]. These previously unstudied compounds were 

recently detected in indoor dust and San Francisco biosolids [41, 112]. TBPH is a 

tetrabrominated analogue of di(2-ethylhexyl)-phthalate (DEHP), a common plasticizer 
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now heavily restricted in children’s toys due to its endocrine disrupting effects [46, 47]; 

thus, reductive debromination of TBPH may result in the formation of compounds with 

properties similar to those of DEHP. No studies to date have evaluated the 

photodegradation potential or environmental fates of TBPH or TBB; however, these 

compounds share many similar structural characteristics with PBDEs (e.g., aromatic 

rings, bromination) and thus may be expected to behave similarly to PBDEs in the 

environment. 

The present study was undertaken to determine the relative degradation rates of 

the three nona-BDE congeners in solvents and to identify their primary degradation 

products. Additional objectives of this study were to examine the mass balance of the 

nona-BDEs following photodegradation, and to determine if any identifiable 

degradation products could serve as “markers” of environmental debromination of 

DecaBDE. Here we refer to markers as any photodegradation product of both DecaBDE 

and nona-BDEs that can be found in environmental samples that would not have a 

commercial source. Furthermore, we included TBB and TBPH in this study as they are 

becoming more prevalent in the environment and nothing is known about their 

potential photodegradation behavior. 
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2.2 Materials and Methods 

2.2.1 Materials 

All solvents used in these experiments (hexane, toluene, tetrahydrofuran, and 

methanol) were chromatography-grade. Clear 4-mL glass vials (screw thread with PTFE 

caps) with high UV transmittance were purchased from VWR Scientific (West Chester, 

Pennsylvania). Standards for the three nona-BDE congeners 2,2',3,3',4,4',5,5',6-

nonabrominated diphenyl ether (BDE 206), 2,2',3,3',4,4',5,6,6'-nonabrominated diphenyl 

ether (BDE 207), and 2,2',3,3',4,5,5',6,6'-nonabrominated diphenyl ether (BDE 208) and 

the standards for 2-ethylhexyl 2,3,4,5-tetrabromobenzoate (TBB) and di(2-ethylhexyl)-

2,3,4,5-tetrabromophthalate (TBPH) (all 50 μg/mL) were purchased from Wellington 

Laboratories (Guelph, Ontario). The BDE 209 standard (2.156 μg/mL) was prepared from 

neat BDE 209 purchased from AccuStandard (New Haven, Connecticut). Internal and 

recovery standards 4’fluoro-2,3’,4,6-tetrabromodiphenyl ether (F-BDE 69), 4’fluoro-

2,3,3',4,5,6-hexabromodiphenyl ether (F-BDE 160), and 4’,6-difluoro-2,2’,3,3’,4,5,5’,6-

octabromodiphenyl ether (F-BDE 201) were purchased from Chiron (Trondeheim, 

Norway); the 13C labeled BDE 209 internal standard was purchased from Wellington 

Laboratories.  

2.2.2 Standards 

The stock standards of BDE 206, BDE 207, and BDE 208 were diluted to 

concentrations of 24.42 ± 1.20 µg/mL, 20.88 ± 1.32 µg/mL, and 19.99 ± 3.97 µg/mL, 
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respectively, which were determined using gas chromatography/mass spectrometry 

operated in electron capture negative ionization mode (GC/ECNI-MS) using previously 

published methods [111]. The TBB and TBPH stock standards were each diluted from 50 

µg/mL to final concentrations of 1.0 µg/mL each. All standards were >98% pure. 

2.2.3 Sample Preparation 

To prepare each sample, an aliquot of a given standard (diluted nona-BDE 

standards: 25 µL; diluted TBB and TBPH standards: 500 µL; stock BDE 209 standard: 150 

µL) was added to the bottom of a clear 4-mL glass vial, followed by 1 mL of either 

toluene, methanol, or tetrahydrofuran (THF) such that the starting concentration of the 

analyte in each vial was approximately 500 ng/mL (or, in the case of BDE 209, 

approximately 300 ng/mL). The vial was then capped and the contents were briefly 

vortexed. Sunlight exposure experiments were conducted for BDE 206, BDE 207, BDE 

208, BDE 209, TBB, and TBPH in each of the three solvents. The BDE 209 experiment was 

included in order to better compare the kinetics data from our experiments with the 

published values for BDE 209. The actual average starting concentrations (n=9) of BDE 

206, BDE 207, BDE 208, BDE 209, TBB, and TBPH in the samples were verified using 

GC/ECNI-MS, and were found to be 454.06 ± 31.99, 408.54 ± 41.67, 427.20 ± 28.50, 216.71 

± 5.13, 426.06 ± 43.05, and 426.80 ± 42.86 ng/mL, respectively.  
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2.2.4 Sunlight Exposure 

Exposure was conducted outside the Levine Science Research Center building at 

Duke University in Durham, North Carolina (35° 59′ 19″ latitude, 78° 54′ 26″ longitude). 

All samples were exposed to sunlight between the summer and early fall of 2008. Vials 

were placed outside on a foil-lined tray for direct sunlight exposure. At predetermined 

time points (nona-BDEs and deca-BDE: 2, 5, 15, and 30 minutes; TBB and TBPH: 5, 15, 

30, 60, and 240 minutes), three vials of each treatment were removed from the tray, 

wrapped in aluminum foil, and stored in the laboratory until analysis. Average hourly 

incident solar radiation (W/m2) readings recorded using a pyranometer and average 

hourly temperature readings (°C) were obtained from a weather station maintained by 

the National Oceanic and Atmospheric Administration (NOAA), approximately 8 miles 

from the site of exposure. This latter information, presented in Table 10 of Appendix A, 

allowed us to compensate for any variations in incident solar radiation experienced from 

running the experiments on different days with different sunlight radiation levels.   

2.2.5 Analysis 

Samples were analyzed using our previously published methods [41, 111]. 

Further details concerning the standards used and GC/MS conditions can be found in 

Appendix A. A sub-sample of the nona-BDE samples were analyzed using liquid 

chromatography/tandem mass spectrometry (LC/MS-MS) in an effort to determine 

whether hydroxylated PBDEs and brominated phenols were formed. Additionally, 
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selected nona-BDE samples in toluene were analyzed for brominated dibenzodioxins 

and dibenzofurans (PBDDs/Fs) using high resolution gas chromatography/high 

resolution mass spectrometry (HRGC/HRMS) [113].  

2.2.6 Quality Assurance/Quality Control  

All sample treatments were prepared in triplicate at each time point, along with 

three laboratory blanks containing just the solvent. During the exposure period, three 

vials of each treatment were wrapped in foil and placed outside with the sunlight 

exposed samples as outdoor controls. Additionally, three vials of each treatment were 

wrapped in foil and kept at room temperature in the laboratory as indoor controls. All 

samples and controls were extracted and analyzed at the same time. Instrument 

detection limits (three times the signal in the blanks) ranged from 0.07 ng (BDE 153) to 

1.5 ng (BDE 209). All compounds monitored were either not detected or below the 

instrument detection limit in all blanks, and thus blank correction was not required. 

Recovery of the F-BDE 160 internal standard in the nona-BDE samples averaged 98% ± 

13%. Recovery of the F-BDE 201 internal standard in the TBB and TBPH samples 

averaged 98% ± 6%.  
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2.2.7 Data and Statistical Analysis  

The indoor control samples were treated as the initial time point (0 minutes 

sunlight exposure) in the sunlight experiments. To determine whether any 

photodegradation took place in the absence of sunlight (i.e., in the outdoor controls 

relative to the indoor controls, initial time point), statistical tests were performed using 

the programming language R (version 2.6.0). For all sample treatments, the means of the 

initial samples and the means of the controls were not significantly different at p < 0.05. 

Thus, no degradation occurred in the controls relative to the initial samples.  

To calculate photodegradation rate constants and half-lives, concentration data 

for each analyte over time were fit to a first order degradation model (Ct = C0 e-kt, where 

Ct represents the concentration at a given time t, C0 is the initial concentration, and k is 

the degradation rate constant).   

2.3 Results and Discussion 

2.3.1 Nona-BDE Photodegradation Kinetics  

Initial experiments were carried out to examine the photodegradation pathways 

of the nona-BDE congeners BDE 206, BDE 207, and BDE 208 in three different solvents 

exposed to natural sunlight. All three nonaBDE congeners underwent rapid 

photodegradation in methanol, toluene, and THF, albeit at different rates. Decay plots 

for the nona-BDEs are shown in Figure 14 in Appendix A. Because experiments were 

conducted at different time periods between mid-summer and early fall, the incident 
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solar radiation levels varied among the experiments. To compensate for this variable we 

normalized the observed rate constants to the cumulative solar radiation monitored 

during the specific exposure periods (i.e., the average hourly solar radiation values 

obtained from NOAA; see Tables 3 and 10). Thus all reported kinetic values are reported 

in units of min-1 W-1 m2. To compare half-lives among the analytes and treatments, 

normalized rate constants were then multiplied by the value 687.5 W/m2, an average 

daily solar radiation value for an autumn day in Durham, North Carolina, USA. The 

values for the uncorrected and corrected rate constants, along with the calculated half-

lives, are presented in Table 3. 
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Table 3. Photodegradation kinetics calculated for BDEs 206, 207, 208, 209, TBB, and 

TBPH. 

Sample Treatment Raw ka (min-1) 

Normalized kb, x 10-4 

(min-1 W-1 m2) Corrected t1/2c (min) 

   Nona-BDEs  

Toluene 0.1511 1.78 5.67 

206           Methanol 0.0678 0.797 12.65 

            THF 0.0307 0.789 12.78 

Toluene 0.2016 2.37 4.25 

 207          Methanol 0.1191 1.40 7.20 

            THF 0.0546 1.40 7.18 

Toluene 0.181 2.13 4.74 

 208          Methanol 0.096 1.13 8.93 

            THF 0.046 1.18 8.53 

   BDE 209  

Toluene 0.1083 2.78 3.62 

209           Methanol 0.0554 1.42 7.08 

            THF 0.0751 1.93 5.22 

   TBB and TBPH  

Toluene 0.0218 0.0621 162.34 

TBB         Methanol 0.0135 0.107 94.59 

            THF 0.0149 0.118 85.70 

Toluene 0.0240 0.0684 147.46 

TBPH      Methanol 0.00580 0.0458 220.17 

            THF 0.00760 0.0600 168.03 
aCalculated rate constants based on raw data. 
bCalculated rate constants normalized to cumulative incident solar radiation during exposure period. 
cHalf-lives were calculated using the normalized rate constants and assuming an average solar radiation value for an 

early fall day in Durham, North Carolina (687.5 W/m2). 

BDE 207 experienced the most rapid photodegradation whereas BDE 206 was 

consistently found to have the slowest photodegradation rates in all three solvents. This 

finding is in agreement Eriksson et al.’s discovery that of the three nona-BDE congeners, 

BDE 207 photodegraded fastest whereas BDE 206 photodegraded slowest [109]. This 

finding is in contrast with modeled data from the literature. Specifically, Zeng et al. 

modeled photodegradation rate constants of nona-BDEs relative to BDE 209, and 

estimated that BDE 207 had the lowest calculated rate constant of the three congeners 
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while BDE 206 had the highest rate constant [114]. Another study using theoretical 

calculations of Gibbs free energy of PBDE congeners determined that of the nona-BDE 

homologue group, BDE 206 was predicted to be the least thermodynamically stable and 

BDE 207 to be the most stable [115]. Thus, experimental and modeled kinetics data for 

nona-BDEs are in contrast with one another. 

Based on the normalized rate constants calculated in our study, all three nona-

BDEs degraded fastest in toluene and each nona-BDE degraded at approximately the 

same rate in methanol as in THF (see Table 3). This is in contrast with the results of 

Eriksson et al., which compared experimental photodegradation rate constants for BDE 

207 in methanol and in THF, and found that BDE 207 reacted 1.4 times faster in THF 

than in pure methanol [109]. BDE 209 underwent photodegradation more rapidly than 

any of the nona-BDEs; this is in keeping with previous studies that reported increasing 

photodegradation rate with increasing degree of bromination [109, 110]. We calculated 

half-lives of 3.62, 7.08, and 5.22 min for BDE 209 in toluene, methanol, and THF, 

respectively; previous studies have reported a half-life of <15 min in toluene [101], as 

well as half-lives of 17.77 and 13.92 min in THF and methanol, respectively [109]; thus, 

we observed slightly more rapid kinetics than previously reported in the literature. 

Previous studies have hypothesized that PBDEs undergo reductive 

debromination in solvents, with a hydrogen atom abstracted from the solvent matrix 

acting as the reducing agent [110, 116]. Therefore, the hydrogen atom donation 
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capabilities of the three solvents used in the present study are best described by the 

bond dissociation enthalpies of those hydrogen atoms. For instance, toluene’s benzylic 

hydrogen has a bond dissociation enthalpy of 90 kcal/mol, which is lower than that for 

the ring hydrogen atoms (113 kcal/mol) [117], and therefore it is the benzylic hydrogen 

which is abstracted from toluene. The hydrogen atoms on tetrahydrofuran each have a 

bond dissociation enthalpy of 92 kcal/mol [118]. In the case of methanol, the alkyl 

hydrogen bond dissociation enthalpy is 96 kcal/mol, compared to 105 kcal/mol for the 

alcoholic hydrogen [117]. Therefore, the benzylic hydrogen on toluene has the weakest 

bond of any hydrogen atom on any of the three solvents, which likely explains why the 

most rapid kinetics observed in this study for any of the nona-BDEs occurred in toluene.  

2.3.2 Nona-BDE Photodegradation Products and Mechanisms  

Although no studies to date have investigated the specific photodegradation 

products of nona-BDEs, several studies have identified products of deca-BDE 

debromination. Two studies of BDE 209 photodegradation in solvents identified several 

octa-BDE products, but were unable to specifically confirm the structures of those 

products [101, 109]. Octa-BDEs 196 and 197 have been identified as photodegradation 

products of BDE 209 in sample matrices such as house dust [111], plastics [119], and 

hexane [120]. Octa–BDEs 202, 201, and 203/200 (co-eluting) have been identified as 

products of BDE 209 photolysis in house dust [111] and metabolic debromination in fish 

[121]. In addition to these six octabrominated congeners, BDEs 194 and 204 have been 
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identified as octabrominated products of electrolytic debromination of DE-83TM, a 

commercial decabromodiphenyl ether mixture [122]. BDEs 196, 197, 203, and 204 have 

been identified as octabrominated products of TiO2-mediated photoreductive 

debromination of BDE 209 [123].  

In this study, formation of octa- and heptabrominated diphenyl ether congeners 

was observed coincident with the loss of nona-BDEs in each experiment. Ten of the 12 

octabrominated congeners were confirmed by comparison to authentic standards (we 

lacked standards for BDE 199 and BDE 204). We also lacked standards for more than 

half of the possible hepta-BDE congeners and thus all identifications of hepta-BDEs are 

tentative based on agreement with the retention times of the available standards. The 

primary octa- and heptabrominated degradation products formed from each nona-BDE 

did not vary between solvents, suggesting that the solvent has minimal or no impact on 

the products formed by reductive debromination of nona-BDEs.  

The major octabrominated products formed from the degradation of BDE 206 

were BDE 203 and BDE 196 (see Figure 7(A)), demonstrating the removal of meta-

substituted bromine atoms; this is consistent with the pathway portrayed by Zeng et al. 

[114]. The formation of minor octabrominated products demonstrated the removal of 

ortho-substituted bromine atoms (BDE 205 and BDE 194) as well as a para-substituted 

bromine (BDE 198). The major heptabrominated products of BDE 206 were tentatively 

identified as BDE 179 and BDE 183, based on the retention times of the standards 
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available for our analysis. However, the formation of BDE 179 from BDE 206 would 

require a rearrangement of bromine atoms, thus it is possible that another 

heptabrominated congener may co-elute on our method with BDE 179. 

BDE 207 degraded to form BDE 196, BDE 201, and BDE 197 (as well as a 

compound that may be either BDE 200 or BDE 203, but which cannot be conclusively 

identified due to co-elution and bromine substitution patterns) as the major 

octabrominated products and thus demonstrating removal of ortho-, meta-, and para-

substituted bromines (see Figure 7(B)), and again following a pathway consistent with 

that proposed by Zeng et al. [114]. Additionally, small amounts of BDE 198 were 

formed. The major heptabrominated products of BDE 207 were tentatively identified as 

BDE 184, BDE 183, BDE 179, and BDE 170. The observation that BDE 197 and BDE 201 

form from BDE 207 in roughly equal amounts is also of interest. Previously, Stapleton 

and Dodder hypothesized that debromination of DecaBDE would lead to the formation 

of BDE 197 and BDE 201 in approximately equal ratios (i.e. 1:1), and that this ratio may 

serve as an indicator of environmental debromination [111]. BDE 197 and BDE 201 are 

only present in the commercial OctaBDE mixtures, with high ratios of BDE 197 to BDE 

201 (e.g. ~30) due to the dominance of BDE 197 [9]. Thus their presence in environmental 

samples will likely come from either OctaBDE sources or debromination of DecaBDE. In 

this study, the formation rate of BDE 197 (1.25x10-5 min-1 W-1 m2) was comparable to the 

formation rate of BDE 201 (9.52x10-6 min-1 W-1 m2) in toluene, which was similar to 
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relative trends observed in all three solvents. This observation supports the hypothesis 

of Stapleton and Dodder and suggests that this ratio may be a good indicator of 

DecaBDE debromination in environmental samples.   

The octabrominated products of BDE 208 were BDE 200, BDE 201, and BDE 202, 

thus demonstrating the removal of meta- and para-substituted bromines (Figure 7(C)). 

These products differ from those detected by Zeng et al. in the formation of BDE 201 in 

our study. One product of BDE 208 identified by Zeng et al. was BDE 203, an octa-BDE 

which co-elutes with BDE 200. However, the formation of BDE 203 would require a 

rearrangement of bromine atoms, and thus we identified this peak as BDE 200. Zeng et 

al. also identified the formation of BDE 199, but like us the authors lacked an authentic 

standard for BDE 199 [114]. Heptabrominated products formed from degradation of 

BDE 208 were tentatively identified as BDE 179, BDE 183, and BDE 181; however, the 

formation of BDE 183 and 181 from BDE 208 would require a rearrangement of bromine 

atoms, so more investigation is required to determine the identities of these products. 

BDE 202 was formed by the removal of the lone para-substituted bromine on BDE 208. 

BDE 202 is not present in any of the commercially available PBDE mixtures [9], but has 

been detected in a variety of environmental samples as a suggested metabolite or 

photodegradation product of BDE 209 [111, 124]. In this photodegradation experiment, 

BDE 202 was formed exclusively through reductive debromination of BDE 208; thus, 
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BDE 202 may serve as a useful marker congener in the evaluation of environmental 

debromination of the commercial DecaBDE mixture.  
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Figure 7. Debromination pathway showing major octabrominated products for A) 

BDE 206, (B) BDE 207, and (C) BDE 208 in methanol, with percent mass balance 

recovery of each debromination product after 5 minutes of sunlight exposure. 
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2.3.3 Nona-BDE Mass Balance  

To determine the efficiency with which nona-BDEs experience reductive 

debromination in these solvents, molar mass balance calculations were performed, 

comparing the treatments after approximately equal amounts of radiation exposure 

(THF samples: 97 W/m2; methanol and toluene samples: 71 W/m2). The average molar 

amount (n=3) of each congener in a given homologue group was summed, and the sum 

was divided by the average molar amount of nona-BDE (n=3) at time zero to obtain a 

percent of the mass balance represented by each homologue group. The total percent 

mass balance recovery was obtained by adding the sums of each homologue group 

together for a given sample treatment (see Table 4).  
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Table 4. Percent mass balance recovery, in terms of nmol, of the sum of all congeners 

in each homologue group after approximately 90 W/m2 of irradiance. 

 BDE 206   

Homologue Group Toluene Methanol Tetrahydrofuran 

Nona 51.91 77.42 61.18 

Octa 21.19 16.23 16.73 

Hepta 3.20 0.99 0.80 

Hexa 0.00 0.00 0.00 

Penta 0.00 0.00 0.18 

Tetra 0.00 0.00 0.01 

Tri 0.00 0.00 0.04 

Total 76.30 94.64 78.93 

 BDE 207   

Homologue Group Toluene Methanol Tetrahydrofuran 

Nona 37.02 72.94 48.47 

Octa 36.76 19.75 37.16 

Hepta 7.37 2.26 3.64 

Hexa 0.00 0.00 0.00 

Penta 0.00 0.00 0.00 

Tetra 0.00 0.00 0.00 

Tri 0.00 0.00 0.00 

Total 81.16 94.96 89.27 

 BDE 208   

Homologue Group Toluene Methanol Tetrahydrofuran 

Nona 41.87 65.36 51.63 

Octa 29.61 23.31 34.12 

Hepta 6.12 2.41 0.79 

Hexa 0.00 0.00 0.00 

Penta 0.00 0.00 0.04 

Tetra 0.00 0.00 0.00 

Tri 0.00 0.00 0.07 

Total 77.60 91.07 86.66 

The total mass of all PBDEs in each nona-BDE experiment in methanol was >90%, 

indicating that reductive debromination was the most dominant photodegradation 

pathway in this solvent. For BDE 207 and BDE 208, the mass balance recovery in THF 

was 79 - 86%. The mass balance was least conserved in toluene for all three solvents with 

a mass balance recovery in toluene ranging from 76 - 81% among the congeners. Thus, as 
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little as 76% of the loss of BDE 206 in toluene can be attributed to reductive 

debromination, with the other 24% possibly being lost to formation of unknown 

degradation products. Because all three nona-BDEs have low modeled vapor pressures 

(log PL = -7.5), loss by volatilization is unlikely [79]. In an effort to identify degradation 

products which may not be detectable by GC/MS (such as hydroxylated PBDEs and 

brominated phenols), selected toluene samples (indoor controls and samples irradiated 

for 5 min) were analyzed using LC/MS-MS, first monitoring for known ion fragments of 

specific hydroxylated PBDEs, and then in full scan. No identifiable peaks appeared in 

the 5-minute samples relative to the controls. Additionally, polybrominated 

dibenzofurans (PBDFs), which are known to be more toxic than PBDEs, have previously 

been confirmed as photodegradation products of PBDEs in plastics [119]. Selected 

samples from the toluene treatment were analyzed using HRGC/HRMS for PBDDs/Fs; 

however, all PBDDs/DFs monitored were below detection limits (which ranged from 

0.01 pg/µL for tri-BDDs/DFs to 2.8 pg/µL for octa-BDDs/DFs).  

2.3.4 TBB and TBPH Photodegradation  

TBB and TBPH are new flame retardants and to our knowledge, their 

photodegradation potential had not yet been investigated prior to this study. Since 

standards were available, we included these compounds in this photodegradation 

experiment. Both TBB and TBPH underwent photodegradation in all three solvents, and 

data were fit to first order decay models (Figure 14 in Appendix A); reaction rate 
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constants and half-lives are reported in Table 3. TBB and TBPH photodegraded more 

slowly than the nona-BDEs in all three solvents, and the rate constants were consistently 

an order of magnitude lower than those calculated for the nona-BDEs. This difference 

may be explained in part by the lower aromatic character of TBB and TBPH relative to 

the nona-BDEs. In all solvents except toluene, TBB was photodegraded more rapidly 

than TBPH. TBB degraded fastest in tetrahydrofuran and slowest in toluene, while 

TBPH degraded fastest in toluene and slowest in methanol. These differences in 

photodegradation kinetics may be explained by structural differences resulting in 

greater steric hindrance for indirect photolysis of TBPH than of TBB.  

In an effort to qualitatively identify photodegradation products, the full scan 

ECNI/MS spectra of TBB and TBPH samples in all three solvents were examined as no 

authentic standards are available and little is known about degradation of these 

compounds. The major products identified for TBB and TBPH were consistent between 

solvents, and are shown in Figure 8. The mass spectra of the degradation products 

identified are provided in Figures 15-25 in Appendix A.  
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Figure 8. GC/ECNI-MS TIC chromatograms of (A) TBB and (B) TBPH; peaks of their 

primary photodegradation products are labeled with the molecular formulas and 

assigned peak numbers. 
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We identified several peaks in the chromatograms that eluted earlier than the 

parent compound and displayed a strong 1:1 ratio of ions 79/81, indicating that 

brominated degradation products were formed. In the case of TBB, peaks 1 and 2 had 

strong bromine signals. In the full scan spectra for these compounds, peaks were 

identified at 233 and 280 amu, but no clear molecular ion peak could be discerned; 

however, based on isotope clusters it appears that these products are dibrominated TBB 

analogues. Peaks 3 and 4 both had approximate molecular weights of 391, suggesting 

that these two peaks represent different isomers of a dibrominated analogue of TBB. 

Peak 5 had an approximate molecular weight of 470 amu, indicating that it is a 

tribrominated analogue of TBB. Peak 6 was present in the controls but increased in 

abundance over the irradiance period; this peak lacked a bromine signal, and had an 

approximate molecular weight of 390 amu. The identity of this compound is unknown. 

In the case of TBPH, di- and tribrominated analogues of TBPH (most of which 

were also missing both alkane branches) were the most dominant photodegradation 

products. These products were identified by both molecular ion fragments and by the 

ion cluster patterns. Three dibrominated and two tribrominated isomers appear to have 

been formed through the degradation of TBPH. These results suggest that, like PBDEs, 

TBB and TBPH can undergo sequential reductive debromination. For both TBB and 

TBPH, peaks of nonbrominated degradation products were identified, but the structures 

cannot yet be specified. 
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2.3.5 Summary  

In summary, this study demonstrated that nona-BDE congeners will 

photodegrade primarily via reductive debromination to form less brominated 

congeners. By knowing the pathways of nona-BDE degradation, we can identify the 

octa- and hepta-BDE congeners which may be useful for tracking potential degradation 

of DecaBDE under environmentally relevant conditions. Our results indicate that the 

octabrominated congener BDE 202, as well as the ratio of BDE 197 to BDE 201, may serve 

as useful markers of environmental debromination of DecaBDE. In addition, this study 

reports the first observation of the photodegradation of TBB and TBPH via 

debromination reactions, and is the first study to identify some of their 

photodegradation products. These emerging BFRs have been shown to photodegrade 

more slowly than DecaBDE or nona-BDEs; this finding suggests that TBB and TBPH 

may be more persistent, at least photolytically, than higher brominated PBDE congeners 

in the environment. 
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3. Measurement of Flame Retardants and Triclosan in 
Municipal Sewage Sludge and Biosolids 

This chapter was published in Davis, E.F., Klosterhaus, S.L., Stapleton, H.M. 

(2012) Environment International, 40, 1-7.  

3.1 Introduction 

For over a decade, a great deal of attention has been focused on PBDEs 

polybrominated diphenyl ethers (Figure 9), a group of additive BFRs that have 

historically been widely used to decrease the flammability of a variety of consumer 

products. However, the persistence, bioaccumulation potential, and toxicity of PBDEs 

have resulted in several restrictions on their use in recent years. Two of the three 

commercial mixtures, PentaBDE and OctaBDE, were banned in Europe and voluntarily 

phased out in the United States in 2004 [13]. Additionally, components of both 

commercial mixtures (i.e., tetra- through heptabromodiphenyl ethers) are now listed as 

persistent organic pollutants under the Stockholm Convention on Persistent Organic 

Pollutants [14]. The third commercial mixture, DecaBDE, will undergo a voluntary 

phase out by manufacturers in the United States by 2013 [18]. 

PBDEs continue to be detected worldwide in humans, wildlife, and 

environmental media [12, 30, 108, 125-127]. Some of the highest concentrations of PBDEs 

in North America have been measured in sewage sludge and biosolids, and these 

concentrations commonly exceed 1 mg/kg dw [52, 93, 124, 128, 129]. The presence of 



 

57 

high levels of PBDEs in municipal wastewater influent is likely due in large part to 

contaminated residential wastewater from homes that contain PBDE-treated products. 

PBDEs in the wastewater stream sorb to wastewater solids [94], thereby resulting in high 

concentrations in sewage sludge and also in biosolids, which are defined by the US EPA 

as “the nutrient-rich organic materials resulting from the treatment of sewage sludge” 

[130]. This is of particular concern because the disposal of these treated biosolids on 

agricultural and other soils as a nutrient-rich amendment is a growing trend [91]. An 

estimated four million dry tons of biosolids were land-applied to soils in the United 

States in the year 2004 alone [90]. Little is known about the ultimate environmental fate 

and effects of flame retardants in these land-applied biosolids, but possible 

environmental impacts could include uptake by agricultural crops, introduction into 

terrestrial food webs, runoff into waterways, and enhanced long-range transport 

potential.  

As the use of PBDEs becomes increasingly restricted worldwide, the use of 

alternate and new flame retardants is expected to increase due to efforts to comply with 

fire safety standards. Among these potential replacements are HBB, BTBPE, TBB, and 

TBPH (Figure 9).  
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Figure 9. Structures of (A) PBDEs, (B) triclosan, (C) HBB, (D) TBB, (E) TBPH, (F) 

BTBPE, and (G) DP. 

HBB has historically been used as an additive flame retardant in materials such 

as paper and plastics. Information on the production volumes of HBB is limited. Its 

production/import volume was between 10,000-500,000 pounds in EPA Inventory 

Update Reporting year 1998, with no available information for other reporting years 

[51]. BTBPE, another additive BFR, is a high production volume chemical [51] and is 

sold by Chemtura Corporation under the name Firemaster® 680 (FM 680). FM 680 has 

been in production for over 25 years but recently has been marketed as an OctaBDE 

replacement product [52, 53]. Both BTBPE and HBB were recently detected in sewage 

sludge from Toronto, Canada [104], and BTBPE was recently detected in sewage sludge 

from a mid-Atlantic WWTP [48].  
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The commercial mixture Firemaster® 550 (FM 550) contains the brominated 

components TBB and TBPH. Approximately 50% of FM 550 is a mixture of triaryl 

phosphates and triphenyl phosphate. The remainder of the mixture is composed of 

Firemaster® BZ-54, which contains TBB and TBPH [41, 42]. TBPH is also present in the 

commercial mixture DP-45, which is used as a flame retardant plasticizer for 

polyvinylchloride (PVC) applications [43]. FM 550 is marketed as a replacement for 

PentaBDE and is used primarily in polyurethane foam in products such as furniture and 

automobiles [44, 45]. All three commercial products are manufactured by Chemtura. 

TBB and TBPH have recently been detected in indoor dust and sewage sludge as well as 

in marine mammals from Hong Kong, South China [41, 48, 49]. Little is known about the 

environmental fate of TBB and TBPH, although their potential for bioaccumulation and 

toxic effects and their photodegradation potential have recently been reported [42, 131]. 

Notably, TBPH is a tetrabrominated analogue of di(2-ethylhexyl)-phthalate (DEHP), a 

common plasticizer that is now restricted in children’s toys because of its endocrine 

disrupting properties [46, 47]. 

In addition to BFRs, some current-use chlorinated flame retardants have been 

detected in sewage sludge. Dechlorane Plus (DP; Figure 9) is a chlorinated flame 

retardant that is composed of the two stereoisomers syn- and anti-DP. DP, a replacement 

for the banned pesticide Mirex, is now used as an additive flame retardant in a variety of 

electrical applications such as wire cable coatings [59]. Both syn- and anti-DP have 
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recently been detected in sewage sludge in North America and Europe [48, 104, 132]. 

Additionally, the chlorinated antimicrobial agent triclosan, while not a flame retardant, 

bears structural similarities to PBDEs and other flame retardants (Figure 9) and is widely 

used in personal care products. One study reported an average triclosan concentration 

of 30,000 ± 11,000 ng/g dw in biosolids from the mid-Atlantic United States [88]. These 

high concentrations, together with its potential for toxicity to aquatic biota and 

bioaccumulation potential in earthworms and other species [106, 107], make triclosan a 

contaminant of concern in biosolids.  

The objective of this study was to measure the concentrations of PBDEs, HBB, 

BTBPE, TBB, TBPH, syn- and anti-DP, and triclosan in biosolids from two WWTPs in 

North Carolina, two WWTPs in California, and a Standard Reference Material (SRM) 

domestic sludge sample. The SRM was included in this study because biosolids matrices 

can present significant analytical challenges, and concentrations of flame retardant 

chemicals in control materials such as SRMs can be useful for future method 

development efforts. We also examined, to a limited extent, some temporal trends in 

four biosolids samples obtained from a single North Carolina WWTP between the years 

2006 and 2010 were also compared. 
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3.2 Materials and Methods 

3.2.1 Materials  

HPLC-grade dichloromethane (DCM) was purchased from Honeywell Burdick & 

Jackson (Muskegon, MI, USA). Ultra resi-analyzed hexane and concentrated sulfuric 

acid were purchased from J.T. Baker (Phillipsburg, NJ, USA). GR ACS grade methanol 

was purchased from EMD Chemicals (Gibbstown, NJ, USA). The internal and surrogate 

standards 2,2′,3,4,5,5′-hexachloro[13C12]diphenyl ether (13C CDE-141), 

decabromo[13C12]diphenyl ether (13C BDE 209), 5-chloro-2-(2,4-dichloro[13C6]phenoxy) 

[13C6]phenol (13C triclosan), and 2,2’,4,4’-tetrabrominated 6-hydroxy[13C12]diphenyl ether 

(13C 6-OH BDE 47) were purchased from Wellington Laboratories (Guelph, Ontario, 

Canada). 4’-Fluoro-2,3’,4,6-tetrabromodiphenyl ether (F-BDE 69) was purchased from 

Chiron (Trondheim, Norway). Quantification standards for TBB, TBPH, BTBPE, HBB, 

syn- and anti-DP, and triclosan were purchased from Wellington Laboratories (Guelph, 

Ontario, Canada).  

3.2.2 Biosolids Sample Collection  

Digested and dewatered cake sewage sludge (i.e., biosolids) were collected in the 

fall of 2006 from one advanced secondary wastewater treatment facility in Durham, 

North Carolina and one tertiary wastewater treatment facility in Cary, North Carolina, 

referred to here as NC WWTP #1 and NC WWTP #2, respectively. Biosolids were also 

collected in February 2008 from an advanced secondary WWTP in California (CA 
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WWTP #1) and another large secondary WWTP in California (CA WWTP #2). At NC 

WWTPs #1 and #2, the annual average flow rates are approximately 34,000 and 19,000 

cubic meters per day (m3/d), respectively. CA WWTPs #1 and #2 have annual average 

flow rates of approximately 83,000 and 260,000 m3/d, respectively. Concentrations of 

PBDEs in the effluent and sludge of CA WWTP #1 have previously been reported [52]. 

To examine temporal differences in contaminant levels, additional biosolids were 

collected from NC WWTP #1 in June 2009, December 2009, and February 2010. All 

samples were stored at -20 °C in baked amber glass jars until analysis (with the 

exception of the CA WWTP #2 biosolids, which were stored in baked clear glass jars). 

The 2006 samples from NC WWTPs 1 and 2 were freeze-dried prior to storage. Moisture 

content was determined gravimetrically by drying triplicate subsamples of each matrix 

at 100 °C for 24 hours. SRM 2781, a domestic sludge material produced by the National 

Institute of Standards and Technology (Gaithersburg, MD, USA), was analyzed 

alongside the biosolids. SRM 2781 was generated from partially dehydrated sewage 

sludge that was collected in Denver, CO in 1991. The SRM was stored at room 

temperature in the laboratory.  

3.2.3 Extraction and Analysis of PBDEs, HBB, BTBPE, TBB, TBPH, 
and DP  

Triplicate 0.5 g subsamples of each biosolids material were homogenized with 

sodium sulfate and were loaded into stainless steel extraction cells with 2 glass fiber 

filters on each end, spiked with two internal standards (F-BDE 69 and 13C BDE 209) and 
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extracted via pressurized fluid extraction (ASE 300, Dionex Inc.). Samples were extracted 

3 times with 50:50 DCM:hexane at a temperature of 100 °C and a pressure of 1500 psi. 

Extracts were then concentrated to a volume of 1 mL using a rapid evaporation system 

with ultra-high purity nitrogen gas, syringe-filtered to remove particulates (0.45 μm 

PTFE, VWR International), and then cleaned by elution through a GPC column 

(EnvirogelTM GPC Cleanup 90 x 300 mm) at a flow rate of 5 mL/min using DCM as the 

mobile phase. The first 60 mL of each sample were discarded and the following 40 mL 

were collected. The eluate was then reconcentrated to 1 mL and further cleaned via 

treatment with 1 mL of concentrated sulfuric acid, and the mixture was briefly vortexed. 

The mixture was extracted in triplicate with 3 mL aliquots of hexane. The organic 

fractions were collected and reconcentrated to a volume of 0.5 mL. The samples were 

then spiked with the recovery standard, 13C CDE 141, immediately prior to instrumental 

analysis.  

Samples were analyzed for a suite of PBDEs as well as BTBPE, TBB, TBPH, and 

syn- and anti-DP via GC/ECNI-MS (Agilent 6890N/5975) using previously published 

methods [41]. Syn- and anti-DP were quantified using m/z 654 and 652 as the 

quantitative and qualitative ions, respectively. Sample extracts were analyzed for HBB 

via gas chromatography/electron impact mass spectrometry (GC/EI-MS) using m/z 552 

and 471 as the quantitative and qualitative ions, respectively. In addition, because the 

pentaBDE congener BDE 99 (2,2’,4,4’,5-pentabromodiphenyl ether) coelutes with TBB in 
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GC/ECNI-MS mode, sample extracts were also analyzed for BDE 99 via GC/EI-MS. BDE 

99 was quantified by monitoring m/z 562 (quantitative) and 486 (qualitative) ([M - H]+ 

and [M - Br]+, respectively). 

3.2.4 Extraction and Analysis of Triclosan 

Triplicate 1.0 g subsamples of each biosolids material (with the exception of the 

November 2006 NC WWTP #1 biosolids, in which case n = 2 and the mass extracted for 

each replicate was 0.4 g due to limited material) were homogenized with sodium sulfate, 

spiked with the internal standard 13C triclosan, and extracted via pressurized fluid 

extraction as described above, again using 50:50 DCM:hexane as the extraction solvent. 

Extracts were concentrated to a volume of 1 mL and purified via treatment with 1 mL of 

concentrated sulfuric acid, and the mixture was briefly vortexed. The mixture was 

extracted in triplicate with 5 mL aliquots of 50:50 DCM:hexane. The organic fractions 

were collected and then reconcentrated to a volume of 1 mL. The samples were then 

loaded onto Sep-Pak Plus Silica solid phase extraction (SPE) cartridges (55-105 µm 

particle size, Waters Corporation, Milford, MA, USA) that had been preconditioned with 

10 mL of 50:50 DCM:hexane. A further 10 mL of 50:50 DCM:hexane was used to elute 

the sample. The extracts were then reconcentrated to a volume of 0.5 mL and solvent-

switched to methanol under a gentle N2 stream, syringe-filtered to remove particulates 

(0.20 μm nylon, VWR International), and spiked with the recovery standard, 13C 6-OH 

BDE 47, immediately prior to instrumental analysis.  



 

65 

Samples were analyzed for triclosan via liquid chromatography/electrospray 

ionization tandem mass spectrometry (LC/ESI-MS-MS) using an Agilent 1200 series 

binary pump SL and autosampler and an Agilent 6140 triple quadrupole tandem mass 

spectrometer. An Agilent Eclipse XDB-C18 column (4.6 x 50 mm, 1.8 µm particle size) 

was used to separate the analytes. The isocratic mobile phase consisted of 5% deionized 

water and 95% methanol at a flow rate of 0.4 mL/min. The column temperature was 

controlled at 30 °C, the injection volume was 5 µL, and the run time was 5 min. The 

MS/MS parameters included a gas temperature of 350 °C, a gas flow rate of 10 mL/min, a 

nebulizer pressure of 40 psi, and a capillary voltage of 4000 V. The fragmentor energy 

was 80 V for 13C triclosan, triclosan, and 13C 6-OH BDE 47. The collision energies for 13C 

triclosan, triclosan, and 13C 6-OH BDE 47 were 10 V, 10 V, and 20 V, respectively. The 

LC/MS-MS was operated in negative electrospray ionization mode. Data was acquired 

using multiple reaction monitoring (MRM). The MRM transitions used to quantify 13C 

triclosan, triclosan, and 13C 6-OH BDE 47 were 301  35.1, 289  35.1, and 512.7  78.9, 

respectively.  

3.2.5 Quality Assurance  

 All biosolids samples were extracted in triplicate unless otherwise noted. In 

addition, for each extraction procedure, analyte levels were measured in laboratory 

blanks consisting only of sodium sulfate (n = 3) and also in SRM 2781 (National Institute 

of Standards and Technology, Gaithersburg, MD, USA; n = 3). In the PBDE and alternate 
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BFR extraction procedure, recoveries of the F-BDE 69 and 13C BDE 209 internal standards 

were 79 ± 12% and 73 ± 31%, respectively. Recovery of the 13C triclosan internal standard 

from the triclosan extraction procedure was 53 ± 17%. All analyte values were corrected 

for recovery. In addition, a matrix spike experiment was performed to evaluate the 

recovery of selected analytes (specifically, TBB, TBPH, and triclosan), the properties of 

which may not be accurately represented by currently available labeled standards. 

Triplicate 0.1 g samples of SRM 2781 were spiked and were then extracted, treated, and 

analyzed as described in the methods above. Percent recoveries of TBB, TBPH, and 

triclosan in the matrix spike samples were 63 ± 4%, 63 ± 2%, and 97 ± 9%, respectively. 

When a given analyte was present in the laboratory blanks, the method detection 

limit (MDL, ng/g dw) was calculated as three times the standard deviation of the 

amount of the analyte in the blank, normalized to the average dry weight mass extracted 

for a given biosolids sample matrix. Sample values were blank corrected using the 

average amount of a given analyte in the laboratory blanks. When a given analyte was 

not present in the laboratory blanks, the MDL was calculated by dividing the instrument 

detection limit (IDL, ng; three times the noise of the baseline where the peak elutes) by 

the average dry weight mass extracted for that biosolids matrix.  

3.2.6 Data Analysis  

GC/ECNI-MS data acquisition and analysis was performed using Agilent MSD 

Chemstation software, and LC/MS-MS data acquisition and analysis was performed 
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using Agilent MassHunter software. A Student’s t-test (Microsoft Excel 2007) was used 

to evaluate differences between contaminant concentrations in biosolids collected in 

North Carolina compared to California. Temporal variations within NC WWTP #1 were 

evaluated with analysis of variance (ANOVA) using the software JMP 9.0.0. Statistical 

significance was defined at α = 0.05.  

3.3 Results and Discussion 

Table 5 presents the concentrations of the flame retardants and triclosan 

measured in the biosolids and SRM 2781. Results are given in terms of average 

concentrations ± one standard deviation from triplicate analyses in ng/g dw unless 

otherwise noted.  
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Table 5. Mean concentrations and standard deviations (n = 3, with the exception of *, where n = 2) of chlorinated and 

brominated flame retardants and triclosan in biosolids samples and SRM 2781 (ng/g dry weight). 

 
SRM 2781 

NC WWTP 

#1, 11/2006 

NC WWTP 

#1, 6/2009 

NC WWTP 

#1, 12/2009 

NC WWTP 

#1, 2/2010 

NC WWTP 

#2, 12/2006 

CA WWTP 

#1, 2/2008 

CA WWTP 

#2, 2/2008 

% Moisture 0.00% 7.64% 81.68% 81.59% 84.60% 6.78% 75.98% 73.56% 

BDE 30 < 3 < 5 < 14 < 14 < 16 < 3 < 11 < 9 

BDE 17 8 ± 1 13 ± 1 < 15 < 16 < 17 < 3 < 12 < 10 

BDE 25 < 3 4 ± 1 < 13 < 14 < 15 < 3 < 11 < 9 

BDE 28,33† 24 ± 5 41 ± 1 73 ± 8 < 14 < 15 8 ± 1 < 11 < 9 

BDE 75 < 1 < 1 < 4 < 4 < 4 < 1 < 3 < 2 

BDE 49 < 2 < 3 < 8 < 9 < 10 < 2 < 7 < 6 

BDE 71 < 4 < 7 < 18 < 19 < 21 < 3 < 15 < 12 

BDE 47 586 ± 85 1046 ± 26 1133 ± 165 711 ± 73 770 ± 18 613 ± 10 730 ± 72 685 ± 141 

BDE 66 17 ± 3 23 ± 2 < 7 < 7 193 ± 13 18 ± 2 < 6 20 ± 7 

BDE 100 147 ± 20 283 ± 2 311 ± 55 190 ± 26 < 18 135 ± 3 170 ± 26 173 ± 27 

BDE 119 < 2 < 3 < 8 < 8 < 9 < 2 < 7 < 5 

BDE 99 389 ± 57 810 ± 44 759 ± 94 396 ± 52 427 ± 4 348 ± 22 < 85 341 ± 116 

BDE 116 < 2 < 5 < 13 < 13 < 14 < 2 < 10 < 8 

BDE 85,155† 31 ± 4 46 ± 3 57 ± 9 < 13 < 15 24 ± 2 < 10 19 ± 10 

BDE 154 81 ± 11 106 ± 4 128 ± 20 74 ± 12 71 ± 14 50 ± 3 59 ± 9 61 ± 15 

BDE 153 78 ± 9 120 ± 4 145 ± 26 68 ± 10 83 ± 7 58 ± 2 76 ± 10 73 ± 15 

BDE 138 < 3 < 5 < 15 < 15 < 17 < 3 < 12 < 10 

BDE 156 < 2 < 5 < 13 < 13 < 15 < 2 < 10 < 9 

BDE 188 < 4 < 8 < 21 < 21 < 24 < 4 < 17 < 14 
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SRM 2781 

NC WWTP 

#1, 11/2006 

NC WWTP 

#1, 6/2009 

NC WWTP 

#1, 12/2009 

NC WWTP 

#1, 2/2010 

NC WWTP 

#2, 12/2006 

CA WWTP 

#1, 2/2008 

CA WWTP 

#2, 2/2008 

BDE 184 < 4 < 7 < 20 < 20 < 22 < 4 < 16 < 13 

BDE 179 < 8 < 15 < 41 < 42 < 47 < 8 < 33 < 27 

BDE 176 < 2 < 6 < 16 < 16 < 18 < 3 < 13 < 11 

BDE 183 17 ± 3 24 ± 5 < 9 < 9 < 10 10 ± 1 < 7 16 ± 6 

BDE 191 < 2 < 4 < 12 < 12 < 14 < 2 < 10 < 8 

BDE 181 < 2 < 4 < 12 < 13 < 14 < 2 < 10 < 8 

BDE 171 < 2 < 4 < 11 < 12 < 13 < 2 < 9 < 8 

BDE 190 < 4 < 8 < 21 < 22 < 24 < 4 < 17 < 14 

BDE 202 < 6 < 12 < 33 < 33 < 37 < 6 < 27 < 22 

BDE 201 < 7 < 14 < 38 < 39 < 43 < 7 < 31 < 25 

BDE 197 5 ± 1 < 10 < 27 < 27 < 30 < 5 < 22 < 18 

BDE 203,200† < 2 < 4 < 11 < 12 < 13 < 2 < 9 < 7 

BDE 196 4 ± 1 < 6 < 17 < 18 < 20 < 3 < 14 < 12 

BDE 205 < 0.5 < 1 < 3 < 3 < 3 < 0.5 < 2 < 2 

BDE 208 11 ± 2 36 ± 7 < 2 < 2 < 2 7 ± 3 < 1 < 1 

BDE 207 17 ± 3 53 ± 9 < 7 < 8 < 8 15 ± 4 < 6 < 5 

BDE 206 22 ± 4 120 ± 3 78 ± 20 19 ± 6 24 ± 17 46 ± 4 28 ± 22 12 ± 8 

BDE 209 560 ± 23 2933 ± 346 2722 ± 933 1091 ± 131 1215 ± 342 1416 ± 244 744 ± 125 636 ± 21 

ΣPBDEs 1999 ± 216 5678 ± 348 5469 ± 1178 2586 ± 40 2805 ± 324 2757 ± 245 2101 ± 131 2036 ± 306 

Penta 1329 ± 187 2441 ± 36 2533 ± 331 1455 ± 120 1544 ± 36 1248 ± 11 1290 ± 317 1373 ± 326 

Octa 27 ± 3 37 ± 3 30 ± 30 13 ± 11 14 ± 12 13 ± 2 all < MDL 16 ± 6 

Deca 610 ± 23 3142 ± 355 2833 ± 973 1110 ± 133 1239 ± 359 1485 ± 254 797 ± 180 648 ± 29 

Triclosan 5993 ± 68 2269 ± 101* 551 ± 61 4370 ± 281 6504 ± 870 1429 ± 15 11843 ± 225 12876 ± 1016 
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SRM 2781 
NC WWTP 

#1, 11/2006 

NC WWTP 

#1, 6/2009 

NC WWTP 

#1, 12/2009 

NC WWTP 

#1, 2/2010 

NC WWTP 

#2, 12/2006 

CA WWTP 

#1, 2/2008 

CA WWTP 

#2, 2/2008 

TBB < 30.6 128 ± 11 < 161 < 165 < 184 < 30.4 < 131 2491 ± 776 

TBPH < 4.8 368 ± 24 925 ± 67 603 ± 91 624 ± 45 220 ± 13 273 ± 50 1340 ± 275 

HBB < 2.9 < 5.6 < 15.2 < 15.7 < 17.5 < 2.9 < 12.4 184 ± 38 

BTBPE 24.7 ± 5.8 27.3 ± 10.4 < 6.6 < 6.8 < 7.5 9.8 ± 1.2 9.0 ± 6.8 9.9 ± 3.2 

sDP 21.7 ± 3.4 10.8 ± 4.7 11.2 ± 2.3 8.3 ± 2.2 9.1 ± 2.1 7.1 ± 2.6 5.6 ± 0.5 3.1 ± 0.9 

aDP 26.0 ± 3.2 10.6 ± 2.3 39.4 ± 45.4 6.5 ± 1.5 7.3 ± 2.5 14.4 ± 7.1 9.7 ± 0.6 6.0 ± 1.5 

Values less than method detection limit (MDL) are shown as < the MDL value in ng/g dw for that biosolids material. 
a Co-eluting PBDE congeners. 
b Tetra–hexabrominated diphenyl ether congeners. 
c Hepta–octabrominated diphenyl ether congeners. 
d Nona–decabrominated diphenyl ether congeners. 
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3.3.1 PBDEs  

Of the 40 PBDE congeners for which authentic standards were available (BDEs 

17, 25, 30, 28/33 (co-eluting), 47, 49, 66, 71, 75, 99, 100, 116, 119, 88/155 (co-eluting), 138, 

153, 154, 156, 171, 176, 179, 181, 183, 184, 188, 190, 191, 196, 197, 201, 202, 203/200 (co-

eluting), 205, 206, 207, 208, and 209), the following 13 BDE congeners were detected in at 

least 50% of the biosolids samples analyzed: 28/33, 47, 66, 99, 100, 85/155, 153, 154, 183, 

206, 207, 208, and 209. These congeners comprised greater than 99% of the ΣPBDE 

concentration in every sample. BDEs 28/33, 47, 66, 99, 100, 85/155, 153, and 154, which 

are components of the PentaBDE mixture, contributed 40-73% of the ΣPBDE 

concentrations in the biosolids. The DecaBDE technical mixture typically consists of > 

97% BDE 209 but also contains minor contributions from the three nonaBDEs 206, 207, 

and 208 [9]. These four congeners contributed 27-59% of the ΣPBDE concentrations in 

the biosolids. Therefore, nearly the entire PBDE burden measured in biosolids in this 

study was due to congeners associated with the PentaBDE and DecaBDE commercial 

mixtures. The ΣPBDE concentrations in the biosolids ranged from 1750 to 6358 ng/g dw 

and are comparable to literature values for North American biosolids and sewage 

sludges, which have commonly reported ΣPBDE concentrations in excess of 1 mg/kg dw 

[52, 93, 124, 128, 129]. In addition, the average ΣPBDE concentration in CA WWTP #1 

was 2093 ± 124 ng/g dw, which is lower than the average ΣPBDE concentration of 3381 ± 
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335 ng/g dw that was reported for treated sewage sludge collected four years earlier 

from this same facility [52].  

3.3.2 TBB and TBPH  

Both TBB and TBPH were detected in biosolids samples. TBPH was detected in 

every sample except SRM 2781 at concentrations ranging from 206 to 1631 ng/g dw. TBB 

was detected in the biosolids collected from NC WWTP #1 in November 2006 and CA 

WWTP #2 at average concentrations of 128 ± 11 and 2941 ± 776 ng/g dw, respectively. 

The range of TBB concentrations was 120 to 3749 ng/g dw. In the North Carolina 

WWTPs, TBPH concentrations were an order of magnitude lower than ΣPBDE 

concentrations. However, in CA WWTP #2, TBPH concentrations were comparable to 

ΣPBDE levels. In particular, TBPH levels in CA WWTP #2 very closely resembled the 

summed concentrations of all PBDE congeners associated with the PentaBDE 

commercial mixture (i.e., the sum of all tetra- through hexabrominated congeners 

detected). The TBPH and PentaBDE concentrations in CA WWTP #2 were 1340 ± 275 and 

1373 ± 376 ng/g dw, respectively. In the November 2006 NC WWTP #1 biosolids, the TBB 

concentration was an order of magnitude lower than the ΣPBDE concentration. 

However, in CA WWTP #2, the only other biosolids matrix in which TBB was detected, 

the TBB concentration was higher than the ΣPBDE concentration (2941 ± 776 versus 2036 

± 306 ng/g dw, respectively), although the difference was not significant. 
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At least three commercial formulations are known to contain TBB, TBPH, or a 

mixture of the two compounds. TBPH is a high production volume chemical and has 

been in use for over 20 years, and annual production and/or import volumes of TBPH in 

the United States were between 1-10 million pounds in EPA Inventory Update 

Reporting years 1990, 1994, 1998, 2002, and 2006 [51]. TBPH is the sole component of DP-

45, which is used as a flame retardant plasticizer for PVC applications [43]. In addition, 

both TBB and TBPH are found in FM 550, an additive flame retardant that also contains 

triaryl phosphate isomers and triphenyl phosphate. Other formulations may contain 

TBB and/or TBPH, but to date FM 550, BZ-54, and DP-45 are the only reported 

commercial mixtures that contain these compounds. TBB and TBPH have been 

measured in North American house dust at concentrations comparable to those of 

hexabromocyclododecane (HBCD), another widely used brominated flame retardant 

[41]. As with other flame retardants, a likely source of TBB and TBPH to the wastewater 

treatment stream is the leaching of these chemicals from consumer products treated with 

commercial flame retardant mixtures.  

In the commercial FM 550 mixture, the TBB/TBPH ratio is approximately 2.5:1 

[42]. When the TBB/TBPH ratio in environmental samples differs from the commercial 

mixture ratio, it implies contributions from sources other than FM 550 and/or potentially 

different fate and transformation behaviors. Due to the low detection frequency of TBB 

in this study, the calculation of this ratio was possible only for the November 2006 NC 
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WWTP #1 samples and the CA WWTP #2 samples. The average TBB:TBPH ratios for 

these samples were 0.35 and 2.18, respectively. The TBB:TBPH ratio in biosolids 

collected in 2008 from CA WWTP #2 closely resembles that of the FM 550 commercial 

mixture, which was promoted as a replacement for PentaBDE when PentaBDE was 

phased out in 2004 [52]. It is possible that FM 550 is being used as a replacement for 

PentaBDE in polyurethane foam to meet the California TB117 flammability standard [4], 

which may explain why the TBB:TBPH ratio in the California biosolids more closely 

reflects the ratio of the commercial mixture. In contrast, the TBB:TBPH ratio in biosolids 

collected from NC WWTP #1 in 2006 was considerably lower and suggests that at the 

time of sampling in 2006, TBPH contributions to the NC WWTP #1 wastewater 

treatment stream may have come from commercial mixtures other than FM 550. The 

other known possible alternative source of TBPH is the flame retardant plasticizer DP-

45. As discussed above, TBPH is a high production volume chemical that has been in use 

for over two decades. Therefore, past use of TBPH in DP-45 or other unknown 

commercial products could have contributed to the TBPH levels in the biosolids. 

Alternatively, this finding could suggest differential migration or degradation of TBB 

relative to TBPH out of consumer products and during the wastewater treatment 

process.  
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3.3.3 HBB, BTBPE, and DP  

 BTBPE was detected in the November 2006 biosolids from both NC WWTP #1 

and #2, both of the CA WWTPs, and SRM 2781. All BTBPE values reported in this study 

were found to be 2-3 orders of magnitude lower than ΣPBDE values and are comparable 

to the levels reported in Toronto sewage sludge by Kolic et al. [104]. In contrast to 

BTBPE, HBB was not detected in any of the biosolids analyzed in this study or in SRM 

2781. 

 Both DP isomers were detected in all biosolids samples analyzed as well as in 

SRM 2781. Concentrations of syn-DP ranged from 2 to 24 ng/g dw with an average 

concentration of 10 ng/g dw, while anti-DP concentrations ranged from 5 to 29 ng/g dw 

with an average concentration of 15 ng/g dw. DP has been in use for decades but was 

first reported in environmental samples in 2006 [60, 61]. Hoh et al. measured total DP in 

sediment cores from Lake Erie and Lake Michigan and found concentrations at or below 

10 ng/g dw for the year 2006 [61]. Since 2006, DP has been measured in a variety of 

abiotic and biotic matrices in North America including sediment [59, 62-64], tree bark 

[65, 66], air samples [67], indoor dust [68], aquatic food webs [64], herring gull eggs [69, 

70], and bald eagle plasma [71]. Syn- and anti-DP were recently detected in Spanish 

sewage sludge at average concentrations of 8 and 24 ng/g dw, respectively, which are 

comparable to the concentrations detected in our samples [132]. La Guardia et al. 

reported average syn- and anti-DP concentrations in sewage sludge of 15 and 14 ng/g 
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dw, respectively [48]. Additionally, Kolic et al. [104] detected syn- and anti-DP in 

Toronto sewage sludge at concentrations of approximately 100 ng/g dw each, which is 

higher than the range obtained for our samples.  

 The anti-DP isomer has been reported to comprise 65% [64] to 80% [61] of the 

commercial DP mixture. In this study, anti-DP comprised 36% to 69% of total DP with a 

mean value of 55%. The average fractions of total DP represented by the anti- 

stereoisomer (fanti) in NC WWTP #2, CA WWTP #1, and CA WWTP #2 are 0.66, 0.64, and 

0.66, respectively, close to ratios observed in the commercial mixture. In contrast, the 

average fanti across all time points examined in NC WWTP #1 was 0.47, which suggests 

either alternative sources of DP to this facility or different chemical transformations of 

the isomers under certain circumstances. It has been hypothesized that syn-DP could be 

more stable as a result of greater chlorine shielding of the four interior carbon atoms 

relative to the anti-DP isomer [61]. The average fanti in SRM 2781 is 0.55. The lower 

contribution of anti-DP in the SRM could be a result of anti-DP degradation in the years 

since its manufacture in 1990 or a result of DP contributions from sources other than the 

commercial mixture. 

3.3.4 Triclosan 

Triclosan was detected in every biosolids sample analyzed and in SRM 2781. 

Concentrations ranged from 490 to 13,866 ng/g dw with an average value of 5880 ng/g 

dw. Our values fall within the range of available data for triclosan in North American 
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biosolids and sewage sludge. For instance, the 2009 EPA Targeted National Sewage 

Sludge Survey, which statistically selected 74 WWTPs and screened sludge samples for 

145 analytes, reported triclosan concentrations ranging from 430 to 133,000 ng/g dw 

[129]. Additionally, McAvoy et al. [133] collected digested sludge from five WWTPs in 

Ohio and found that triclosan concentrations ranged from 500 to 15,600 ng/g dw. In a 

more recent study, triclosan concentrations in biosolids from three Michigan WWTPs 

ranged from 90 to 7060 ng/g dw [134], and both of these papers report triclosan 

concentrations that are comparable to our data. Heidler and Halden [88] reported an 

average triclosan concentration of 30,000 ± 11,000 ng/g dw in biosolids collected from a 

WWTP in the mid-Atlantic region of the United States. The facility sampled in their 

study was designed to treat approximately 680,000 m3/d, which is a considerably larger 

flow rate than any of the facilities sampled in the present study. However, the 

significantly higher concentrations detected there could also be the result of other 

factors, including possible industrial sources of triclosan or different treatment processes 

that may have resulted in decreased degradation of triclosan in that facility relative to 

the ones sampled in our study. In addition, the triclosan extraction method used in this 

study should be viewed as preliminary due to the approximately 50% recovery of 13C 

triclosan that was observed on average. However, this apparent low recovery may also 

be attributed in part to ion suppression due to the presence of matrix interferences in the 

electrospray ionization source, especially when considered in light of the high recovery 
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of triclosan found in our matrix spike experiment using SRM 2781 (97 ± 7%). The 

extraction and analytical methods for triclosan that are described here possess the 

significant advantage of allowing the direct measurement of triclosan using liquid 

chromatography techniques, but in the future, these methods should undergo further 

development in order to eliminate complications from matrix effects. 

3.3.5 Temporal Variations 

 Because we had access to four different biosolid samples collected from NC 

WWTP #1 at four separate time points (November 2006, June 2009, December 2009, and 

February 2010) we examined some temporal trends in the data. While only four samples 

were available, which considerably restricted our ability to observed significant trends, 

it was of interest to examine temporal variations given the recent phase-out of PBDEs 

and change in flame retardant use in products. Overall, PBDE levels appeared to follow 

a declining trend over time. The ΣPBDE concentrations declined significantly (p < 0.05) 

between June and December of 2009. The same pattern was also observed in 

concentrations of the PentaBDE congeners (i.e., all tetra- through hexabrominated 

congeners detected) and DecaBDE congeners (i.e., all nona- through decabrominated 

congeners detected), although congeners associated with the OctaBDE mixture did not 

change significantly over the time period of interest.  

Temporal comparisons were also examined for TBPH, triclosan, s-DP, and a-DP. 

TBPH concentrations in NC WWTP #1 were lowest in November of 2006. TBPH levels 
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had increased significantly by June of 2009 (p < 0.05) and then dropped significantly by 

December of 2009, while remaining significantly higher than the 2006 levels. TBPH 

levels then increased again by February of 2010 although the concentrations were not 

significantly different than those in December of 2009. Although a great deal of temporal 

variability was observed in TBPH concentrations in NC WWTP #1, the levels appear to 

follow an overall upward trend. More extensive temporal monitoring of TBPH in 

biosolids should be conducted in light of its increased use in PentaBDE replacement 

products (e.g. FM 550). Triclosan concentrations at every time point were significantly 

different from one another (p < 0.05), but no overall upward or downward trend could 

be discerned. Additionally, no significant differences in s- or a-DP concentrations were 

observed over time. Evaluations of temporal variability were not possible for TBB, HBB, 

and BTBPE due to the low detection of these analytes in some or all of the time points 

analyzed.  

Although a wide variety of factors can potentially influence the temporal 

variability of contaminant concentrations in wastewater treatment facilities, no 

significant changes in treatment process, industrial waste input, or population size 

occurred at this facility during the time period examined. Therefore, with caution, 

observed temporal trends may be interpreted as being related at least partially to 

concurrent changes in flame retardant usage over time. Environmental samples such as 
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biosolids should continue to be monitored in the United States in the coming years to 

further evaluate temporal trends in PBDE levels.  

3.3.6 Comparisons to Dust Levels 

 Contaminated indoor dust that enters the municipal wastewater treatment 

stream (e.g., as effluent from washing machines) is one likely source of the 

contamination observed in sewage sludge and biosolids. Thus, a potential correlation 

exists between the flame retardant levels in biosolids and those in indoor dust. Most of 

the flame retardants measured in this study have previously been detected in indoor 

dust samples. Several studies have reported concentrations of PBDEs in residential 

indoor dust [135-138], and these values are often similar to or higher than values 

reported for sewage sludge and biosolids. For instance, in the present study, ΣPBDE 

concentrations in biosolids ranged from 1750 to 6358 ng/g dw with a mean value of 3179 

ng/g dw. In 2005, Stapleton et al. measured PBDEs in indoor dust and reported ΣPBDE 

values ranging from 780 to 30,100 ng/g dw with a mean value of 5900 ng/g dw [136]. 

More recently, Johnson et al. reported ΣPBDE concentrations in indoor dust ranging 

from 980 to 44, 546 ng/g with a geometric mean of 4742 ng/g [135]. In both studies, the 

PBDE burden in house dust was dominated by congeners from the Penta- and DecaBDE 

products, similar to what has been observed in biosolids and sewage sludge. 

Significantly less information is available on the concentrations of alternate and 

emerging flame retardants relative to PBDEs in both indoor dust and biosolids, 
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particularly in the United States. However, alternate flame retardants are commonly 

found at lower concentrations than PBDEs in both biosolids and indoor dust.  

3.3.7 Differences between North Carolina and California 

It has been reported that the environmentally relevant tetra- and 

pentabrominated congeners 47, 99, and 100 are present at significantly higher 

concentrations in indoor dust samples from California than in dust samples from other 

parts of the United States [139]. Zota et al. hypothesized that elevated levels of these 

PBDE congeners in California may have resulted from more stringent furniture 

flammability standards in that state, namely Technical Bulletins 116 and 117 [4, 140]. As 

contaminated residential indoor dust may constitute a significant source of PBDEs and 

other contaminants to municipal wastewater treatment streams, we compared the 

concentrations of PBDE and the alternate flame retardants in the few biosolids samples 

collected from North Carolina and California in this study.  

DecaBDE was significantly higher in the North Carolina biosolids relative to the 

California biosolids (p < 0.05). However, no significant differences were detected in our 

samples between regions for the PentaBDE and OctaBDE groups. In order to compare 

our data directly with the findings of Zota et al., comparisons were also conducted for 

the individual BDE congeners 47, 99, and 100. However, as with the PentaBDE group, no 

significant differences existed in the concentrations of any of these congeners between 

the California and North Carolina biosolids.  
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A wide range of potential factors could influence flame retardant concentrations 

in biosolids from different facilities in different regions of the country. In addition to the 

potential influence of state-specific flammability requirements such as Technical 

Bulletins 116 and 117, these concentrations could be influenced by different treatment 

processes employed at the four facilities, with certain chemicals undergoing greater 

removal or transformation at some facilities relative to others. Additionally, the variety 

of different influent volumes treated by each facility could affect the final concentrations 

of flame retardants and triclosan in the biosolids. These concentrations are also likely 

affected by different residential and industrial sources that contribute to the influent 

stream of the wastewater facilities. Further research is needed to determine whether 

regional differences in PBDE concentrations exist and elucidate their possible causes. 

3.3.8 SRM 2781 

SRM 2781 was generated from sewage sludge collected in Denver, CO in 1991 

and was therefore expected to contain historically used contaminants but not the more 

modern replacement chemicals. We detected PBDEs, BTBPE, syn-DP, anti-DP, and 

triclosan in SRM 2781, and commercial use of all of these compounds is known to have 

predated the production of the SRM. For instance, PBDEs have been in widespread use 

since the 1970s, Dechlorane Plus has been in use for approximately 40 years [61], BTBPE 

has been used in the form of FF 680 for over 25 years [53], and triclosan was introduced 

to the market in 1972 [141]. The concentrations of all of these analytes reported here in 
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SRM 2781 are in agreement with available literature values for sewage sludge and 

biosolids [61, 88, 93, 104, 128, 133, 134]. TBB and TBPH were not detected in SRM 2781. 

However, as previously discussed, reports of TBPH production date back only to 1990, 

and FM 550 was highlighted as a PentaBDE replacement product in 2004, which 

provides a potential explanation for the absence of TBB and TBPH in SRM 2781.  

3.3.9 Implications 

In summary, a suite of brominated and chlorinated flame retardants and the 

antimicrobial agent triclosan were detected in North American biosolids. We also report 

concentrations of several brominated and chlorinated flame retardants and triclosan in 

SRM 2781. This study consists of grab samples of biosolids collected at different dates 

and times, rather than the result of a sustained monitoring effort. Therefore, it is not 

feasible to use these data to make rigorous comparisons across space and time. The 

temporal and spatial differences reported in this study may be reflections of the use 

patterns of these chemicals, or they may simply be caused by a given facility’s flow rate, 

treatment processes, or influent composition. The detection of alternate flame retardants 

such as TBB and TBPH in biosolids, in addition to their detection in indoor dust [41, 44], 

suggests that, like PBDEs, these replacement chemicals have the potential to migrate out 

of consumer products and enter the environment. 
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4. Environmental Fate of Flame Retardants and the 
Antimicrobial Agent Triclosan in Biosolid-Amended Soil 

4.1 Introduction 

Over half of the treated sewage sludge (also known as biosolids) produced in 

WWTPs in the U.S. is currently applied to agricultural, forage, and other fields as a 

nutrient-rich soil amendment [91, 130]. Historically, biosolids were placed in landfills, 

dumped into the ocean, or incinerated [91], and therefore land application is generally 

viewed as an alternative and environmentally beneficial practice. For this reason, the 

amount of biosolids applied to land in the U.S. has more than doubled since 1980 [91, 

142]; in the year 2004 alone, an estimated 4 million dry tons of biosolids were land-

applied to soils in the United States [90]. These biosolids meet regulatory criteria for 

nutrients, heavy metals, and pathogens, but are neither regulated nor routinely 

monitored for emerging organic contaminants, which may not be fully removed during 

wastewater treatment processes. Land application of biosolids could therefore result in 

soil contamination and enhance the bioaccumulation and long-range transport potential 

of these compounds.  

Contaminants commonly found at high levels in biosolids include anthropogenic 

organic chemicals used in various consumer products. A 2006 survey of the literature 

found concentration data for 516 such chemicals in sludges [143]. Among these 

chemicals are surfactants, plasticizers, PPCPs, pesticides, and flame retardants. 

Specifically, one commonly detected biosolid contaminant is a class of flame retardant 
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compounds known as polybrominated diphenyl ethers (PBDEs). PBDEs were once 

widely used to decrease flammability in consumer products such as electronic 

equipment and furniture, but have recently begun to be phased out or restricted in the 

United States and elsewhere due to their well-documented global distribution, 

persistence, bioaccumulation, and toxicity [14, 18].  

Some of the highest PBDE concentrations in North America are found in 

biosolids, where these chemicals are routinely measured at levels above 1 mg/kg dw [92, 

93]. PBDEs and other chemicals used in consumer products likely enter WWTPs via 

contaminated residential wastewater from homes that contain those products. Once in 

the wastewater treatment stream, PBDEs, which are highly hydrophobic, sorb tightly to 

wastewater solids [94] and undergo significant mass loading into biosolids.  

These high PBDE burdens in land-applied biosolids are cause for concern and 

have resulted in several studies examining the fate of PBDEs in contaminated soils. 

Certain PBDE congeners (BDEs 47, 66, 85, 99, 100, 153, 154, 196, 197, 206, 207, and 209) 

have been shown to bioaccumulate in earthworms in biosolid-amended soil [96]. 

Additionally, radishes and zucchini accumulated BDEs 47, 99, and 100 from soil that 

was spiked with the pentabrominated commercial mixture DE-71 in acetone [97], and 

tobacco and nightshade accumulated BDEs 47, 99, 100, and 209 in their tissues when 

grown in pure sludge [98]. However, limited data show that uptake of PBDEs by plants 

grown in biosolid-amended soil is not observed in field studies [99], suggesting that 
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experimental designs involving spiked soil or pure sludge rather than biosolid-amended 

soil may overestimate the bioavailability of PBDEs to plants. Thus, the fate of PBDEs and 

other similarly structured compounds in biosolid-amended soil remains unclear and 

further study is needed to determine whether land application of biosolids enhances 

bioaccumulation potential in the terrestrial environment. 

PBDEs are not the only contaminant of concern with respect to biosolid-amended 

soil. As PBDEs face increasing restrictions, a wide range of alternate flame retardants 

have seen increased use in recent years as PBDE replacements in consumer products [41, 

44, 45]. Among these PBDE replacements are TBB, TBPH, HBB, BTBPE, and Dechlorane 

Plus (DP; syn- and anti- isomers). These replacement compounds have been detected in 

biosolids at concentrations comparable to or lower than PBDEs [48, 99, 103]. In general, 

little is known about these replacement flame retardants, but they bear structural 

similarities to PBDEs (e.g., aromaticity, high degree of halogenation) that suggest similar 

environmental fates. More information is needed about how these alternate flame 

retardants behave relative to PBDEs in biosolid-amended soil.  

Another common wastewater contaminant that bears structural similarities to 

PBDEs is the antimicrobial agent triclosan, which is commonly used in personal care 

products such as shampoos, soaps, and toothpastes. Due to its widespread use and its 

typical “down the drain” disposal, triclosan is often detected at high concentrations in 

wastewater and biosolids. Once in the wastewater treatment stream, triclosan behaves 
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similarly to other relatively hydrophobic contaminants and undergoes accumulation in 

wastewater solids, with mass balance studies reporting between 30 and 50% of the mass 

of triclosan entering a WWTP ultimately being measured in sludge at concentrations 

reaching up to 30 mg/kg [88, 144]. Additionally, triclosan concentrations ranging from 

approximately 0.5 to 14 mg/kg dw were recently measured in biosolids from North 

Carolina and California as reported in Chapter 3 [103]. Typical literature concentrations 

of triclosan in sludge and biosolids fall the 10 mg/kg range [145]. The presence of 

triclosan at such high concentrations in biosolids is a cause for concern for several 

reasons. Triclosan has been shown to be acutely toxic to a wide variety of aquatic species 

including the American bullfrog (LC50: 0.15 µg/L; [107]), green alga, Daphnia magna (EC50: 

1.4 µg/L and 390 µg/L, respectively [146]), and fathead minnow (LC50: 260 µg/L; [146]), 

among others, and has also been shown to bioaccumulate readily in earthworms in 

biosolid-amended soil [106, 107]. Triclosan has also been shown to undergo 

biotransformation during wastewater treatment processes to form methyl triclosan, a 

more persistent metabolite [147]. In addition, triclosan has been suggested to accumulate 

in plants grown in biosolid-amended soil. One greenhouse study grew soybeans in 

biosolid-amended soil that had been previously spiked with triclosan in methanol and 

irrigated with spiked wastewater and found that triclosan accumulated in the soybean 

roots and underwent translocation to above-ground biomass [148]. However, a recent 

field study observed no accumulation of triclosan or other PPCPs in wheat samples 



 

88 

grown in biosolid-amended soil [149]. Therefore, as with PBDEs, a knowledge gap exists 

between what is observed in the field versus greenhouse experiments using solvent 

spikes. 

The objective of this study was to evaluate the environmental fates of PBDEs, a 

suite of PBDE replacement compounds, and triclosan in a controlled greenhouse 

experiment simulating the land application of biosolids at two different amendment 

rates. The persistence of these chemicals in biosolid-amended soil over time was 

evaluated, as was their ability to be accumulated by alfalfa (Medicago sativa) grown in the 

soil and undergo transformation reactions.  

4.2 Materials and Methods 

4.2.1 Materials 

The internal and surrogate standards 2,2′,3,4,5,5′-hexachloro[13C12]diphenyl 

ether (13C CDE-141), decabromo[13C12]diphenyl ether (13C BDE 209), 5-chloro-2-(2,4-

dichloro[13C6]phenoxy) [13C6]phenol (13C triclosan), and 2,2’,4,4’-tetrabrominated 6-

hydroxy[13C12]diphenyl ether (13C 6-OH BDE 47) were purchased from Wellington 

Laboratories (Guelph, ON, Canada). 4’-Fluoro-2,3’,4,6-tetrabromodiphenyl ether (F-BDE 

69) was purchased from Chiron (Trondheim, Norway). Quantification standards for 

TBB, TBPH, BTBPE, HBB, syn- and anti-DP, and triclosan were purchased from 

Wellington Laboratories (Guelph, Ontario, Canada), and methyl triclosan was 

purchased from Sigma Aldrich (St. Louis, MO). Individual quantification standards for 
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40 PBDE congeners (BDEs 17, 25, 30, 28/33 (co-eluting), 47, 49, 66, 71, 75, 99, 100, 116, 

119, 88/155 (co-eluting), 138, 153, 154, 156, 171, 176, 179, 181, 183, 184, 188, 190, 191, 196, 

197, 201, 202, 203/200 (co-eluting), 205, 206, 207, 208, and 209) were purchased from 

AccuStandard, Inc. (New Haven, CT). All solvents were of HPLC grade or better. 

Concentrated sulfuric acid was purchased from J.T. Baker (Phillipsburg, NJ).  

4.2.2 Greenhouse Experiment 

4.2.2.1 Design and set-up 

In the summer and fall of 2010 (July 23rd – October 21st), a 90-day mesocosm 

experiment was conducted in the research greenhouse at Duke University. This facility 

is equipped with computer-controlled and monitored environmental conditions. The 

temperature in the growing zone used is maintained at 25 °C during the day and 18.3 °C 

at night. Relative humidity is set to 65%, and natural and supplemental lighting 

maintain a 14-hour photoperiod.  

On Day 0 of the experiment, soil amendments were constructed of Fafard 3B 

planting medium (Conrad Fafard, Inc.; Agawam, MA; ingredients listed in Appendix B) 

and digested and dewatered cake biosolids, which were collected from a local WWTP on 

July 21st, 2010. The factorial experiment design consisted of two vegetation treatments 

(non-vegetated control and alfalfa) and three biosolid amendment levels (0% 

(unamended control), 10% (low), and 30% (high) by volume. These biosolids amounts 

correspond to approximate amendment rates of 150 and 450 metric tons/ha, which are 
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considerably higher than agronomic application rates. These high amendment rates 

were chosen to allow us to vary analyte concentrations with biosolids addition rather 

than standard spikes, and to enable detection of the compounds over the entire study 

period. Each treatment was executed in triplicate. The low and high biosolid 

amendments were prepared in bulk, homogenized using a shovel and garden cultivator, 

and sub-sampled to serve as the Day 0 soil time point.  

Pots (17 ¼” wide by 17 ⅛” deep; high-density polyurethane (Nursery Supplies, 

Inc.)) were pre-rinsed with acetone, lined with acetone-rinsed mesh screening and filled 

with 2 inches of steam-sterilized gravel. Unamended Fafard 3B soil was then added to 

fill the pot. The top six inches of the control, low, and high pots were then filled with 

unamended Fafard 3B, 10% biosolids by volume, or 30% biosolids by volume, 

respectively. In each pot receiving the alfalfa treatment, Magnum VI alfalfa seeds 

(Evergreen Seed, LLC; Rice, VA) were sown directly into the top ½ inch of soil at a 

seeding rate of 100 seeds per pot, which corresponds to approximately 15 pounds per 

acre. Prior to planting, seeds were dampened and inoculated with a clay-based 

powdered alfalfa inoculant containing the bacteria Rhizobium meliloti and Rhizobium 

leguminosarum biovar trifolii, a practice used in field planting to help ensure plant growth 

and acceptable yields. Inoculant powder was also incorporated into the surface soil of 

non-vegetated control pots.  
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4.2.2.2 Sample collection 

The experiment was initiated on July 23rd, 2010. On Day 0, representative sub-

samples of unamended Fafard 3B as well as the low and high bulk biosolid amendments 

were collected into baked glass jars with foil-lined lids to serve as the Day 0 soil samples. 

At pre-determined time points throughout the experiment (Days 7, 14, 28, 42, 47, 70, and 

90), sub-samples of the top 4-6 inches of soil were removed from each individual pot 

using a solvent-rinsed modified soil corer and stored in baked glass jars with foil-lined 

lids. All soil samples were stored at -20 °C until analysis.  

At pre-determined time points (Days 28, 47, 70, and 90), above- and below-

ground subsamples of alfalfa biomass were also collected. Approximately one fourth of 

the available biomass was collected at each time point, with the entire remaining 

biomass being harvested on Day 90. Alfalfa samples were separated into above- and 

below-ground sections, carefully rinsed with MilliQ water to remove visible soil 

particles, and stored in foil packets at -20 °C until analysis. Moisture contents of each 

individual soil and alfalfa sample were determined gravimetrically by drying 

subsamples of each material at 100 °C for 24 hours. Organic carbon content of the Day 0 

and Day 90 soil samples was determined as follows: briefly, 1 g of each sample was 

sonicated in 10 mL of 1 M HCl for 15 minutes to remove carbonates. Samples were then 

transferred to aluminum weigh pans and oven-dried at 80 °C for 24 hours, pulverized 
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using a mortar and pestle, and analyzed for total carbon content using a Flash EA 1112 

CHN Analyzer (ThermoQuest, Italy). 

Any water that drained out of the pots as a result of watering was also captured 

in solvent-rinsed foil pans placed below each pot. When water accumulated in the pans, 

it was transferred to trace-clean 4-L amber bottles and refrigerated. Within one week of 

collection, water samples were processed. First, the total sample volume was measured. 

The sample was then separated into two aliquots: 25% and 75% of the total volume. The 

25% aliquot was filtered using a glass fiber filter for gravimetric determination of total 

suspended solids, which ranged from 0.03 to 0.28 mg/L, and then discarded. The 

remaining 75% was filtered through a separate glass fiber filter which was retained and 

and frozen at -20 °C. The filtered water was then spiked with 10 mL of methanol and 

refrigerated. 

4.2.3 Soil Extraction and Analysis 

Soil sub-samples (4 g wet weight (w/w)) were homogenized with sodium sulfate 

and loaded into stainless steel extraction cells with two glass fiber filters on each end, 

spiked with internal standards (F-BDE 69, 13C BDE 209, and 13C triclosan), and extracted 

via pressurized fluid extraction (ASE 300, Dionex, Inc.). Samples were extracted 3 times 

with 50:50 DCM:hexane at a temperature of 100 °C and a pressure of 1500 psi. Extracts 

were then concentrated to 1 mL (Turbo Vap II, Zymark Inc.) and split in half 

gravimetrically to yield A and B fractions for each sample. 



 

93 

The A fractions of the soil extracts were loaded onto alumina columns (4 g, 6% 

deactivated), and eluted with 50 mL of 50:50 DCM:hexane. Extracts were then re-

concentrated and solvent-switched to 0.5 mL hexane and then further cleaned via 

Florisil solid phase extraction (SPE) cartridges (500 mg, 6 mL; Supelco, Bellefonte, PA) 

using an adaptation of a previously published method [150]. Briefly, Florisil cartridges 

were pre-cleaned with 5 mL of methanol followed by 3 mL of hexane. Extracts were 

transferred to the cartridges and a first fraction was eluted with 4 mL of hexane followed 

by a separate second fraction that was eluted with 10 mL of ethyl acetate (which was 

retained for separate OPFR analysis not discussed here). The hexane fraction was 

concentrated to a volume of 0.5 mL, spiked with the recovery standard 13C CDE 141, 

syringe-filtered to remove particulates (0.45 µm PTFE, VWR International), and then 

analyzed for a suite of PBDEs as well as TBB, TBPH, BTBPE, HBB, syn-DP, and anti-DP 

via GC/ECNI-MS (Agilent 6890N/5975) using previously published methods [41]. This 

fraction was then further analyzed for methyl triclosan via GC/EI-MS using a 0.25 m 

(I.D.) x 30 m fused silica capillary column coated with 5% phenyl methylpolysiloxane 

(0.25 µm thickness). The pressurized temperature vaporization inlet was set to an initial 

temperature of 80 °C for 0.3 min, followed by a 600 °C/min ramp to 300 °C. The oven 

temperature program was held at 80 °C for 2 min, followed by a 20 °C/min ramp to 250 

°C, followed by a 1.5 °C/min ramp to 260 °C, followed by a final 25 °C/min ramp to 300 

°C, which was then held for 20 minutes. The transfer line was maintained at 300 °C and 
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the ion source and quadrupole were maintained at 230 °C and 150 °C, respectively. 

Methyl triclosan was quantified by monitoring m/z 302 (quantitative) and 252 

(qualitative) and using 13C CDE 141 as the internal standard. 

The B fractions of the soil extracts were purified using a previously published 

method designed for triclosan in biosolids and were analyzed for triclosan using LC/MS-

MS as previously described [103].  

2.4 Alfalfa Extraction and Analysis 

Alfalfa sub-samples (1 g w/w for roots, 2 g w/w for shoots) were homogenized 

with sodium sulfate, spiked with internal standards (F-BDE 69, 13C BDE 209, and 13C 

triclosan), and Soxhlet extracted for 12 hours with 50:50 DCM:ethyl acetate. Extracts 

were then concentrated and solvent-switched to 1 mL 50:50 DCM:hexane, syringe-

filtered to remove particulates (0.45 µm PTFE, VWR International), and split in half 

gravimetrically to yield A and B fractions for each sample.  

The A fractions of both shoot and root extracts were subjected to Florisil SPE 

clean-up as described above for the soil extracts. The resulting hexane fractions of root 

extracts were then syringe filtered, spiked, and analyzed as described above for PBDEs, 

TBB, TBPH, BTBPE, HBB, and syn- and anti-DP via GC/ECNI-MS. The hexane fractions 

of shoot extracts were further purified by elution through Sep-Pak Vac aminopropyl SPE 

cartridges with 12 mL of hexane (500 mg, 6 mL, pre-cleaned with 10 mL of hexane; 
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Waters Corporation, Milford, MA) and then analyzed for PBDEs, TBB, TBPH, BTBPE, 

HBB, and syn- and anti-DP via GC/ECNI-MS. 

The B fractions of both root and shoot extracts were purified via treatment with 1 

mL of concentrated sulfuric acid. The mixture was extracted in triplicate with 5 mL 

aliquots of 50:50 DCM:hexane, and the organic fractions were pooled and then re-

concentrated to a volume of 1 mL. Extracts were then loaded onto acid silica columns 

(40% w/w) and eluted with 30 mL of 75:25 DCM:hexane. B fractions were then solvent-

switched to methanol, syringe-filtered (0.2 µm PTFE, VWR International), spiked with 

the internal standard 13C 6-OH BDE 47, and analyzed for triclosan as previously 

described [103].   

4.2.5 Quality Assurance 

All treatments were executed in three independent replicates. For all soil and 

alfalfa extractions, laboratory blanks consisting of sodium sulfate (n = 6 for both soil and 

alfalfa) were analyzed alongside samples. Recoveries of the internal standards F-BDE 69, 

13C BDE 209, and 13C triclosan were 103 ± 20%, 74 ± 25%, and 64 ± 24% for the soil 

extractions, respectively, and 114 ± 21%, 93 ± 26%, and 66 ± 21% for the alfalfa 

extractions, respectively. Matrix spike experiments were conducted to evaluate method 

performance for selected analytes. Percent recoveries of these matrix spike experiments 

for soil, root, and shoot samples are given in Table 6.  
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Table 6. Percent recoveries (mean and standard deviation; n = 3) of selected analytes in 

matrix spike experiments. 

Analyte Soil Alfalfa Roots Alfalfa Shoots 

BDE 47 n/a 61.4 ± 10.7 84.9 ± 3.2 

BDE 209 n/a 58.1 ± 11.0 95.1 ± 31.9 

TBB 95.0 ± 7.1 76.6 ± 18.6 94.3 ± 9.4 

TBPH 118.0 ± 10.7 64.7 ± 12.9 82.6 ± 4.6 

Triclosan 80.2 ± 17.7 46.8 ± 11.3 49.4 ± 3.8 

Analyte measurements in soil and alfalfa samples were blank corrected using the 

average amount of a given analyte in the laboratory blanks. Analytes routinely detected 

in blanks included BDEs 47, 99, 100, and 209, as well as TBB, TBPH, and triclosan, 

although these were all present at low levels that ranged from below detection to 8.84 ng 

for triclosan in soil blanks. Alfalfa blanks were also typically in the same range with the 

exception of a few higher values (up to 18.40 and 26.18 ng for BDE 209 and triclosan, 

respectively). The MDL (ng/g dw) was calculated as three times the standard deviation 

of the amount of the analyte in the blank, normalized to the average dry weight mass of 

soil or alfalfa extracted.  

4.2.6 Data Analysis 

GC/ECNI-MS data acquisition and analysis was performed using Agilent MSD 

Chemstation software, and LC/MS-MS data acquisition and analysis was performed 

using Agilent MassHunter software. For all statistical analyses beyond summary 

statistics, values < MDL were assigned a value of half the detection limit. The 

distributions of all analyte concentrations were assessed with Shapiro-Wilk tests and the 

data were log-transformed to obtain normal distributions when appropriate. Differences 
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in overall plant biomass among soil amendment levels were assessed with one-way 

analysis of variance (ANOVA) followed by post hoc analysis using Tukey’s HSD test in 

JMP 10. Differences in analyte concentrations among the soil amendments at Day 0 were 

also assessed with one-way ANOVA followed by post hoc analysis using Tukey’s HSD 

test. Changes in soil concentrations over time and effects of vegetation on soil 

concentrations were evaluated using a two-way ANOVA using sampling day and 

vegetation treatment as main effects. Any significant effects of sampling day were 

further evaluated within a vegetation treatment using one-way ANOVA followed by 

post hoc analysis using Tukey’s HSD test. Relationships between analyte persistence in 

soils and physical-chemical properties were explored using linear regression in 

GraphPad Prism 6. Statistical significance was set at α < 0.05.  

4.3 Results and Discussion 

4.3.1 Plant Biomass 

Alfalfa germination occurred within the first three to five days of the experiment, 

with growth continuing until the final harvest at Day 90. The total plant biomass (i.e., 

the summed weights of all four collection time points) at the three biosolid amendment 

levels are presented in Figure 10. Total shoot biomass was significantly higher at the 

high biosolid amendment rate relative to the control (one-way ANOVA; p < 0.05), 

suggesting that the nutrient levels in the high biosolid amendment had a positive effect 

on above-ground plant growth relative to the control and low biosolid amendment 
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levels. No significant differences were observed in overall root biomass among biosolid 

amendment levels.  

 

Figure 10. Mean total alfalfa root and shoot biomass at the control, low, and high 

biosolid amendment levels (n = 3; g dry weight; error bars represent standard 

deviation). 

4.3.2 Day 0  

Table 7 presents the concentrations of flame retardants, triclosan, and methyl 

triclosan measured in the Fafard 3B control soil, biosolids, and the resulting low (10%) 

and high (30%) soil amendments on Day 0 of the experiment. Results are given in terms 

of mean concentrations ± standard error of the mean from triplicate analyses in ng/g dw.  
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Table 7. Mean concentrations and standard error (n = 3) of selected brominated flame 

retardants and triclosan in soil amendments and biosolids at Day 0. 

Analyte Control (0%) Low (10%) High (30%) Biosolids 

BDE 47 2.7 ± 0.8 44.6 ± 4.7 353 ± 24 1181 ± 97 

BDE 183 < 0.2 0.9 ± 0.09 6.2 ± 0.4 21.3 ± 2.1 

BDE 209 2.3 ± 0.6 110 ± 19 815 ± 84 1823 ± 127 

ΣPBDEs 5.4 ± 1.4 207 ± 27 1602 ± 150 4302 ± 158 

TBB < 4.4 4.2 ± 2.0 44.7 ± 3.8 135 ± 11 

TBPH < 0.6 16.6 ± 1.1 156 ± 9 496 ± 42 

BTBPE < 0.2 0.3 ± 0.1 5.3 ± 0.3 22.3 ± 1.9 

Triclosan < 7.5 211 ± 4 1905 ± 112 4219 ± 190 

Methyl Triclosan < 2.1 < 2.1 < 2.1 < 2.1 
Values less than method detection limit (MDL) are shown as < the MDL value in soils (ng/g dw). 

4.3.1.1 Detection of flame retardants and triclosan in biosolids 

Of the 40 BDE congeners analyzed, the following 22 BDE congeners were 

detected in the biosolids used to construct the soil amendments: BDEs 28/33, 47, 49, 66, 

99, 100, 85/155, 138, 153, 154, 183, 196, 197, 201, 203/200, 206, 207, 208, and 209. BDEs 47, 

99, 100, and 209 comprised 90% of the overall PBDE burden in the biosolids samples. 

The overall PBDE burden in the biosolids was 4302 ± 158 ng/g dw, which is comparable 

to previous measurements reported for biosolids collected from this WWTP [103].  

TBB, TBPH, and BTBPE were detected in the biosolids samples and resulting low 

and high soil amendments. Both TBB and TBPH were present in the biosolids at 

concentrations an order of magnitude lower than the total PBDE burden, and the 

average BTBPE concentration was two orders of magnitude below the PBDE burden. 

This observation is consistent not only with past measurements of biosolids from this 

WWTP [103] but also other studies that have measured these alternate flame retardants 
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in biosolids and house dust [41, 48]. HBB and syn-DP were also detected in the biosolids 

but at low enough levels that they were typically below detection in the low or high soil 

amendments, and anti-DP was not detected in the biosolids at all. For this reason, these 

analytes were excluded from further statistical analyses. The average triclosan 

concentration found in the biosolids was 4219 ± 190 ng/g dw, which corresponds well to 

previous triclosan measurements reported in biosolids from this WWTP [103]. Methyl 

triclosan was not detected in any of the Day 0 soil amendments or in the biosolids.  

4.3.1.2 Analysis of Day 0 soil amendments 

Differences in analyte levels in the Day 0 control, low amendment, and high 

amendment samples were evaluated using one-way ANOVA. Analytes included in the 

analysis were BDE 47, BDE 183, and BDE 209, which are all environmentally relevant 

congeners and representative of the three PBDE commercial mixtures, as well as TBB, 

TBPH, BTBPE, and triclosan. For the three BDE congeners, TBPH, and triclosan, the 

concentration values of all three amendment levels were different from one another (p < 

0.0001). In contrast, for TBB and BTBPE, the control and low amendments were not 

significantly different due to the occurrence of non-detects in the low amendment, 

whereas the high amendment was significantly different from both the low and control 

amendments for both analytes (BTBPE, p = 0.0002; TBB, p = 0.0004). As shown in 



 

101 

Table 7, the measured concentrations in the low and high soil amendments do not 

correspond exactly to 10% and 30% of the concentrations measured in the biosolids 

matrix. This discrepancy is partially due to some spatial heterogeneity in the low and 

high amendments, which will persist regardless of how well the amendments are 

homogenized prior to sampling, and partially to the fact that amendments were 

constructed on a volume basis whereas concentrations are reported on a mass basis.  

4.3.3 Soil Concentrations over Time 

Changes in soil concentrations over time and potential effects of the vegetation 

treatment were evaluated using a two-way ANOVA using vegetation treatment and 

sampling day. In the high biosolids amendment, sampling day had a significant effect 

on soil concentrations for BDE 47, BDE 209, TBB, and triclosan (p < 0.05), and a 

marginally significant effect for TBPH (p = 0.0905). Upon further evaluation of this effect 

using one-way ANOVA within vegetation treatments, concentrations of these analytes 

were observed to decline significantly over time in the vegetated soil from Day 0 by Day 

28, at which point they reached a plateau and no further significant differences existed 

between time points (i.e., Days 28-90) for any analyte. Additionally, in the high biosolids 

amendment, the alfalfa treatment resulted in significantly (or, in the case of TBPH, 

marginally significantly) lower concentrations relative to the non-vegetated control for 

BDE 47, BDE 183, BDE 209, TBPH, BTBPE, and triclosan (Figure 11; two-way ANOVA; p 

< 0.05 except for TBPH, where p = 0.0525). Therefore, these analytes underwent 
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significant dissipation from biosolid-amended soil at the high amendment rate only 

when in the presence of alfalfa and not in non-vegetated biosolid-amended soils. The 

differences between soil concentrations in vegetated pots relative to non-vegetated pots 

did not increase over time for any analyte, suggesting that the observed dissipation of 

these compounds in the presence of alfalfa may be related to the early stages of plant 

growth rather than an ongoing process such as accumulation by alfalfa. No significant 

declines in analyte concentrations were observed in non-vegetated soil at the high 

biosolid amendment level, and thus there was no clear indication of dissipation from 

non-vegetated soils during the study period. Additionally, no significant differences 

were observed between vegetated and non-vegetated soils at the low biosolids 

amendment for any of the analytes. 

This observation of declining chemical concentrations in biosolid-amended soil 

before reaching a plateau value is consistent with the finding of Langdon et al., who 

conducted a laboratory study examining the fate of triclosan in unplanted biosolid-

amended soil and observed rapid dissipation of triclosan during the first 14 days of 

observation followed by no significant changes in triclosan concentrations between days 

14 and 224. This recalcitrant fraction constituted 30-51% of the initial soil concentration. 

Langdon et al. therefore suggested that the use of first-order kinetics models can in some 

cases lead to significant underestimation of triclosan persistence in biosolid-amended 

soils [151]. In a subsequent field study, Langdon et al. examined the fate of triclosan in 
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biosolid-amended soil planted with wheat and noted declines in triclosan soil 

concentrations relative to Day 0 during the initial time points (i.e., up to Day 112) 

followed by a highly variable plateau for the remainder of the 336-day study period 

[152]. Based on the similarities between our observations and those of the studies by 

Langdon et al., first-order kinetics models were not used in the present study and 

instead the average percentages of each analyte lost between the initial Day 0 

concentrations and the “plateau” value (average of all measurements from Days 28-90) 

for the vegetated and non-vegetated pots from the high biosolid amendment are given 

in Table 8 for BDE 47, BDE 209, TBB, TBPH, and triclosan.  

Table 8. Percent lost between initial time point (Day 0) and average plateau value 

(Days 28-90) for selected analytes of interest in vegetated and non-vegetated soil at the 

high biosolid amendment. 

Analyte Vegetated  Non-Vegetated 

BDE 47 55.1 42.1 

BDE 209 52.2 38.8 

TBB 51.4 46.0 

TBPH 43.1 31.9 

Triclosan 60.9 46.9 
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Figure 11. Soil concentrations (ng/g dw; n = 3, mean ± SEM) of selected analytes vs. 

sampling day in the low and high biosolid-amended treatments. 
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4.3.4 Effects of Alfalfa on Soil Concentrations 

One explanation for the enhanced contaminant loss from biosolid-amended soils 

observed in the presence of alfalfa is the uptake and accumulation of the chemicals by 

plants. Above- and below-ground alfalfa biomass was sampled four different time 

points throughout the experiment (Days 28, 47, 70, and a destructive harvest on Day 90) 

and analyzed for the target compounds. No clear evidence for accumulation of PBDEs, 

alternate BFRs, or triclosan above detection limits was observed in the present study (see 

Tables 11-18 in Appendix B). However, sporadic detection of these compounds in alfalfa 

root and shoot tissues from all three biosolid amendment groups, including control, 

indicate that our study experienced some contamination issues. In addition, MDLs for 

three analytes (BDE 209, TBPH, and triclosan) were high due to variable blank 

contamination and were calculated to be 70.2, 28.2, and 115.1 ng/g dw in root samples 

and 54.2, 21.8, and 90.3 ng/g dw in shoot samples, respectively. This blank 

contamination issue limits our ability to observe low-level accumulation of these three 

analytes by alfalfa. However, MDLs remained low for all other PBDE congeners and 

alternate flame retardants (roots: 0.19 to 8.33 ng/g dw; shoots: 0.12 to 6.43 ng/g dw). In 

addition, methyl triclosan was not observed above detection limits in the alfalfa tissue 

samples (root and shoot MDLs = 2.01 and 1.56 ng/g dw, respectively), indicating that this 

metabolite of triclosan did not undergo phytoaccumulation during the study period. 
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The possibility of uptake, accumulation, and translocation of common organic 

biosolid contaminants by plants has been demonstrated in previous greenhouse studies. 

Mueller et al. grew radishes and zucchini in soil that had been spiked with the 

commercial PentaBDE mixture DE-71 (delivered in acetone) to yield a starting soil 

concentration of 72 ng/g dw of ∑pentaBDEs (-47, -99, and -100) and observed that after 

10 weeks of growth, radish and zucchini plants had accumulated pentaBDEs in their 

root and shoot tissues at concentrations up to 5 ng ∑pentaBDEs /g dw [97]. Vrkoslavova 

et al. grew nightshade and tobacco in pure sewage sludge in pots lined with aluminum 

foil to prevent outflow and reported that after 6 months of growth, nightshade and 

tobacco had accumulated BDEs 47, 99, and 100 in their tissues at total concentrations up 

to 15.4 and 76.6 ng/g dw, respectively, and tobacco had accumulated 116.8 ng/g dw of 

BDE 209 (initial sewage sludge concentrations of BDEs 47, 99, 100, and 209: 139.4, 166.3, 

28.7, and 400.3 ng/g dw, respectively) [98]. Triclosan has also been shown to accumulate 

in plants grown in spiked soil. Wu et al. simulated biosolids land application in a 

greenhouse study by amending soil with municipal biosolids that had been spiked with 

triclosan in methanol at a theoretical starting concentration in the amended soil of 70 

ng/g dw (although background levels of triclosan in the biosolids were not reported), 

and also investigated the effect of an irrigation treatment using water spiked to a 

concentration of 10 µg/L. After 110 days of growth, soybeans grown in the irrigation and 

biosolid application treatments had accumulated respective concentrations of 198 and 
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346 ng of triclosan per g dw in their tissues overall [148]. Pannu et al. evaluated plant 

uptake of triclosan in lettuce, radish, and bahia grass in soil amended with one of three 

different treatments: an unspiked biosolids treatment and two spiked biosolids 

treatments, which yielded starting amended soil concentrations of 990, 5,900, and 11,000 

ng triclosan/g dw of soil, respectively. In the unspiked biosolids treatment (990 ng/g), 

lettuce leaves and radish roots accumulated limited amounts of triclosan (10 and 100 

ng/g dw, respectively, resulting in bioaccumulation factors of 0.01 and 0.1), whereas 

radish leaves and bahia grass showed no triclosan accumulation. The authors observed 

more extensive bioaccumulation of triclosan in their high spiked biosolids treatment 

(11,000 ng/g dw), reporting bioaccumulation factors of 0.09, 0.006, and 0.93 in lettuce 

leaves, radish leaves, and radish roots, respectively [153].  

These studies demonstrate that phytoaccumulation of PBDEs and triclosan from 

biosolid-amended soil is possible, but consideration must be given to study design when 

interpreting these results. For instance, the Mueller and Wu studies rely on solvent 

spikes to obtain the desired starting concentrations. However, a given contaminant may 

be more bioavailable to biota such as plants when spiked into the soil material than 

when it is present in a highly weathered matrix such as biosolids, as demonstrated by 

Pannu et al. in the case of triclosan. Vrkoslavova used a real, unspiked sewage sludge 

material, but did not dilute the sludge with soil and therefore their study design 

represents only the most extreme of worst-case scenarios. Field studies examining the 
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fates of these compounds in agricultural settings often do not observe accumulation in 

plants. For instance, Hale et al. analyzed corn grown in soil that had been amended with 

biosolids according to agricultural practices at rates up to 8.5 dry metric tons/ha/year for 

three consecutive years (initial ∑PBDE concentrations in the biosolids were as high as 

9,060 ng/g dw), but did not detect PBDEs in any of the corn samples they analyzed [99]. 

In another field study, Gottschall et al. reported no accumulation of triclosan in wheat 

grown according to agricultural practices in soil treated with a single biosolids 

application of 22 metric tons/ha (initial triclosan concentration in biosolids: 10,900 ng/g 

dw) [149]. In the Pannu et al. work discussed above, an additional objective involved the 

evaluation of paired soil and plant samples collected from a field with a history of 

receiving high biosolid amendments (total biosolids application of up to 1,180 Mg/ha 

over the course of 16 years, or approximately 70 Mg/ha/year). The authors reported soil 

concentrations of triclosan ranging from 44 to 100 ng/g dw and calculated 

bioaccumulation factors in soybeans and corn ranging from <0.01 to 0.16, demonstrating 

that limited phytoaccumulation of triclosan can occur under agricultural conditions 

[153]. The amendment rates in our study (approximately 150 and 450 metric tons/ha) 

were considerably higher than the rates used in these previous studies, suggesting that 

even at biosolid application rates well above those used in agricultural conditions, 

phytoaccumulation may not be a significant loss pathway of flame retardants and 

triclosan from biosolid-amended soils. 



 

109 

These field results demonstrate that greenhouse studies using solvent spikes to 

deliver desired concentrations may be overstating the bioaccumulation potential of these 

compounds in biosolid-amended soil. Our results, although limited by high detection 

limits for selected analytes, more closely agree with the field studies discussed above 

and therefore suggest that the use of a real, unspiked biosolids material in greenhouse-

based studies, as opposed to solvent spike designs, can better approximate the actual 

bioavailability of biosolid contaminants to plants grown in biosolid-amended soil. 

However, to put our results in context with the previously discussed greenhouse studies 

that did observe phytoaccumulation, we estimated the maximum triclosan 

concentrations in alfalfa that could potentially have been observed in this study if 

phytoaccumulation had occurred. Using an estimated soil density of 0.224 g/cm3 (based 

on values for Fafard 3B provided by Conrad Fafard, Inc.), the average mass of triclosan 

lost from the top 6 inches (i.e., the contaminated zone) of the high biosolid-amended 

vegetated soil was calculated to be approximately 6453 µg of triclosan. If 100% of this 

amount had been accumulated in either alfalfa shoot or root biomass, the maximum 

observable triclosan concentration in shoots or roots would have been approximately 45 

or 174 µg/g dw, respectively. The method detection limits for triclosan in shoots and 

roots (90.3 and 115.1 ng/g dw, respectively), represent 0.2% and 0.1%, respectively, of the 

maximum observable triclosan concentrations in alfalfa. Therefore, if triclosan did 

accumulate in alfalfa shoots or roots at concentrations below our detection limits, no 



 

110 

more than 0.2% or 0.1% could possibly have been accumulated, indicating that 

phytoaccumulation is not a significant loss pathway for triclosan. This calculation was 

also performed for BDE 100, which is structurally similar to triclosan and has also been 

demonstrated to phytoaccumulate in solvent spike studies [97]. If 100% of the BDE 100 

lost from the contaminated soil at the high biosolid-amended vegetated treatment (195.5 

µg) was accumulated in either alfalfa shoots or roots, the maximum BDE 100 

concentrations in shoots or roots would be 1 or 5 µg/g dw, respectively. The MDL values 

for BDE 100 in alfalfa shoots and roots (0.57 and 0.44 ng/g dw, respectively) therefore 

represent 0.04% and 0.01% of the theoretical maximum uptake values. Therefore, for 

BDE 100 as for triclosan, if phytoaccumulation did occur at concentrations below our 

detection limits, it was not a significant dissipation pathway from biosolid-amended 

soils.  

4.3.5 Potential Causes of Contaminant Dissipation in Soils 

In the absence of conclusive evidence that alfalfa plants accumulated flame 

retardants and triclosan in their tissues, a variety of possible explanations remain for the 

observation that selected flame retardants and triclosan undergo enhanced dissipation 

from biosolid-amended soil in the presence of alfalfa. One possibility is that differences 

in soil microbial communities between vegetated and non-vegetated pots resulted in 

enhanced degradation of target analytes in the alfalfa rhizosphere, where microbial 

counts can be 1 to 2 orders of magnitude higher than in non-vegetated soils [154]. 
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Additionally, photolytic degradation of PBDEs in the surface soil may have contributed 

to the declining trend observed for analytes such as BDE 209. Because BDE 209 is an 

abundant compound in these soils, and because it is one of the most photosensitive 

compounds we analyzed, we evaluated potential photodegradation of BDE 209 in the 

soil by monitoring the primary photoproducts identified in Chapter 2. These 

photoproducts include the three nonaBDEs (BDEs 206, 207, and 208), which are the 

immediate debromination products of BDE 209, and certain octabrominated 

photodegradation products of nonaBDEs. These octaBDEs are important for monitoring 

photodegradation because they are not found in commercial PBDE mixtures and 

therefore can only result from transformation reactions [111, 131]. As discussed in 

Chapter 2, one such marker congener is BDE 202, which is formed exclusively through 

debromination of BDE 209 via BDE 208 [131] and is not present in any PBDE commercial 

mixtures [9]. Another important marker is the ratio of octaBDEs 197 to 201. These two 

congeners are not typically found in commercial DecaBDE mixtures but are present in 

the commercial OctaBDE mixtures at a ratio of approximately 30:1 due to the dominance 

of BDE 197 [9]. In Chapter 2, BDE 197 was shown to be a primary photoproduct of BDE 

207, and BDE 201 was shown to form from both BDE 207 and BDE 208. A ratio of BDE 

197 to BDE 201 in environmental samples that is lower than that found in commercial 

mixtures has been proposed as evidence of BDE 209 debromination to form these 

congeners in the environment [111]. However, no statistically significant changes in 
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concentrations of nonaBDE congeners were observed over time in the biosolid-amended 

soil. Additionally, BDE 202 was not found in any of the soil samples, and detection of 

BDEs 197 and 201 was too sporadic to evaluate changes in their ratio over time. BDE 209 

has previously been shown to be highly resistant to transformation in soils and sludges 

due to its high binding affinity for natural organic matter, with anaerobic microbial 

transformation half-lives of nearly four years being reported in sewage sludge [100] and 

a photodegradation half-life of 2.7 years being reported in organic-rich sediment (% 

organic carbon = 16.4%) exposed to natural sunlight [155]. Furthermore, 

photodegradation reactions will occur only very near the surface of biosolid-amended 

soil where the soil is actually exposed to sunlight, and alfalfa biomass began shading the 

soil surface early in the course of our experiment. Therefore, it is unsurprising that no 

evidence of BDE 209 photodegradation was observed in this 90-day study.  

Although transformation of BDE 209 was not an important loss pathway in the 

present study, transformation reactions may have played a role in the dissipation of 

other analytes such as triclosan. Triclosan has been shown to undergo microbial 

biotransformation to methyl triclosan, a more persistent and lipophilic metabolite [72], 

during wastewater treatment [133, 147, 156, 157] and in biosolid-amended soils [158, 

159]. To investigate the potential for triclosan biotransformation in our study, the A 

fractions of soil extracts were analyzed for methyl triclosan. Methyl triclosan was <MDL 

(2.1 ng/g dw) from the Day 0 control, low, and high biosolid-amended soils, the 
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biosolids used to construct the soil amendments, and all soil samples from Days 7 and 

14. In the high biosolid-amended soils, methyl triclosan was first detected at Day 28 for 

both the vegetated and non-vegetated treatments. Methyl triclosan concentrations then 

increased significantly by Day 42 in vegetated soil and Day 47 in non-vegetated soil, 

followed by no further significant increases in concentrations for the remainder of the 

study period (Figure 12; one-way ANOVA followed by Tukey’s post-hoc analysis, p < 

0.05). In the low biosolid-amended soils, methyl triclosan first appeared at Day 28 and 

Day 42 in the vegetated and non-vegetated treatments, respectively, and concentrations 

did not increase significantly at any later time point for either treatment. No significant 

differences in methyl triclosan formation were observed between the vegetated and non-

vegetated treatments at either the low or high biosolid amendment levels (one-way 

ANOVA). At the high biosolid amendment, methyl triclosan formation at Day 90 

accounted for 8.6 ± 1.8% and 9.1 ± 5.1% of the mass of triclosan lost between Days 0 and 

90 on a nmol basis in the vegetated and non-vegetated soils, respectively. At the low 

biosolid amendment, methyl triclosan formation accounted for 15.9 ± 5.0% and 16.2 ± 

5.6% of the mass of triclosan lost in the vegetated and non-vegetated soils, respectively.  

Data on in situ formation of methyl triclosan in biosolid-amended soils are 

limited. Waria et al. examined the biodegradation of triclosan in both aerobically 

incubated biotic and biologically inhibited biosolid-amended soils in a laboratory study 

and reported the appearance of methyl triclosan after three weeks in the biotic treatment 
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only, suggesting that methyl triclosan was formed via a biomethylation reaction under 

aerobic conditions [158]. Lozano et al. examined the fate of triclosan and methyl 

triclosan in biosolid-amended soil planted with soybeans under field conditions. The 

soil received a single biosolids application and was then monitored over a period of 

three years by collecting soil samples that were subsequently sieved to remove biosolid 

aggregates (>2.8 mm) in order to evaluate changes in soil-associated triclosan over time. 

The biosolids applied on Day 0 of the Lozano study had initial triclosan and methyl 

triclosan concentrations of 19,100 ± 3020 and 100 ± 10 ng/g dw, respectively. The 

concentration of methyl triclosan in sieved soil on the date of biosolids application was 

0.6 ± 0.1 ng/g dw and reached a maximum concentration of 34 ± 6.7 ng/g dw one year 

after biosolids application, suggesting in situ degradation of biosolids-borne triclosan to 

form methyl triclosan [159]. Our results are consistent with these observations of methyl 

triclosan formation in biosolid-amended soil and suggest that the formation of this more 

persistent metabolite can potentially be a significant dissipation pathway for triclosan.  
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Figure 12. Soil concentrations (ng/g dw; n = 3, mean ± SEM) of the triclosan 

biotransformation product methyl triclosan vs. sampling day in the low and high 

biosolid-amended treatments. 

Contaminants in biosolid-amended soil may also potentially be washed out of 

the soil over time by irrigation water. However, although vegetated and non-vegetated 

pots were watered equally, drainage water only pooled in collection vessels beneath 

non-vegetated pots due to the consumption of irrigation water by alfalfa in the 

vegetated pots. Therefore, loss to drainage water is an inadequate explanation for the 

dissipation of the compounds observed over time in soils and particularly does not 

explain this study’s observation of enhanced dissipation in the presence of alfalfa.  

Another factor that may have affected contaminant levels over time in this study 

is changes in soil organic carbon. At Day 0, the percent organic carbon contents of 

individual sub-samples of the control, low, and high amended soils were determined to 

be 23.3%, 23.2%, and 21.1%, respectively. By Day 90, the average percent organic carbon 

contents in the three replicate pots of the control, low, and high amended soils were 14.5 

± 0.5%, 14.6 ± 1.0%, and 13.9 ± 1.2% in the non-vegetated pots, respectively and 17.8 ± 
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0.9%, 15.8 ± 2.7%, and 17.1 ± 1.4% in the vegetated pots, respectively. Soil organic carbon 

may have been lost via washing out of organic constituents with irrigation water. Across 

all three levels of biosolid amendment, organic carbon contents were significantly higher 

at Day 90 in vegetated versus non-vegetated soils (p = 0.0005), which may have been due 

to contributions to the soil sub-sample from tiny root fragments and various organic 

plant exudates found in rhizospheric soils. The analytes of interest in this study range 

from moderately to highly hydrophobic, with log KOW values ranging from 4.8 

(triclosan) to 11.95 (TBPH; EPI Suite v. 4.10), and are expected to sorb tightly to organic 

matter. The observed decrease in soil organic carbon between Day 0 and Day 90 would 

decrease the soil fugacity capacity and thus may play a role in the observed decreases in 

soil concentrations over time.  

Another possible explanation for the dissipation of contaminants in biosolid-

amended soil is downward migration of the chemicals themselves through the soil 

profile. In the present study, only the top six inches of soil were amended with biosolids, 

and no soil samples were collected below this surface layer. Therefore, the possibility of 

downward mobility remains unaddressed by this experimental design. However, some 

field studies of biosolid-amended soil have evaluated the potential for PBDEs and 

triclosan to migrate downward through soil with irrigation water or rainfall after 

biosolids land application, likely associated with suspended or colloidal solids in the 

infiltrating water. Gorgy et al. examined the potential for PBDEs to leach downward 
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through soil following a single biosolid amendment of 80 t/ha on an agricultural field 

where alfalfa was subsequently planted. The authors evaluated the PBDE distribution 

over 1 m of soil and noted that total PBDE concentrations decreased from 10.3 ng/g dw 

in surface soil to 0.220 ng/g dw at a depth of 1 m and that the PBDE concentrations 

decreased with depth in an exponential manner, a finding which indicates downward 

movement of PBDEs with infiltrating water [160]. Gottschall et al. monitored PBDEs in 

tile drainage (tile depth: up to 0.8 m) following land application of liquid municipal 

biosolids at a rate of 1 metric ton/ha and collected grab samples of tile effluent pre- and 2 

hours post-biosolid application. Up to 1.7% of the mass of PBDEs applied (sum of BDEs 

47, 99, 100, 153, 154, 183, and 209) was lost to tile drainage [161]. In another study of 

triclosan loss to tile drainage at the same field site, maximum concentrations of 230 ng of 

triclosan/L of tile effluent were reported after an application of dewatered municipal 

biosolids (8 metric tons/ha; initial triclosan concentration of 14,000 ng/g dw) [162]. In 

another recent field study by Gottschall et al., triclosan was monitored in tile drainage 

and groundwater after a single application of dewatered municipal biosolids that had an 

initial triclosan concentration of 10,900 ng/g dw. After the first rainfall event, triclosan 

was measured in tile and groundwater at concentrations of 73 and 19 ng/L, respectively; 

triclosan was not detected in any subsequent tile or groundwater samples [149]. These 

studies suggest that, while limited, downward leaching of PBDEs, triclosan, and 
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structurally similar compounds is a possible dissipation pathway from biosolid-

amended soil.  

4.3.6 Influence of Physical-Chemical Properties on Contaminant Fate 

As shown in Table 9, the analytes of interest in this study span a wide range of 

physical-chemical properties which may be governing their different chemical fates in 

soils. To evaluate relationships between selected physical-chemical properties such as 

log of water solubility (log S), log KOW, log of the soil organic carbon-normalized 

sorption coefficient (KOC), and log KOA and the persistence of selected compounds in 

soils, regression analyses were performed using the percent of each analyte 

concentration lost prior to the plateau observed at the high amendment in vegetated 

soils (Table 8). Log KOW was significantly and negatively related to the fraction lost in 

vegetated pots at the high amendment (Figure 13; p = 0.0103, R2 = 0.9178), with analyte 

mobility decreasing with increasing log KOW. Similarly, a positive and marginally 

significant relationship was observed between log S and the fraction lost (p = 0.0686, R2 = 

0.7213), suggesting that as solubility increased, so did an analyte’s mobility from the 

biosolid-amended soil. Thus, the more hydrophobic compounds monitored in this study 

were observed to persist in vegetated, biosolid-amended soil to a greater extent than less 

hydrophobic compounds. KOC, which describes the sorption of a contaminant to the 

organic carbon fraction of the soil, was not significantly related to the fraction lost at the 

p < 0.05 level (p = 0.1006, R2 = 0.6475), but a suggested negative relationship can be 
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observed from the graph, implying that compounds exhibiting greater sorption to soil 

organic carbon migrate less readily from the biosolid-amended soil. This finding, taken 

together with the relationship between log KOW and fraction lost, suggests that 

downward migration of the analytes is driven by differential partitioning between the 

aqueous phase and the organic carbon fraction of the soils, with more hydrophobic 

compounds, such as BDE 209, remaining tightly sorbed to organic soil constituents 

while more hydrophilic compounds, such as triclosan, may migrate downward through 

the soil to a greater extent. The relationship between percent lost to plateau and log KOA 

was not significant, and thus the volatility of a given analyte does not adequately 

explain the fate of that analyte in biosolid-amended soil in the present study. The 

analytes of interest all have log KOA values > 10 (Table 9), which suggests that 

volatilization is an unlikely loss pathway from soil. The equilibrium partitioning of a 

compound between soil and air is described by the soil-air partition coefficient, KSA, 

which is equal to the concentration in the soil (CS) divided by the concentration in the air 

(CA). Hippelein and McLachlan developed the following linear equation relating KSA to 

KOA [163]: 

KSA = 0.411 ρS fOC KOA     (1) 

where ρS is the soil density (g/cm3), fOC is the fraction of organic carbon in the 

soils, and 0.411 is a factor that improves the correlation between KSA and KOA. Day 0 soil 

concentrations in the high biosolids amendment, an estimated soil density of 0.224 g/cm3 
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(based on values provided by Conrad Fafard, Inc.), the organic carbon fraction 

determined in the Day 0 high biosolid amended soil (0.211), and Equation (1) were used 

to determine maximum potential air concentrations of the analytes of interest, which 

were very low and ranged from 7.66 pg/m3 for BDE 47 to 3.29 x 10-7 pg/m3 for BDE 209.  

Table 9. Log of water solubility, log octanol-water, log soil organic carbon-normalized 

sorption, and log octanol-air partition coefficients for selected flame retardants and 

triclosan. 

Analyte Log S Log KOW Log KOC Log KOA 

BDE 47 -6.95 6.76a 4.76 10.69 

BDE 209 -11.57 9.97b 7.68 18.42 

TBB -8.21 8.75c 5.70 12.33 

TBPH -11.57 11.95c 7.40 16.86 

Triclosan -4.49 4.8d 3.93 11.45 
aLi, L. et al., 2008 [164].  
b WHO Environmental Health Criteria 162 [78]. 
c CA Office of Environmental Health Assessment [81].  

 d EPA Reregistration eligibility description for triclosan [85].  

Log S, Log KOC, and KOA values calculated using EPI Suite v. 4.10. 
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Figure 13. Graphs of percent of analyte lost prior to plateau in the high biosolid-

amended, vegetated soil vs. (A) log of solubility (log S), (B) log KOW, (C) log KOC, and 

(D) log KOA. 

4.3.7 Summary/Implications 

In summary, concentrations of selected flame retardants and triclosan appeared 

to follow an overall declining trend over time in the high biosolid-amended soil, 

although the decline did not follow first-order kinetics and reached a general plateau 

after 28 days. In some cases at the high biosolid amendment, the presence of alfalfa 

resulted in greater loss of contaminants from soil relative to non-vegetated pots. This 

enhanced dissipation in the presence of alfalfa does not appear to be attributed to 

accumulation by alfalfa or loss to drainage water and is unlikely to be explained by 
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volatilization, but may be related to soil carbon loss or downward migration of the 

analytes through the soil.  

The present study bridges an important knowledge gap between greenhouse 

studies using artificially spiked soils and experiments using true field conditions, and 

suggests that spiking soil to evaluate contaminant fate may result in an overestimation 

of the bioavailability of these compounds to crops. The spiking approach does not 

accurately reflect any potential influence of weathering and aging processes on the 

availability of a compound such as the sequestration of organic compounds to less 

accessible sites in the biosolids matrix [165]. The biosolid application rates examined in 

the present study are considerably higher than the rates used in agricultural fields. The 

lack of clear evidence of phytoaccumulation observed under the conditions of the 

present study indicates that even at very high biosolid amendment rates, 

phytoaccumulation of PBDEs, alternate flame retardants, and triclosan is unlikely to 

constitute a significant loss pathway from biosolid-amended soil. Therefore land 

application of biosolids at agronomic rates should not be a cause for concern with 

respect to phytoaccumulation of hydrophobic organic contaminants. However, 

accumulation by crops is not the only potential risk associated with the land application 

of biosolids. Even for hydrophobic analytes such as PBDEs that are too tightly sorbed to 

soil organic matter to be bioavailable to plant species, soil contamination caused by 

biosolid amendment has still been demonstrated to result in bioaccumulation by 
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terrestrial organisms such as earthworms that ingest soil particles [96, 106]. The selected 

flame retardants studied here, as well as triclosan, have been shown to be highly 

persistent in soils following land application of biosolids. Therefore, repeated 

applications of biosolids over time to the same agricultural and other fields can 

potentially result in the build-up of contaminant levels in soils, creating a significant 

terrestrial reservoir of these compounds for many years.  
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5. Conclusions  

5.1 Summary 

This research investigated the specific chemical fates of legacy and emerging 

flame retardant chemicals and the antimicrobial agent triclosan in biosolid-amended 

soil, focusing on understanding the different pathways through which these analytes 

might be dissipated from soils. The goals of this dissertation were to (1) better 

understand potential transformation pathways such as photodegradation and to 

provide tools for monitoring these reactions in situ, (2) develop analytical methods for 

the measurement of a diverse group of flame retardants and triclosan in biosolids, and 

(3) gain a comprehensive view of the behaviors of these chemicals in the context of 

biosolid-amended soil, in an effort to more fully understand the risks and benefits of 

biosolids land application.  

In Chapter 2, the photodegradation pathways and products of nonaBDEs were 

evaluated in an attempt to better understand environmental debromination of BDE 209, 

a process which ultimately leads to the formation of more persistent, bioaccumulative, 

and toxic lower brominated congeners and thus is a cause for concern in the 

environment. Evaluating the degradation products of individual nonaBDEs in separate 

experiments allowed us to clarify the overall BDE 209 photodegradation pathway to a 

greater extent than had previously been reported in the literature. Specifically, we 

discovered the formation pathways of the octabrominated congeners BDE 202, BDE 201, 
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and BDE 197, which can serve as highly useful tools for monitoring environmental 

debromination of BDE 209. Chapter 2 also constitutes the first report of the 

photodegradation behaviors of PBDE replacements TBB and TBPH, which are now 

widely used but poorly understood, and which we showed to be potentially more 

photolytically persistent than BDE 209.  

Chapter 3 detailed the development of analytical methods for a suite of flame 

retardants and triclosan in biosolids and the use of those methods to measure the 

analytes of interest in biosolids from North Carolina and California, thereby adding to 

the body of evidence demonstrating that flame retardants are migrating from consumer 

products in the indoor environment to the outdoor environment, at least in part via land 

application of contaminated biosolids. Chapter 4 integrated the analytical methods from 

Chapter 3 and the photodegradation monitoring tools from Chapter 2 into a mesocosm 

experiment in the research greenhouse evaluating the fates of our target analytes in 

biosolid-amended soil. Our study was distinct from most previously published 

greenhouse studies examining partitioning in the soil-plant system for these compounds 

in that we relied solely on an actual, unspiked biosolids matrix to deliver the desired 

concentrations of the analytes rather than solvent spikes. We observed that the 

formation of methyl triclosan constitutes at least one loss pathway for triclosan in 

biosolid-amended soil, and that evidence of contaminant accumulation by alfalfa was 

inconclusive. This lack of clear evidence for phytoaccumulation agrees more closely with 
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previously published field studies, which have reported little to no bioaccumulation of 

PBDEs and triclosan by plants, than with previous greenhouse spike studies that did 

observe bioaccumulation of these compounds by plants. Overall, this research 

contributes to our understanding of the fate of flame retardants and triclosan in biosolid-

amended soil by evaluating the persistence of these compounds in the soil-plant system 

and providing valuable analytical and monitoring tools for future analyses of 

contaminant fate.  

5.2 Implications and Future Directions 

One of the principal findings of this study is that phytoaccumulation is not a 

major dissipation route of our analytes of interest from biosolid-amended soil. Our 

observations were in some cases limited by high method detection limits in plant tissues 

for certain analytes, such as triclosan, that have previously been shown to accumulate in 

published solvent spike studies [148, 153], making it difficult to compare our results to 

those studies. However, for other structurally similar analytes that have also 

demonstrated accumulation potential in spike studies, such as BDE 100 [97], detection 

limits in our study were low. Chapter 4’s calculation of maximum potential plant tissue 

concentrations for triclosan and BDE 100 demonstrate that even if accumulation of these 

analytes by alfalfa did occur at levels below detection limits, this accumulation accounts 

for less than 1% of the mass of these analytes lost from soil. This finding highlights the 
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limited extent to which phytoaccumulation can contribute to their dissipation in 

biosolid-amended soil. 

As demonstrated in Chapter 4, a given compound’s fate in our study was 

governed at least partially by its hydrophobicity. This property affects an analyte’s 

ability to leach downward through the soil with infiltrating water as discussed in 

Chapter 4, but also influences the extent to which it can be accumulated by plants. The 

process of phytoaccumulation of xenobiotic organic compounds by plant roots and their 

subsequent translocation is thought to occur via passive diffusion through root 

membranes as opposed to an active transport mechanism, due to a lack of evolutionary 

exposure to these compounds [166]. As soil water is accessed by the plant for 

transpiration, dissolved chemicals in the water can also be accumulated. For this reason, 

only moderately hydrophobic organic compounds (i.e., 0.5 < log KOW < 3.0) are thought 

to be readily accumulated by plants, whereas more highly hydrophobic compounds can 

sorb to and partition through root surfaces but are not amenable to significant 

accumulation or translocation [154]. However, some molecules within root exudates of 

certain species, for example low molecular weight organic acids in the exudates of plants 

in the Cucurbitaceae family (e.g., squashes, melons, and gourds), have been shown to 

increase the extractability of more hydrophobic POPs such as chlordane, dieldrin, and 

endrin from soils, thereby increasing their bioavailability to plants [166, 167]. Therefore, 

phytoaccumulation is not impossible beyond the log KOW threshold of 3.0 and heavily 
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depends on soil conditions. These factors help explain why phytoaccumulation is a more 

important process for relatively more hydrophilic contaminants and provide 

justification for further studies into the bioavailability of these contaminants to plants. 

Therefore, future directions based on this work could include additional greenhouse 

studies with triclosan to expand on this study and the recent finding of Pannu et al. that 

biosolids-borne triclosan can in fact be accumulated [153], as well as the revision of the 

analytical methods from Chapters 3 and 4 to include more hydrophilic flame retardants 

such as OPFRs, which may be more amenable to phytoaccumulation than PBDEs, TBB, 

or TBPH, given the physical-chemical properties outlined in Table 2. 

Although phytoaccumulation is not significant for the more hydrophobic 

compounds investigated here, the persistence we observed in soils for these compounds 

is cause for concern in light of studies showing their ability to undergo bioaccumulation 

by other terrestrial biota such as earthworms that are exposed to soil-borne 

contaminants via ingestion of soil particles and dermal contact. Sellstrom et al. examined 

bioaccumulation of PBDEs in earthworms living in biosolid-amended soil, and although 

the authors observed that bioaccumulation factors decrease with increasing log KOW, 

BDE 209 was still capable of undergoing accumulation by worms with a mean 

bioaccumulation factor of 0.3 [168]. Unlike with the greenhouse plant studies discussed 

above that utilize solvent spikes to study bioaccumulation, Sellstrom et al. collected soil 

and earthworms from a field site with a history of biosolids land application and thus 
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their findings are directly environmentally relevant. Bioaccumulation of contaminants 

such as PBDEs, alternate flame retardants, and triclosan in earthworms poses exposure 

risks to higher trophic level organisms in terrestrial food webs, and therefore the high 

levels of flame retardants and triclosan reported in Chapter 3 and their relative 

persistence in biosolid-amended soil discussed in Chapter 4 raise concerns about the 

sustainability of biosolids land application from a chemical perspective. 

In this research, biotic and abiotic transformation reactions were also examined 

as potential dissipation pathways of flame retardants and triclosan from biosolid-

amended soil. Most notably, methylation of triclosan was observed in both vegetated 

and non-vegetated biosolid-amended soil as reported in Chapter 4. Previously, 

biotransformation of triclosan to form methyl triclosan has been observed in both 

vegetated [159, 169] and non-vegetated biosolid-amended soils [158] as well as in 

WWTPs, particularly under aerobic conditions [133, 147, 156, 157]. Triclosan has been 

shown to undergo methylation by a strain of Pycnoporus cinnabarinus, a type of white rot 

fungi [170] (microorganisms capable of plant lignin biodegradation [171]). Methylation 

of various other polychlorinated phenolic compounds has also been demonstrated by 

Mycobaterium and Rhodococcus bacterial strains [172] and the fungal species Trichoderma 

virgatum [173]. In addition, the biodegradation of triclosan by bacteria derived from 

activated sludge and soil has been described [174-178], however, these studies do not 

identify degradation products or pathways. The formation of the comparatively more 



 

130 

hydrophobic methyl triclosan (log KOW = 5.2 [179]) in the environment is a cause for 

concern because it has been shown to be approximately four times more persistent in 

biosolid-amended soil than the parent compound [159]. Methyl triclosan is also less 

susceptible to photolysis [147] and demonstrates substantially lower microbicidal 

activity [170] compared to triclosan. Methyl triclosan has been shown to bioaccumulate 

in algae [180, 181], snails [181], wetland plant species [182], grass shrimp [183], and 

several species of fish [179, 184, 185]; however, its toxicity to these and other organisms 

is not yet understood. Our results demonstrate that methyl triclosan formation is a 

significant loss pathway for triclosan in biosolid-amended soil and underscore the need 

for further study of the fate and effects of methyl triclosan in the environment. 

As with any research, the present study possesses certain limitations and leaves 

some questions unanswered that can help inform future research goals and study 

designs. First, background contamination issues resulting in high detection limits for 

BDE 209, TBPH, and triclosan limited our ability to observe low-level 

phytoaccumulation of those compounds in Chapter 4 or to detect low levels of TBB in 

the biosolids analyzed in Chapter 3. Second, our data in Chapter 4 indicate the potential 

for PBDEs, selected alternate flame retardants, and triclosan to migrate downward in a 

solubility-dependent manner from contaminated surface soil to lower depths. Because 

our study design did not include the collection of soil beneath the top six inches, we are 

unable to confirm this downward infiltration or fully close the mass balance in our study 
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system. Future study designs should consider including destructive sampling of 

replicate pots at different time points to allow for soil sample collection at different 

depths or at least the collection of a deep soil sample at the final time point when the 

pots are deconstructed. Finally, although the Fafard 3B soil used in the greenhouse 

study in Chapter 4 afforded us certain advantages such as homogeneity of the material 

and ease of plant growth, Fafard 3B is not a field soil and therefore caution should be 

taken when interpreting these results. Soil characteristics such as pH, organic matter 

content, and bulk density can all have significant effects on contaminant fate, and thus 

the results we obtained using Fafard 3B, while beneficial to our overall understanding of 

flame retardant behavior in the soil-plant system, may not be readily translated to field 

settings with vastly different soil properties. 

In summary, this research advances our understanding of the environmental 

fates of flame retardants and triclosan in biosolid-amended soil. The practice of biosolids 

land application, which entails the beneficial reuse of nutrients and organic matter in 

biosolids, remains the most sustainable solid waste disposal option when compared to 

alternatives such as landfilling, incineration, and ocean-dumping. However, our 

findings underscore the need to review the decision not to regulate or monitor chemicals 

of emerging concern in biosolids, as repeated applications of biosolids can result in the 

build-up of soil contamination over time with respect to more hydrophobic compounds, 

such as PBDEs, TBB, and TBPH, and potentially enhanced mobility in the terrestrial 
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environment for less hydrophobic compounds, such as triclosan. Repeated land 

application of biosolids poses exposure risks to terrestrial organisms such as 

earthworms as well as the higher trophic level species that consume them. In addition, 

land application potentially contributes to the slow yet persistent volatilization of these 

contaminants over time and with increasing air temperatures, a process which could 

elevate the long-range transport potential of these compounds as well as exposure risks 

to humans and wildlife. 
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Appendix A: Supporting Information for Chapter 2 

Methods. Samples were transferred to autosampler vials and spiked with the 

appropriate internal standard (nona-BDE samples: 4’fluoro-2,3,3',4,5,6-

hexabromodiphenyl ether (F-BDE 160); TBB and TBPH samples: 4’,6-difluoro-

2,2’,3,3’,4,5,5’,6-octabromodiphenyl ether (F-BDE 201)). The volume of each toluene 

sample was reduced to approximately 500 µL under a gentle N2 stream; for samples in 

methanol and THF, each sample was evaporated to dryness using N2 and reconstituted 

in hexane. Samples were then spiked with the recovery standard (nona-BDE samples: 

4’fluoro-2,3’,4,6-tetrabromodiphenyl ether (F-BDE 69); TBB and TBPH: F-BDE 160). 

Samples were analyzed via GC/ECNI-MS using previously published methods [111]. 

79Br- and 81Br- were monitored as quantitative and qualitative ions for all compounds. In 

order to identify degradation products of TBB and TBPH, full scan mass spectra were 

examined for possible degradation products. 
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Table 10. Solar radiation and temperature data for sunlight exposure of BDE 206, BDE 

207, BDE 208, BDE 209, TBB, and TBPH. 

Sample Treatment 

Cumulative Solar 

Radiation (W/m2) 

Average 

Temperature (°C) 

     Toluene 850.5 29.6 

206           Methanol 850.5 29.6 

            THF 389.1 25.5 

Toluene 850.5 29.6 

207           Methanol 850.5 29.6 

THF 389.1 25.5 

Toluene 850.5 29.6 

208           Methanol 850.5 29.6 

THF 389.1 25.5 

    

Toluene 389.1 25.5 

209           Methanol 389.1 25.5 

THF 389.1 25.5 

   

Toluene 3510.2 30.7 

TBB         Methanol 1266.6 20.4 

THF 1266.6 20.4 

  Toluene 3510.2 30.7 

TBPH      Methanol 1266.6 20.4 

THF 1266.6 20.4 
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Figure 14. Photodegradation of nona-BDEs, TBB, and TBPH over time in toluene, 

methanol, and tetrahydrofuran. Error bars represent standard deviation (n=3). 
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Figure 15. Mass spectra (ECNI-MS) of unknown brominated TBB photodegradation 

product Peak #1. 

 

Figure 16. Mass spectra (ECNI-MS) of unknown brominated TBB photodegradation 

product Peak #2. 
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Figure 17. Mass spectra (ECNI-MS) of dibrominated TBB photodegradation product 

Peak #3. 

 

Figure 18. Mass spectra (ECNI-MS) of dibrominated TBB photodegradation product 

Peak #4. 
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Figure 19. Mass spectra (ECNI-MS) of tribrominated TBB photodegradation product 

Peak #5. 

 

Figure 20. Mass spectra (ECNI-MS) of unknown non-brominated TBB 

photodegradation product Peak #6. 
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Figure 21. Mass spectra (ECNI-MS) of dibrominated TBPH photodegradation product 

Peak #1. 

 

Figure 22. Mass spectra (ECNI-MS) of dibrominated TBPH photodegradation product 

Peak #2. 
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Figure 23. Mass spectra (ECNI-MS) of dibrominated TBPH photodegradation product 

Peak #3. 

 

Figure 24. Mass spectra (ECNI-MS) of tribrominated TBPH photodegradation product 

Peak #4. 
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Figure 25. Mass spectra (ECNI-MS) of tribrominated TBPH photodegradation product 

Peak #5. 
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Appendix B: Supporting Information for Chapter 4 

Materials. The planting soil used in the greenhouse study was Fafard 3B, a 

middleweight potting mix manufactured by Conrad Fafard, Inc., Agawam, MA. Fafard 

3B consists of Canadian Sphagnum peat moss (50%), pine bark, perlite, vermiculite, 

dolomitic limestone, starter nutrients (i.e., water-soluble fertilizer), and a wetting agent. 

The bulk density of Fafard 3B is 11-14 lbs per cubic foot, and the pH is between 5.5 and 

6.5.  
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Table 11. Selected analyte concentrations in Day 28 alfalfa shoot tissue samples at the control, low, and high biosolid amendment 

rates, in ng/g dw. 

Analyte Control 1 Control 2 Control 3 Low 1 Low 2 Low 3 High 1 High 2 High 3 

BDE 28,33 < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 

BDE 47 51.65 54.39 67.49 49.35 245.38 28.25 9.80 14.65 11.16 

BDE 66 < 1.57 < 1.57 < 1.57 < 1.57 < 1.57 < 1.57 < 1.57 < 1.57 < 1.57 

BDE 100 2.77 2.64 3.04 4.51 88.30 1.71 < 0.44 < 0.44 < 0.44 

BDE 99 < 2.77 < 2.77 < 2.77 < 2.77 < 2.77 < 2.77 < 2.77 < 2.77 < 2.77 

BDE 85,155 < 0.23 < 0.23 < 0.23 < 0.23 19.95 < 0.23 < 0.23 < 0.23 < 0.23 

BDE 154 < 0.40 < 0.40 < 0.40 < 0.40 41.21 < 0.40 < 0.40 < 0.40 < 0.40 

BDE 153 < 0.24 < 0.24 < 0.24 0.95 77.44 < 0.24 < 0.24 < 0.24 < 0.24 

BDE 138 < 0.23 < 0.23 < 0.23 < 0.23 6.77 < 0.23 < 0.23 < 0.23 < 0.23 

BDE 183 < 0.23 < 0.23 < 0.23 < 0.23 1.86 < 0.23 < 0.23 < 0.23 < 0.23 

BDE 201 < 1.50 < 1.50 < 1.50 < 1.50 < 1.50 < 1.50 < 1.50 < 1.50 < 1.50 

BDE 197 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 

BDE 203,200 < 0.12 < 0.12 < 0.12 < 0.12 < 0.12 < 0.12 < 0.12 < 0.12 < 0.12 

BDE 196 < 0.20 1.00 < 0.20 < 0.20 < 0.20 < 0.20 < 0.20 0.84 < 0.20 

BDE 208 < 0.72 5.00 2.30 < 0.72 < 0.72 < 0.72 < 0.72 2.68 3.35 

BDE 207 < 1.19 10.70 5.27 < 1.19 < 1.19 < 1.19 < 1.19 6.50 6.80 

BDE 206 < 6.43 56.26 32.38 < 6.43 < 6.43 < 6.43 < 6.43 38.01 42.87 

BDE 209 < 54.20 334.88 278.37 < 54.20 < 54.20 < 54.20 < 54.20 230.29 310.65 

TBB < 1.75 < 1.75 < 1.75 23.26 31.88 < 1.75 < 1.75 < 1.75 < 1.75 

TBPH < 21.80 < 21.80 < 21.80 < 21.80 < 21.80 < 21.80 < 21.80 < 21.80 < 21.80 

sDP < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 

aDP < 0.55 < 0.55 < 0.55 2.34 2.78 < 0.55 < 0.55 < 0.55 < 0.55 

Triclosan < 90.32 < 90.32 < 90.32 < 90.32 < 90.32 < 90.32 < 90.32 < 90.32 < 90.32 

  Values less than method detection limit (MDL) are shown as < the MDL value in ng/g dw. 
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Table 12. Selected analyte concentrations in Day 28 alfalfa root tissue samples at the control, low, and high biosolid amendment 

rates, in ng/g dw. 

Analyte Control 1 Control 2 Control 3 Low 1 Low 2 Low 3 High 1 High 2 High 3 

BDE 28,33 5.34 7.43 < 0.92 < 0.92 < 0.92 < 0.92 < 0.92 < 0.92 < 0.92 

BDE 47 37.70 28.35 < 5.04 < 5.04 < 5.04 < 5.04 < 5.04 56.50 < 5.04 

BDE 66 < 2.04 < 2.04 < 2.04 < 2.04 < 2.04 < 2.04 < 2.04 < 2.04 < 2.04 

BDE 100 3.34 < 0.57 < 0.57 < 0.57 < 0.57 < 0.57 < 0.57 8.82 < 0.57 

BDE 99 < 3.58 < 3.58 < 3.58 < 3.58 < 3.58 < 3.58 < 3.58 < 3.58 < 3.58 

BDE 85,155 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 2.63 < 0.29 

BDE 154 5.64 < 0.52 < 0.52 < 0.52 < 0.52 < 0.52 < 0.52 < 0.52 < 0.52 

BDE 153 < 0.31 < 0.31 < 0.31 < 0.31 < 0.31 < 0.31 < 0.31 4.53 < 0.31 

BDE 138 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 

BDE 183 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 

BDE 201 < 1.94 < 1.94 < 1.94 < 1.94 < 1.94 < 1.94 < 1.94 < 1.94 < 1.94 

BDE 197 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 

BDE 203,200 < 0.16 < 0.16 < 0.16 < 0.16 < 0.16 < 0.16 < 0.16 < 0.16 < 0.16 

BDE 196 < 0.25 < 0.25 < 0.25 < 0.25 < 0.25 < 0.25 < 0.25 < 0.25 < 0.25 

BDE 208 < 0.94 < 0.94 < 0.94 < 0.94 < 0.94 < 0.94 < 0.94 < 0.94 < 0.94 

BDE 207 < 1.54 < 1.54 < 1.54 < 1.54 < 1.54 < 1.54 < 1.54 < 1.54 < 1.54 

BDE 206 < 8.33 < 8.33 < 8.33 < 8.33 < 8.33 < 8.33 < 8.33 < 8.33 < 8.33 

BDE 209 < 70.17 < 70.17 < 70.17 < 70.17 < 70.17 < 70.17 < 70.17 < 70.17 < 70.17 

TBB 93.60 13.11 46.93 39.01 27.51 < 2.27 < 2.27 55.90 < 2.27 

TBPH < 28.22 < 28.22 < 28.22 < 28.22 85.47 < 28.22 < 28.22 74.47 < 28.22 

sDP 3.99 < 0.38 < 0.38 < 0.38 1.22 < 0.38 < 0.38 1.43 < 0.38 

aDP 12.30 < 0.71 < 0.71 3.32 4.21 < 0.71 < 0.71 5.33 < 0.71 

Triclosan < 115.14 < 115.14 < 115.14 < 115.14 < 115.14 < 115.14 < 115.14 < 115.14 < 115.14 

  Values less than method detection limit (MDL) are shown as < the MDL value in ng/g dw. 
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Table 13. Selected analyte concentrations in Day 47 alfalfa shoot tissue samples at the control, low, and high biosolid amendment 

rates, in ng/g dw. 

Analyte Control 1 Control 2 Control 3 Low 1 Low 2 Low 3 High 1 High 2 High 3 

BDE 28,33 < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 

BDE 47 42.48 67.24 39.59 59.67 38.08 41.23 18.92 20.02 16.37 

BDE 66 < 1.57 < 1.57 < 1.57 < 1.57 < 1.57 < 1.57 < 1.57 < 1.57 < 1.57 

BDE 100 1.95 5.57 1.79 3.12 2.41 2.04 1.87 < 0.44 0.97 

BDE 99 < 2.77 < 2.77 < 2.77 < 2.77 < 2.77 < 2.77 < 2.77 < 2.77 < 2.77 

BDE 85,155 < 0.23 0.59 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 

BDE 154 < 0.40 < 0.40 < 0.40 < 0.40 < 0.40 < 0.40 < 0.40 < 0.40 < 0.40 

BDE 153 < 0.24 1.07 < 0.24 < 0.24 < 0.24 < 0.24 1.19 < 0.24 < 0.24 

BDE 138 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 

BDE 183 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 

BDE 201 < 1.50 < 1.50 < 1.50 < 1.50 < 1.50 < 1.50 < 1.50 < 1.50 < 1.50 

BDE 197 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 

BDE 203,200 < 0.12 < 0.12 < 0.12 < 0.12 < 0.12 < 0.12 < 0.12 1.25 < 0.12 

BDE 196 < 0.20 < 0.20 < 0.20 < 0.20 < 0.20 < 0.20 < 0.20 3.67 < 0.20 

BDE 208 < 0.72 < 0.72 < 0.72 < 0.72 < 0.72 < 0.72 < 0.72 5.69 < 0.72 

BDE 207 < 1.19 < 1.19 < 1.19 < 1.19 < 1.19 < 1.19 < 1.19 12.70 < 1.19 

BDE 206 < 6.43 < 6.43 < 6.43 < 6.43 < 6.43 < 6.43 < 6.43 71.93 < 6.43 

BDE 209 < 54.20 < 54.20 < 54.20 < 54.20 < 54.20 < 54.20 < 54.20 238.99 < 54.20 

TBB 5.54 13.49 < 1.75 4.30 < 1.75 15.76 7.85 18.62 9.91 

TBPH < 21.80 < 21.80 < 21.80 < 21.80 < 21.80 < 21.80 < 21.80 < 21.80 < 21.80 

sDP < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 

aDP < 0.55 < 0.55 < 0.55 < 0.55 < 0.55 < 0.55 < 0.55 2.14 1.24 

Triclosan < 90.32 < 90.32 < 90.32 < 90.32 < 90.32 < 90.32 < 90.32 < 90.32 < 90.32 

  Values less than method detection limit (MDL) are shown as < the MDL value in ng/g dw. 
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Table 14. Selected analyte concentrations in Day 47 alfalfa root tissue samples at the control, low, and high biosolid amendment 

rates, in ng/g dw. 

Analyte Control 1 Control 2 Control 3 Low 1 Low 2 Low 3 High 1 High 2 High 3 

BDE 28,33 1.95 < 0.92 < 0.92 < 0.92 < 0.92 < 0.92 < 0.92 < 0.92 < 0.92 

BDE 47 384.82 < 5.04 11.99 12.24 < 5.04 < 5.04 < 5.04 < 5.04 < 5.04 

BDE 66 8.27 < 2.04 < 2.04 < 2.04 < 2.04 < 2.04 < 2.04 < 2.04 < 2.04 

BDE 100 110.83 < 0.57 < 0.57 3.63 < 0.57 < 0.57 1.96 < 0.57 < 0.57 

BDE 99 < 3.58 < 3.58 < 3.58 < 3.58 < 3.58 < 3.58 < 3.58 < 3.58 < 3.58 

BDE 85,155 21.10 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 

BDE 154 48.22 < 0.52 < 0.52 2.14 < 0.52 < 0.52 < 0.52 < 0.52 < 0.52 

BDE 153 59.39 < 0.31 < 0.31 1.48 < 0.31 < 0.31 < 0.31 < 0.31 < 0.31 

BDE 138 4.12 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 

BDE 183 0.91 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 

BDE 201 < 1.94 < 1.94 < 1.94 < 1.94 < 1.94 < 1.94 < 1.94 < 1.94 < 1.94 

BDE 197 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 

BDE 203,200 < 0.16 < 0.16 < 0.16 < 0.16 < 0.16 < 0.16 < 0.16 < 0.16 < 0.16 

BDE 196 < 0.25 < 0.25 < 0.25 < 0.25 < 0.25 < 0.25 < 0.25 < 0.25 < 0.25 

BDE 208 < 0.94 < 0.94 < 0.94 < 0.94 < 0.94 < 0.94 < 0.94 < 0.94 < 0.94 

BDE 207 < 1.54 < 1.54 < 1.54 < 1.54 < 1.54 < 1.54 < 1.54 < 1.54 < 1.54 

BDE 206 < 8.33 < 8.33 < 8.33 < 8.33 < 8.33 < 8.33 < 8.33 < 8.33 < 8.33 

BDE 209 < 70.17 < 70.17 < 70.17 < 70.17 < 70.17 < 70.17 < 70.17 < 70.17 < 70.17 

TBB 10.48 35.40 1332.55 105.72 10.64 8.08 81.20 < 2.27 < 2.27 

TBPH < 28.22 < 28.22 880.55 < 28.22 < 28.22 < 28.22 < 28.22 < 28.22 < 28.22 

sDP < 0.38 < 0.38 < 0.38 < 0.38 < 0.38 < 0.38 < 0.38 < 0.38 < 0.38 

aDP < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 1.94 < 0.71 < 0.71 < 0.71 

Triclosan < 115.14 < 115.14 < 115.14 < 115.14 < 115.14 < 115.14 < 115.14 < 115.14 < 115.14 

  Values less than method detection limit (MDL) are shown as < the MDL value in ng/g dw. 

 



 

 

147 

Table 15. Selected analyte concentrations in Day 70 alfalfa shoot tissue samples at the control, low, and high biosolid amendment 

rates, in ng/g dw. 

Analyte Control 1 Control 2 Control 3 Low 1 Low 2 Low 3 High 1 High 2 High 3 

BDE 28,33 < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 

BDE 47 65.04 88.20 59.15 37.49 25.84 24.09 34.69 24.69 23.02 

BDE 66 < 1.57 < 1.57 < 1.57 < 1.57 < 1.57 < 1.57 < 1.57 < 1.57 < 1.57 

BDE 100 3.15 4.10 2.38 1.80 1.06 < 0.44 3.15 2.73 < 0.44 

BDE 99 < 2.77 < 2.77 < 2.77 < 2.77 < 2.77 < 2.77 < 2.77 < 2.77 < 2.77 

BDE 85,155 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 

BDE 154 < 0.40 < 0.40 < 0.40 < 0.40 < 0.40 < 0.40 < 0.40 < 0.40 < 0.40 

BDE 153 < 0.24 < 0.24 < 0.24 < 0.24 < 0.24 0.85 1.60 1.06 < 0.24 

BDE 138 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 

BDE 183 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 8.29 < 0.23 < 0.23 < 0.23 

BDE 201 3.29 < 1.50 < 1.50 < 1.50 < 1.50 < 1.50 < 1.50 < 1.50 < 1.50 

BDE 197 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 1.50 < 0.23 < 0.23 < 0.23 

BDE 203,200 < 0.12 < 0.12 < 0.12 < 0.12 < 0.12 < 0.12 < 0.12 < 0.12 < 0.12 

BDE 196 < 0.20 < 0.20 < 0.20 < 0.20 < 0.20 0.59 < 0.20 < 0.20 < 0.20 

BDE 208 < 0.72 1.99 < 0.72 < 0.72 5.41 < 0.72 < 0.72 < 0.72 < 0.72 

BDE 207 < 1.19 4.19 < 1.19 < 1.19 8.34 < 1.19 < 1.19 < 1.19 < 1.19 

BDE 206 < 6.43 15.22 < 6.43 < 6.43 62.51 < 6.43 < 6.43 < 6.43 < 6.43 

BDE 209 < 54.20 < 54.20 < 54.20 < 54.20 605.31 < 54.20 < 54.20 < 54.20 < 54.20 

TBB < 1.75 < 1.75 < 1.75 < 1.75 < 1.75 < 1.75 9.35 < 1.75 4.54 

TBPH < 21.80 < 21.80 < 21.80 < 21.80 < 21.80 < 21.80 < 21.80 < 21.80 < 21.80 

sDP < 0.29 3.12 2.12 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 0.92 

aDP < 0.55 < 0.55 4.00 < 0.55 < 0.55 < 0.55 < 0.55 < 0.55 2.98 

Triclosan < 90.32 < 90.32 < 90.32 < 90.32 < 90.32 < 90.32 < 90.32 < 90.32 < 90.32 

 Values less than method detection limit (MDL) are shown as < the MDL value in ng/g dw. 
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Table 16. Selected analyte concentrations in Day 70 alfalfa root tissue samples at the control, low, and high biosolid amendment 

rates, in ng/g dw. 

Analyte Control 1 Control 2 Control 3 Low 1 Low 2 Low 3 High 1 High 2 High 3 

BDE 28,33 < 0.92 < 0.92 < 0.92 < 0.92 < 0.92 < 0.92 < 0.92 < 0.92 < 0.92 

BDE 47 < 5.04 < 5.04 < 5.04 < 5.04 13.86 < 5.04 < 5.04 17.04 < 5.04 

BDE 66 < 2.04 < 2.04 < 2.04 < 2.04 < 2.04 < 2.04 < 2.04 < 2.04 < 2.04 

BDE 100 < 0.57 < 0.57 < 0.57 < 0.57 5.28 < 0.57 < 0.57 < 0.57 < 0.57 

BDE 99 < 3.58 < 3.58 < 3.58 < 3.58 < 3.58 < 3.58 < 3.58 < 3.58 < 3.58 

BDE 85,155 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 

BDE 154 0.98 1.33 < 0.52 < 0.52 1.28 1.92 < 0.52 < 0.52 < 0.52 

BDE 153 < 0.31 < 0.31 < 0.31 < 0.31 2.20 < 0.31 < 0.31 < 0.31 < 0.31 

BDE 138 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 

BDE 183 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 

BDE 201 < 1.94 < 1.94 < 1.94 < 1.94 < 1.94 < 1.94 < 1.94 < 1.94 < 1.94 

BDE 197 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 2.10 

BDE 203,200 < 0.16 < 0.16 < 0.16 < 0.16 < 0.16 < 0.16 < 0.16 1.03 5.88 

BDE 196 < 0.25 < 0.25 < 0.25 < 0.25 < 0.25 < 0.25 < 0.25 1.81 14.49 

BDE 208 < 0.94 < 0.94 < 0.94 < 0.94 < 0.94 < 0.94 < 0.94 3.28 75.44 

BDE 207 < 1.54 < 1.54 < 1.54 < 1.54 2.99 < 1.54 < 1.54 6.80 175.39 

BDE 206 < 8.33 < 8.33 < 8.33 < 8.33 14.79 < 8.33 < 8.33 26.67 681.70 

BDE 209 < 70.17 < 70.17 < 70.17 < 70.17 < 70.17 < 70.17 < 70.17 < 70.17 4332.96 

TBB < 2.27 < 2.27 17.23 56.39 < 2.27 < 2.27 < 2.27 < 2.27 < 2.27 

TBPH < 28.22 < 28.22 < 28.22 < 28.22 < 28.22 < 28.22 < 28.22 < 28.22 < 28.22 

sDP < 0.38 < 0.38 < 0.38 < 0.38 < 0.38 < 0.38 < 0.38 7.11 < 0.38 

aDP < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 2.08 < 0.71 

Triclosan < 115.14 < 115.14 < 115.14 < 115.14 < 115.14 < 115.14 < 115.14 < 115.14 < 115.14 

 Values less than method detection limit (MDL) are shown as < the MDL value in ng/g dw. 
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Table 17. Selected analyte concentrations in Day 90 alfalfa shoot tissue samples at the control, low, and high biosolid amendment 

rates, in ng/g dw. 

Analyte Control 1 Control 2 Control 3 Low 1 Low 2 Low 3 High 1 High 2 High 3 

BDE 28,33 1.26 < 0.71 < 0.71 < 0.71 1.75 < 0.71 < 0.71 2.45 < 0.71 

BDE 47 36.49 51.15 65.69 56.51 28.04 35.33 19.15 53.42 23.81 

BDE 66 < 1.57 < 1.57 < 1.57 < 1.57 < 1.57 < 1.57 < 1.57 < 1.57 < 1.57 

BDE 100 2.02 3.16 2.56 2.58 0.69 1.54 < 0.44 2.14 < 0.44 

BDE 99 < 2.77 < 2.77 < 2.77 < 2.77 < 2.77 < 2.77 < 2.77 < 2.77 < 2.77 

BDE 85,155 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 

BDE 154 < 0.40 < 0.40 < 0.40 < 0.40 < 0.40 < 0.40 < 0.40 < 0.40 < 0.40 

BDE 153 < 0.24 < 0.24 < 0.24 < 0.24 < 0.24 < 0.24 < 0.24 < 0.24 < 0.24 

BDE 138 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 

BDE 183 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 

BDE 201 < 1.50 < 1.50 < 1.50 < 1.50 < 1.50 < 1.50 < 1.50 < 1.50 < 1.50 

BDE 197 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 < 0.23 

BDE 203,200 < 0.12 < 0.12 < 0.12 < 0.12 < 0.12 < 0.12 < 0.12 < 0.12 < 0.12 

BDE 196 < 0.20 < 0.20 < 0.20 < 0.20 < 0.20 < 0.20 < 0.20 < 0.20 < 0.20 

BDE 208 < 0.72 < 0.72 < 0.72 < 0.72 < 0.72 < 0.72 < 0.72 < 0.72 < 0.72 

BDE 207 < 1.19 < 1.19 < 1.19 < 1.19 < 1.19 < 1.19 < 1.19 < 1.19 < 1.19 

BDE 206 < 6.43 < 6.43 < 6.43 < 6.43 < 6.43 < 6.43 < 6.43 < 6.43 < 6.43 

BDE 209 < 54.20 < 54.20 < 54.20 < 54.20 < 54.20 < 54.20 < 54.20 < 54.20 < 54.20 

TBB < 1.75 < 1.75 < 1.75 < 1.75 < 1.75 < 1.75 < 1.75 < 1.75 < 1.75 

TBPH < 21.80 < 21.80 < 21.80 < 21.80 < 21.80 < 21.80 < 21.80 < 21.80 < 21.80 

sDP < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 

aDP < 0.55 < 0.55 < 0.55 < 0.55 < 0.55 < 0.55 < 0.55 < 0.55 < 0.55 

Triclosan < 90.32 < 90.32 < 90.32 < 90.32 2912.90 < 90.32 < 90.32 1171.08 520.98 

 Values less than method detection limit (MDL) are shown as < the MDL value in ng/g dw. 
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Table 18. Selected analyte concentrations in Day 90 alfalfa root tissue samples at the control, low, and high biosolid amendment 

rates, in ng/g dw. 

Analyte Control 1 Control 2 Control 3 Low 1 Low 2 Low 3 High 1 High 2 High 3 

BDE 28,33 < 0.92 < 0.92 < 0.92 < 0.92 < 0.92 < 0.92 < 0.92 < 0.92 < 0.92 

BDE 47 < 5.04 < 5.04 < 5.04 < 5.04 < 5.04 < 5.04 < 5.04 < 5.04 < 5.04 

BDE 66 < 2.04 < 2.04 < 2.04 < 2.04 < 2.04 < 2.04 < 2.04 < 2.04 < 2.04 

BDE 100 < 0.57 < 0.57 < 0.57 < 0.57 < 0.57 < 0.57 < 0.57 < 0.57 < 0.57 

BDE 99 < 3.58 < 3.58 < 3.58 < 3.58 < 3.58 < 3.58 < 3.58 < 3.58 < 3.58 

BDE 85,155 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 

BDE 154 < 0.52 < 0.52 < 0.52 < 0.52 < 0.52 < 0.52 < 0.52 1.81 < 0.52 

BDE 153 < 0.31 < 0.31 < 0.31 < 0.31 < 0.31 < 0.31 < 0.31 3.01 < 0.31 

BDE 138 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 < 0.29 

BDE 183 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 

BDE 201 < 1.94 < 1.94 < 1.94 < 1.94 < 1.94 < 1.94 < 1.94 < 1.94 < 1.94 

BDE 197 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 < 0.30 

BDE 203,200 < 0.16 < 0.16 < 0.16 < 0.16 < 0.16 < 0.16 < 0.16 0.64 < 0.16 

BDE 196 < 0.25 < 0.25 < 0.25 < 0.25 < 0.25 < 0.25 < 0.25 1.79 < 0.25 

BDE 208 < 0.94 < 0.94 < 0.94 < 0.94 < 0.94 < 0.94 < 0.94 12.91 < 0.94 

BDE 207 < 1.54 < 1.54 < 1.54 < 1.54 < 1.54 < 1.54 < 1.54 24.32 < 1.54 

BDE 206 < 8.33 < 8.33 < 8.33 < 8.33 < 8.33 < 8.33 < 8.33 118.66 < 8.33 

BDE 209 < 70.17 < 70.17 < 70.17 < 70.17 < 70.17 < 70.17 < 70.17 847.22 < 70.17 

TBB < 2.27 < 2.27 < 2.27 < 2.27 < 2.27 < 2.27 6.40 < 2.27 < 2.27 

TBPH < 28.22 < 28.22 < 28.22 < 28.22 < 28.22 < 28.22 < 28.22 < 28.22 < 28.22 

sDP < 0.38 < 0.38 < 0.38 < 0.38 < 0.38 < 0.38 < 0.38 < 0.38 < 0.38 

aDP < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 < 0.71 

Triclosan < 115.14 606.00 613.88 540.93 856.24 1002.83 592.58 751.51 < 115.14 

 Values less than method detection limit (MDL) are shown as < the MDL value in ng/g dw. 
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