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Abstract 

Triclosan, an antimicrobial agent used in many personal care products, is 

chlorinated in wastewater treatment plants (WWTPs) giving rise to chlorinated triclosan 

derivatives (CTDs). Through photolysis in natural waters, these compounds yield specific 

polyhalogenated dibenzo-p-dioxins. Hydroxylated polybrominated diphenyl ethers (OH-

PBDEs), which have natural and anthropogenic sources and are of similar structure to 

triclosan, may react similarly. It is important to understand the loads of these chemicals 

emanating from WWTPs and how disinfection practices influence these concentrations.  

Using pre-concentration of water samples by solid phase extraction followed 

quantification using liquid chromatography tandem mass spectrometry, the yield of CTDs 

has been quantified at WWTPs using different disinfection treatments. Triclosan was 

detected in all wastewater samples from < 14 – 1609 pM (< 36 – 465 ng/L). The sum of 

CTDs in chlorinated effluents were higher than other effluents, ranging from 63 – 80 pM 

(21.5 – 27.2 ng/L). Wastewater from a WWTP that used reduced chlorination had 17.4 – 

23.4 pM (3.9 – 4.7 ng/L) of total CTDs. In wastewater that was not disinfected or UV 

irradiated, concentrations of CTDs were 1.9 – 29.4 pM (0.7 – 10.1 ng/L). Laboratory 

ozonation of wastewater reduced total CTDs significantly from 10 pM (3.4 ng/L) to 1.5 

pM (0.5 ng/L). The estimates of triclosan-derived dioxin loadings to US surface water 

ranged from 0.3 – 207 g TEQ/year (0.01 – 8.3% of US air emissions of dioxins). These 

estimates are significant due to their unique discharge directly into the aquatic 

environment.  

The OH-PBDE, 6-OH-BDE-47, was detected in some extracts at the highest 

levels detected in wastewater yet – up to 33.6 pM (1.8 ng/L). This report is the first to 

confirm wastewater as a source of 6-OH-BDE-47 to a fresh water environment. 
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1. Introduction and Literature Review 

1.1 Anthropogenic Chemicals in the Environment 

Every year industries around the world introduce thousands of new chemicals into 

the environment. As of June 2012, almost 68 million commercially available small 

chemicals have been registered with the Chemical Abstract Service (CAS) [1]. As the 

CAS registry continues to grow weekly, many of these chemicals make their way into the 

air, water, and food supplies, eventually partitioning into humans [2-4]. Major routes of 

anthropogenic chemicals into the environment include product off-gasing, landfills, 

incineration facilities, municipal wastewater treatment plants (WWTPs), stormwater 

runoff, application of sewage sludge as fertilizer, and manufacturing waste streams.  

At the time this thesis was written, 295,096 chemicals were considered 

inventoried/regulated substances [1]. This number will continue to grow. The resources 

to track these chemicals and adhere to regulations are lacking. Thus, prioritizing which 

chemicals should be monitored is of utmost importance [5]. Many chemicals have been 

frequently detected in the environment, but do not have enough toxicological information 

to determine their effect on humans and animals. Meanwhile, toxicologists have tested 

other chemicals that may not be well documented in the environment [5, 6]. These 

chemicals include both natural and synthetic organic chemicals which have the potential 

to bioaccumulate up the food chain [7-9].  

Bioaccumulation occurs when plants and animals ingest more of a chemical than 

they expel through waste or equilibrium processes. Depending on the toxicity of the 
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chemical to an organism, bioaccumulation can play an important role in determining the 

overall effects that an organism experiences. Frequent measuring of concentrations in 

wildlife must be made because levels depend on various dynamic processes such as 

consumption, excretion, exposure levels, etc. Because monitoring thousands of individual 

chemicals in various environmental matrices (water, soil, sediment, animals, humans) is 

not practical, environmental scientists are forced to monitor selected chemicals likely to 

have the greatest effect on the health of humans and the environment [5].  

Many chemicals that are monitored continuously flow into the environment 

through municipal and industrial waste streams [10-12]. One example is triclosan, an 

antibacterial agent used in many handsoaps. Most of the triclosan present in personal care 

products eventually enters municipal WWTPs [13]. While a large percentage of the 

triclosan is removed, a substantial amount is still present in the final effluent and enters 

the environment.  Flame retardants represent another group of chemicals that have been 

widely detected in the environment. Polybrominated diphenyl ethers (PBDEs), a class of 

flame retardants, are present in many products from electronics to furniture and end up in 

the air through incineration processes. PBDEs also off gas from their products and 

aggregate with other particles and chemicals to form dust [14]. As the dust makes its way 

into and through the lungs, the flame retardants partition into humans and have been 

found in breast milk of pregnant women and the blood serum of children and adults [15]. 

These flame retardants may also be metabolized into more toxic chemicals [16]. While 

many chemicals allow people to live long, healthy lives, others, like the metabolized 
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flame retardants, pose a variety of health risks and disrupt the endocrine system even at 

very low levels [6, 16]. Hundreds of studies in the past two decades have raised concern 

over the fate of these chemicals in the environment and adverse effects on animals and 

humans [6].  

Not only do many anthropogenic compounds present environmental hazards, but 

their transformation products pose risks as well. As chemicals are released into the 

environment, many undergo various transformations into different chemicals. These 

reactions may be biotic or abiotic and occur under a variety of conditions.  The products 

of these reactions, while not directly produced by human beings, are still anthropogenic 

in origin. Examples include metabolites of synthetic compounds and chemicals that 

undergo electrophilic substitution reactions with hypochlorite during wastewater 

disinfection [17, 18]. While some chemicals are broken down into harmless chemicals 

during transformation processes, other chemicals may form more dangerous products, 

like polyhalogenated dibenzo-p-dioxins (PHDDs) [17]. Two such chemicals, triclosan 

and a metabolite of a PBDE, are the focus of this thesis.  

The adverse environmental effects of dioxins on humans and animals have been 

well documented and are generally accepted by the public. Research has found that 

combustion is the leading contributor to anthropogenic dioxin discharge. Consequently, 

the majority of effort in reducing dioxins has effectively been focused towards cleaner 

combustion techniques [19]. The photolysis of hydroxylated polyhalogenated diphenyl 

ethers (OH-PHDEs), however, can yield specific dioxin congeners [20, 21]. Thus loading 
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of OH-PHDEs directly into water through WWTPs may contribute significantly to total 

dioxin discharge. This thesis aims at elucidating the levels of five OH-PHDEs being 

discharged by various WWTPs and the effect of wastewater disinfection on these 

compounds. 

 Overview of Wastewater Treatment Operations 1.2

About 74% of residents, or 226.4 million people, in the United States depend on 

WWTPs to treat and dispose of wastewater in an environmentally sound fashion [22]. 

Based on the Environmental Protection Agency’s (EPA) Clean Watersheds Needs 

Survey, 31,206 million gallons are treated every day by 15,609 WWTPs [23].  Most 

WWTPs are designed similarly and generally have at least two steps. Pre-treatment of 

wastewater consists of bar racks to remove larger objects and debris followed by a grit 

chamber which allows large particles to settle out. Wastewater then undergoes primary 

treatment, flowing into the primary clarifier which may remove solids that are more 

dense (via settling) or less dense (via skimming) than water. Roughly 30 WWTPs only 

have primary treatment serving approximately 3.9 million people [23]. These plants have 

special permits because they discharge directly into the ocean [23].  

The next step, secondary treatment, uses microbial activity to degrade dissolved 

solids. Trickling filters, rotating biological contactors, and biotowers are fixed-film 

systems generally used by smaller communities and depend on biofilms grown on media 

or large rotating wheels to degrade dissolved solids. Larger WWTPs must use suspended-

film systems. Many large plants employ activated sludge removal consisting of an 
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aeration chamber and a secondary clarifier. The aeration chamber provides the suspended 

microbes with oxygen so they can quickly degrade pollutants. The solids from the 

primary and secondary clarifier are treated and either disposed of in landfills, incinerated, 

or applied to agricultural fields as fertilizer. WWTPs that have secondary treatment 

systems with no additional advanced treatment technologies serve 30.2% of the US 

population. 

Approximately 37% of the population is served by WWTPs with one or more 

advanced treatments in addition to the aforementioned steps [23]. These treatments 

include filtration, coagulation/flocculation, carbon adsorption, phosphorus removal, 

and/or nitrogen control. Some WWTPs, serving 5.5% of the population, do not discharge 

directly into surface waters, but use their effluent for agricultural purposes or 

groundwater recharge and likely use advanced treatment technologies to meet the 

stringent requirements placed on these types of facilities. The total discharge by plant 

type [23] is summarized in Table 1.1. 

Table 1.1.  

Summary of Wastewater Treatment Plants in the United States 

Treatment level 
Number of 

facilities 

Average flow 

(MGD) 

Number of people 

served 

Percent of US 

population 

Primary only 30 422 3,751,787 1.2 

Secondary 7,302 13,142 92,650,605 30.2 

Advanced 5,071 16,776 112,947,134 36.8 

No Discharge 2,251 1,815 16,946,528 5.5 

Total 14,654 32,155 226,296,054 73.7 
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With this knowledge, loading of pollutants into United States surface waters may 

be estimated with higher confidence than assuming everyone uses the same treatment 

system. The rest of the population uses septic systems, which may or may not affect 

surface waters. The final step for wastewater treatment is disinfection, which deactivates 

pathogenic organisms with the goal of keeping surface waters safe for human contact. 

 Chlorination 1.2.1

As of 2003, approximately 75% of all major WWTPs used chlorination 

technology for final effluent disinfection [24]. Chlorination has been used for over a 

century to treat drinking water and wastewater, thus the technology is convenient, 

relatively cheap, and effective. Chlorination is performed with either hypochlorite or 

chlorine gas, and both result in effective inactivation of pathogens. Due to increased 

awareness of risks involved with handling, transportation, and storage of chlorine gas, 

many WWTPs have switched from chlorine gas to hypochlorite over the past 30 years 

[24]. The formation of disinfection byproducts (DBPs) in both drinking water and 

wastewater is another disadvantage of chlorination [25]. Chlorine reacts with natural 

organic matter and other chemicals to form various trihalogenated methanes (THMs), 

halogenated acetic acids (HAAs), and many other DBPs [25]. THMs and HAAs are toxic 

to humans and to organisms in receiving waters [25]. Wastewater disinfection chambers 

using chlorination are designed with residence times ranging from 15 – 90 minutes 

depending on the permits obtained [24]. Chlorination is followed by dechlorination to 

quench residual chlorine and protect the wastewater impacted ecosystems. 



 

 7 

 Ultraviolet Irradiation 1.2.2

A steadily increasing number of WWTPs are shifting from chlorination to 

ultraviolet (UV) irradiation for disinfection of final effluent. UV irradiation successfully 

deactivates pathogens, while producing little or no DBPs [26]. A survey in 2003 

estimated that 21% of major WWTPs in the US used UV disinfection and indicated that 

many chlorination WWTPs will be switching to UV in the future [24]. 

 Ozonation 1.2.3

Very few plants in the US use ozone to treat wastewater. Ozone may be created 

on site by pumping oxygen or air through an electric field [27]. Oxygen molecules collide 

with each other in the electric field and form ozone. When ozonated air is pumped 

through a diffuser into the wastewater, some of the ozone dissolves in the water. Aqueous 

ozone degrades contaminants, inactivates pathogenic organisms, and reacts with 

hydroxide ions to form hydroxyl radicals [28]. Hydroxyl radicals also react quickly with 

wastewater substituents. Although more expensive than chlorination due to electrical 

costs of another aeration basin and the generation of ozone itself, some advantages to 

ozonation include removal of odorous compounds, effluent oxygenation, and destruction 

of endocrine disruptors and personal care products [29-32]. Like chlorination, ozonation 

of wastewater can produce significant levels of unwanted DBPs like bromates, but only 

when ozone dosages exceed the ozone demand of the wastewater [33]. Another study 

found that ozonated wastewater negatively affects trout when compared with 

conventionally treated wastewater [34]. A final sand filtration step helped eliminate the 
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disinfection byproducts of ozonation and the effect on trout [34]. Ozonation may also 

reduce the mutagenic and estrogenic activity of the wastewater [34, 35]. Many DBPs 

from the ozonation of wastewater have yet to be discovered or studied for negative 

affects to ecosystems or humans [36].  

 Triclosan 1.3

The antimicrobial agent, triclosan (Figure 

1.1), is used in products ranging from hand soaps 

and toothpaste to plastic containers and socks. 

First patented in 1964, triclosan was first used in 

deodorants [37]. In 1972, hospitals and clinics began using surgical handsoaps with 1% 

triclosan to successfully reduce incidences of infection during surgeries [38]. Triclosan 

has since been infused into various medical supplies such as IV tubing, syringes, sutures, 

and other medical supplies [38]. Beginning in 1985, European toothpastes began 

including triclosan to help fight gum disease after experiments showed favorable results 

[38, 39]. In 1987, triclosan started being added to commercial handsoaps at lower 

percentages, 0.1 - 0.45%, than in surgical scrub soaps [40, 41]. 

A study of commercial hand soaps from 2001 found triclosan in 76% of liquid 

handsoaps and 29% of bar soaps [42]. As of Spring 2010, the US Food and Drug 

Administration  has received no evidence that commercial handsoaps containing triclosan 

are more effective than ordinary handsoaps [43]. Triclosan has also been included in a 

variety of consumer products such as bicycle shorts, shoe insoles, socks, cutting boards, 

Figure 1.1   Structure of Triclosan. 
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sponges, and children’s toys [4]. Evidence suggests incorporation of triclosan into 

plastics used to wrap raw meat provide no extra benefits [44]. Some common names that 

refer to products infused with triclosan include Irgasan
®
 DP 300, Irgacare

®
 MP, Ultra-

Fresh
®
, Amicor

®
, Microban

®
, Monolith

®
, Bactonix

®
, and Sanitized

® 
[4].  

 Detection in WWTPs 1.3.1

About 96% of triclosan in personal care products is flushed into sewer systems 

and enters WWTPs [13]. In WWTPs with activated sludge systems, 90-98% of the 

incoming triclosan sorbs to sludge or biodegrades from the influent to the effluent [45, 

46]. Removal of triclosan from WWTPs using trickling filters was lower, ranging from 

58-86%  [46]. Aerobic biodegradation of triclosan accounts for 50-70% removal in the 

activated sludge, while the rest is removed via sorption to solids [47-50]. Triclosan has 

been detected in biosolids from WWTPs and the agricultural soils where those biosolids 

are applied [45, 46, 48, 51-53]. Chenxi et al. [54] reported on the persistence of triclosan 

in biosolids, observing no aerobic degradation of triclosan over a period of 77 days.  

Other studies have observed aerobic biodegradation of triclosan with a half-life from 18 – 

58 days in soils and biosolids-amended soils [55, 56]. 

Triclosan concentrations have been detected in the effluent of WWTPs around the 

world ranging from 0.04 – 18.6 nM (0.011-5.4 µg/L) [11, 18, 45, 46, 57-59]. From 

measurements of wastewater effluent, Buth et al. [18] estimated that 11 metric tons of 

triclosan per year flows into the surface waters of the US. Halden and Paull [57] 

estimated similar mass loadings for triclosan. Depending on the time of year, regional 
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climate, and drought conditions, wastewater can contribute substantially to stream and 

river flow. Some contaminants may adversely affect the stability of the ecosystems in 

which wastewater flow dominates stream flow [60]. The contribution of WWTP effluent 

to triclosan concentrations in surface waters will vary substantially depending on the 

contributing factors for a given area. Nevertheless, wastewater streams are continuous 

sources of triclosan into the environment, and this author is not aware of any studies that 

have not detected triclosan in WWTP effluent. 

 Detection in the Environment and Relevance 1.3.2

Wastewater is the major contributing factor when determining amounts of 

triclosan in the aquatic environment. A box model accounting for wastewater inputs, 

dilution effects, photolysis, and adsorption was effective at predicting levels of triclosan 

in the water column and sediments of the Hudson River Estuary [61]. This study and 

others have detected triclosan in many surface waters around the world at concentrations 

up to 3.5 nM (1.1 µg/L) [48, 57, 62-66]. A US Geological Survey study in 2000 reported 

triclosan in 57.6% of the 139 streams across 30 states [64]. The highest concentration was 

7 nM (2.3 µg/L), and the median concentration was 0.5 nM (140 ng/L) [64]. 

In 1970, Schulze et al. [67] found 17-62 nM (4.9-17.9 µg/L) of triclosan in human 

blood after handwashing with triclosan-containing soap. Since then, triclosan has been 

detected in various environmental matrices including surface water, algae, snails, fish, 

and breast milk [4, 56-58]. With an octanol-water partition coefficient (Kow) of ~10
4.8

, 

triclosan has the potential to bioaccumulate and bioconcentrate [57]. Coogan and La 
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Point reported bioaccumulation factors of 500 and 1400 for snails and algae, respectively 

[68].  Ricart et al. [69] suggested that bacterial community composition of river 

ecosystems may change when exposed to environmentally relevant triclosan 

concentrations and determined the no effect concentration for bacteria and algae, 

respectively, to be 730 pM (211 ng/L) and 1460 pM (422 ng/L).  These concentrations 

are within the range reported from the effluent of WWTPs around the world, although the 

risk to aquatic species in most US surface waters seems to be minimal [13, 70, 71].  

Another common route of environmental triclosan exposure occurs after the 

application of biosolids which generally contain high amounts of triclosan (500-15600 

µg/kg) [45, 58].  Triclosan leaches into the soils below resulting in levels ranging from 20 

– 833 µg/kg soil [72].  Kinney et al. [72] calculated bioaccumulation factors of 11 and 27 

in earthworms.  Earthworms and turnips are also some of the most triclosan-sensitive 

terrestrial organisms with predicted no effect concentrations ranging from 1-200 µg/kg 

soil [73].  

Recently, triclosan has been found to have endocrine disrupting effects in frogs, 

fish, mammalian cultures, and rats [74-77]. These studies lead to questions about 

endocrine disruption in humans, because triclosan has a half-life in human blood of 9-14 

hours after intravenous injection or brushing teeth with triclosan containing toothpaste 

[78]. If a person brushes their teeth twice a day with such toothpaste, triclosan may never 

fully dissipate in the body leading to chronic exposure. Another concern with triclosan is 

the potential development of antibiotic resistance. High levels of triclosan mixed with the 
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numerous bacterial communities present in activated sludge give bacteria the opportunity 

to evolve and adjust to efflux triclosan more effectively [62]. The bacteria that efflux 

triclosan more effectively can also efflux other drugs more effectively, an effect known 

as cross-resistance [62]. Triclosan can also be metabolized in activated sludge into 

methyl triclosan, which has been found in WWTP effluent, surface water, and fish tissue 

[47, 65, 79, 80]. Toxicological data on methyl triclosan, which is more lipophilic and 

more stable than triclosan, is lacking for a definitive risk assessment [2, 65]. Triclosan is 

clearly persistent in the environment and originates from the use of antibacterial 

handsoaps and other triclosan-containing products. 

 Disinfection and Photolytic Byproducts 1.3.3

An overview of triclosan’s degradation pathways, relevant to this thesis, is shown 

in Figure 1.2. As soon as triclosan contacts chlorinated tap water, DBPs begin forming. 

The residual free chlorine reacts with triclosan to form byproducts such as chloroform, 

chlorophenols, and higher chlorinated triclosan derivatives (CTDs), which are detected 

during all stages of wastewater treatment [46, 81-83].  Chloroform and the chlorophenols 

formed from triclosan are toxic to humans and the latter are known to be endocrine 

disruptors [81]. Three CTDs known to form from the chlorination of triclosan: 4,5-

chloro-2-(2,4-dichlorophenoxy)phenol (4-Cl-TCS), 5,6-chloro-2-(2,4-

dichlorophenoxy)phenol (6-Cl-TCS), and 4,5,6-chloro-2-(2,4-dichlorophenoxy)phenol 

(4,6-Cl-TCS). Biomethylated analogues of CTDs have been detected in a wastewater 

impacted stream and in carp from a bay receiving wastewater [84]. Chlorination of 
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wastewater can increase concentrations of total CTDs in WWTP effluent up to 30% of 

the concentration of triclosan [18]. WWTPs with UV disinfection will not see this effect, 

although CTDs may still be present at low concentrations from reactions with bleach or 

residual chlorine in tap water on the way to the WWTPs. Toxicological information on 

CTDs is lacking, and whether CTDs have similar effects to triclosan has not been studied. 

CTDs have, however, recently become available for purchase through Wellington 

Laboratories [85]. 

Triclosan is included in a chemical class known since 1974 to be precursors to 

dioxins [86]. Degradation of triclosan and CTDs via solar photolysis in water samples has 

been confirmed to produce dioxins with a yield of 0.5 - 2.5% with a potential upper limit 

Figure 1.2   Chlorination and Photolysis of Triclosan. 

Ionized triclosan undergoes photolysis at higher rates than its protonated form. 

Triclosan can be chlorinated forming chloroform, chlorophenols, and three CTDs. 

Triclosan and the CTDs may undergo photolysis to form dioxins. Dioxins formed from 

triclosan and CTDs have 2 or 3 laterally positioned chlorines and may be more toxic 

than other di- and tri-chlorinated dioxins.  
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of 3% [17, 87]. Photolytic degradation of triclosan and subsequent production of 2,8-

dichloro-dibenzo-p-dioxin (DCDD) has been observed in both fresh water and sea water 

[88]. Friedman et al. [89] measured an efflux of 2,7/8-DCDD from Newark Bay to the 

surrounding atmosphere, which was attributed to the photolysis of triclosan. These 

experiments raise concerns about releasing triclosan and CTDs into sunlit environments, 

such as surface waters, and how to minimize the release of dioxins into the environment.  

The toxicity of other dioxin congeners are referenced to the most toxic congener, 

2,3,7,8-tetrachloro-dibenzo-p-dioxin (TCDD). A dioxin or dioxin-like compound is 

assigned a toxic equivalency factor (TEF) [90, 91]. By convention the TEF of 2,3,7,8-

TCDD is equal to one. More toxic compounds have TEFs higher than one, while less 

toxic compounds have TEFs less than one. The toxic equivalency quotient (TEQ) of a 

compound can then be assessed by multiplying its concentration by its TEF. Summing 

the TEQs of individual compounds in mixture yields the total TEQ [90]. This type of 

metric may be used to compare estimates of triclosan-derived dioxins with dioxins from 

other sources, which is one purpose of this thesis. 

Recently other tests have been developed to determine the relative toxicity of 

other dioxins and dioxin-like compounds [92]. The chemically-activated luciferace gene 

expression cell bioassay system (CALUX) by Xenobiotic Detection Systems is one such 

test [92]. CALUX relative potency values (REPs), similar to TEFs, were determined for a 

broad range of PHDDs and dibenzofurans [92].  The REPs and TEQs of some relevant 

dioxins are given in Table 1.2. Two of the triclosan-derived dioxins, 2,8-DCDD and 
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Table 1.2.    

Methods of Comparing Congener Specific Dioxin Toxicity* 

Method CALUX WHO Ontario MoE 

Year 2009 2005 1987 

Reference [92] [90] [91] 

Toxicity Unit REP TEF TEF 

1-MCDD 0.00001 NA 0.0001 

2,8-DCDD 0.0001 NA 0.001 

2,8-DBDD 0.0002 NA NA 

2,3,7-TrCDD 0.0025 NA 0.01 

2,3,7-TrBDD 0.0017 NA NA 

2,3,7,8-TCDD 1 1 1 

2,3,7,8-TBDD 0.78 NA NA 

1,2,3,7,8-PeCDD 1.38 1 0.1 

*The dioxin abbreviations are as follows: M – mono; D – di; Tr – Tri; T – Tetra;   

Pe – Penta; B – Brominated; C – Chlorinated; DD – dibenzo-p-dioxin.  

NA = Not Available. 

 

 

2,3,7-trichlorinated dibenzo-p-dioxin (TrCDD), have been assigned REPs by 

experimental means, while the other two dioxin REPs must be estimated. 

The REP value for 1,2,3,7,8-pentachlorinated dibenzo-p-dioxin (PeCDD) is 1.38, 

which is greater than the REP of 2,3,7,8-TCDD. This comparison suggests that adding a 

chlorine substituent to the 1 position may increase toxicity. Two dioxins formed from 

CTDs, 1,2,8-TrCDD and 1,2,3,8-TCDD, have substituents in the 1 position with respect 

to 2,8-DCDD and 2,3,7-TrCDD (2,3,7- is the same dioxin as 2,3,8-), which may increase 

their toxicity. REPs for 1,2,8-TrCDD and 1,2,3,8-TCDD may be estimated according to 

this principle.  

Dioxin toxicity also tends to increase with the number of lateral chlorine 

substituents [93]. 2,3,7,8-TCDD has all four lateral positions filled. The dioxins from 

triclosan chlorination and/or direct photolysis have two or three of the four lateral 

positions filled. Thus, the production of CTD’s by chlorination of wastewater and 
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concurrent photochemical transformation in surface waters could unintentionally be 

raising levels of more toxic dioxins.  Without congener specific tests of the lower 

chlorinated dioxins, analysis of the dioxin toxicity produced from triclosan and CTD 

photolysis is difficult to estimate. Despite this lack of knowledge, the type of wastewater 

disinfection used will play an integral role in estimating triclosan-derived dioxin loading 

to surface waters. 

 Polybrominated Diphenyl Ethers 1.4

Since the 1970’s brominated flame 

retardants have been used in polyurethane foams, 

textiles, carpets, and electronics to prevent fires 

and the spread of fire [14, 94]. PBDEs (Figure 1.3) are compounds in one common class 

of flame retardants. Three different commercial mixtures exist: penta-, octa-, and deca- 

[95]. The mixtures contain 39 of the 209 possible PBDE congeners [96]. While the deca-

mixture is still in production, the penta- and octa-mixtures have been phased out of the 

market due to health concerns [97]. The deca-mixture contains mostly BDE-209 (n = m = 

5) and was thought to be less harmful than other mixtures. Evidence of debromination of 

the decaBDE, as well as new toxicological data on BDE-209, has guided the EPA to 

encourage the voluntary phase-out of manufacturing and importing of the deca mixture 

[97-101].  

Figure 1.3  Structure of PBDEs. 
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 Detection and Relevance in the Environment 1.4.1

PBDEs, like the notorious polychlorinated biphenyls (PCBs), have been detected 

all over the world, even in remote regions in the Arctic [102, 103]. This pervasive 

chemical class has been detected in fish, birds, and lynx, moose, reindeer, and polar bears 

[104-107]. The EPA reviewed available literature on PBDE toxicology and concluded 

that current levels of exposure for wildlife are near adverse effect levels [97]. 

Neurotoxicity during developmental stages in mice have been observed at concentrations 

similar to those found in highly exposed infants and toddlers [108]. PBDEs may also 

disrupt the endocrine system and cause cancer [109, 110]. 

Human exposure to PBDEs occurs via ingestion of foods and inhalation of air and 

dust [14, 106, 111-124]. Many products containing PBDEs are disposed of in landfills, 

while electronics may be recycled to extract valuable metals for reuse [125]. Household 

and industrial wastes containing various congeners of PBDEs are commonly incinerated 

and represent an important source of PBDEs into the atmosphere and surrounding 

environment [111]. Humans breathe PBDEs while sitting on their couch, driving to work, 

taking a hike in the forest, or riding a bike in the city [114, 126-131]. Levels of PBDEs in 

North American and British dust tends to be higher than in the rest of the world due to 

more widespread use of PBDEs in these countries [122]. In some cases, the passage of 

stringent state flammability laws, like in California, have led to disproportionately large 

exposure to PBDEs [132].  
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Perhaps the most notable risk is how PBDEs affect babies and children. BDE-47, 

a tetraBDE, dominates the congeners of PBDEs present in human breast milk and the 

blood serum of children [15, 127]. A few studies found higher concentrations of PBDEs 

in the blood serum of children compared to adults [15, 133, 134]. Children subjected to 

higher prenatal concentrations of BDE-47, -99, or -100 scored significantly lower on tests 

of mental and physical development [135]. A follow-up study has concluded that 

postnatal exposure positively correlated to ADHD symptoms and poor social competence 

of the examined children [136]. Other studies have found PBDEs exert other toxic effects 

on animals and humans [16, 110, 128, 137]. More extensive reviews of PBDEs in the 

environment are available [103, 110, 114]. 

 Detection in WWTPs 1.4.2

Although the most common route of exposure to PBDEs to humans and animals 

is through household dust and atmospheric concentrations, these chemicals enter aquatic 

and terrestrial environments via wastewater as well. PBDEs have been detected in 

biosolids and wastewater effluents around the world [10, 138-140]. The presence of 

PBDEs in domestic wastewater (as opposed to industry wastewater) suggests that humans 

constantly ingest and excrete them [138].  The PBDEs present in biosolids may end up in 

agricultural fields and accumulate in soils with little, if any, degradation [139].  

 Degradation Pathways 1.4.3

Although degradation was not observed in soils, metabolic debromination of the 

decaBDE, BDE-209, was observed in biota downstream of a WWTP [98]. The metabolic 
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pathways that seem to be most apparent include cleavage of the ether bond to produce 

brominated phenols and hydroxylation/debromination to form hydroxylated PBDEs (OH-

PBDEs) [141-147]. Abiotic photolytic debromination and degradation can occur as well 

[148-151]. When incinerated or heated to high temperatures, PBDEs can form 

polybrominated dibenzo-p-dioxins (PBDDs) [152, 153]. With 209 possible congeners of 

PBDEs, determination of every degradation pathway is difficult and confined by the 

limits of analytical chemistry and research budgets. Despite the troubles encountered, 

scientists continue to work diligently to determine the most important transformation 

pathways of PBDEs. 

 Hydroxylated PBDEs 1.5

Due to the extent that PBDEs are found in environmental matrices, transformation 

products of PBDEs have also become a concern. While anthropogenically derived OH-

PBDEs represent some of these PBDE transformation products, natural sources of OH-

PBDEs exist as well. Whether natural or anthropogenic sources of OH-PBDEs play more 

of a role in sustaining environmental levels continues to be the foundation of many 

scientific investigations [154, 155]. Suggested formation pathways include metabolism of 

PBDEs by animals, oxidation of PBDEs by hydroxyl radicals in the atmosphere, and 

natural production from marine organisms [142, 143, 147, 156-159]. 

 A Variety of OH-PBDEs 1.5.1

Natural sources of simple to complex organobrominated compounds have been 

known for years [160, 161]. OH-PBDEs with the hydroxyl group in the ortho- position, 
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as opposed to meta- and para-, with respect to the ether are thought to be naturally 

produced by sponges, cyanobacteria, and red algae (see Table 1.3) due to the high 

concentrations observed in these organisms compared to other organisms, as well as 

seasonal fluctuations [156, 161-165]. Despite this generalization, a few ortho-OH-PBDEs 

are thought to be metabolic byproducts of BDEs in rats, chicken, and humans [15, 142, 

143, 147, 158, 159].  

A comparison of the concentrations of individual compounds in humans in Table 

1.3 gives evidence of 6-OH-BDE-47 being a metabolic byproduct [15]. Blood serum was 

analyzed from people living in a waste disposal site (WSD) with nearby incinerators and 

people living in a nearby city but much farther from the WSD [15]. Higher exposure to 

BDE-47 seems to correlate well with higher levels of 6-OH-BDE-47 in the body as well 

as some other congeners.  Methylated OH-PBDEs (methoxylated-PBDEs or MeO-

PBDEs) are also present in cyanobacteria, blue mussels, fish, and sea lions [155, 162, 

166, 167]. This triad of compound classes - PBDEs, OH-PBDEs, and MeO-PBDEs - 

presents a challenge for future studies due to the large number of compounds involved 

and lack of pure standards to identify all relevant compounds.  

 Detection and Relevance in the Environment 1.5.2

Many studies have administered PBDEs to animals and detected OH-PBDEs as 

metabolites [142, 143, 158, 168]. As shown in Table 1.3, 4’-OH-BDE-49 and 4’-OH-

BDE-101 were detected as metabolites in fish fed food spiked with PBDEs [145]. 6-OH-

BDE-47, 6-MeO-BDE-47, and 2’-MeO-BDE-68 were also detected in the fish, but their  
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Table 1.3.    

BDE-47 and Relevant Byproducts in Various Environmental Matrices in pg/g * 

Compound 

Red 

Algae 

(f.w.) 

[156] 

Fish fed 

PBDEs 

(w.w.) 

[145] 

Gulls 

(w.w.) 

[169] 

FW 

(ng/L) 

[157] 

 

FW Fish 

(w.w.) 

[170] 

Dolphin 

(w.w.) 

[171] 

Humans 

by WDS 

(l.w.) 

[15] 

Humans 

in city 

(l.w.) 

[15] 

 
BDE-47 

--- 
1000 - 

9000 

4430 - 

24300 
--- 

94 - 

11480 

340 - 

15000 
330480 14580 

 
BDE-49 

--- 

200 - 

3800  

(A) 

--- --- ND ND --- --- 

 
4-OH-BDE-42 

--- ND ND 
< 0.01 - 

1 

< 0.01 - 

1.2 

2.4 - 23 

(A) 

4954 

(A) 

165 

(A) 

 
3-OH-BDE-47 

--- ND 
< 70 - 

500 

< 0.01 -

1.1 
< 0.01 2.1 - 15 

3354 

(A) 

165 

(A) 

 
6-OH-BDE-47 

1900 

(Na) 

9 - 95 

(Na) 

< 70 - 

260 

0.85 - 

8.2 

2.8 - 

20.5 

238 - 

425 

(Na) 

6708 

(A) 

1032 

(A) 

 
4’-OH-BDE-49 

--- 
6 - 30 

(A) 

< 80 - 

540 

< 0.01 -

3.9 

< 0.01 - 

170.5 

8.1 - 51 

(A) 

9288 

(A) 

495 

(A) 

 
6’-OH-BDE-49 

--- --- 
< 90 - 

340 

< 0.01 -

0.3 
ND < 2 - 4.3 --- --- 

 
6-MeO-BDE-47 

190 

(Na) 

116 - 

270 

(Na) 

< 20 - 

170 
--- --- --- --- --- 

  * f.w. – fresh weight; w.w. – wet weight; l.w. – lipid weight; “(Na)” under a concentration denotes a naturally 

occurring compound, while “(A)” denotes anthropogenic in origin. 

  ND = not detected. FW = Freshwater. WDS = Waste disposal site. 
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presence originated from the seawater suggesting a natural source [145]. A few studies 

have determined that 6-OH-BDE-47 may be methylated metabolically to form 6-MeOH-

BDE-47 [155]. In return, 6-MeOH-BDE-47 may also be metabolically demethylated to 

form 6-OH-BDE-47 [172]. The same study found that BDE-47 was not metabolized into 

either compound by a Japanese medeka, a fish [172]. Other evidence suggests that 6-OH-

BDE-47 is metabolized from PBDEs by human liver cells and specific OH-PBDEs 

congeners have been detected in human blood samples (see Table 1.3) [15, 147, 159]. 

These studies reported low rates of hydroxylation from PBDEs to OH-PBDEs [155], 

although oxidative metabolism of BDE-47 to 6-OH-BDE-47 adds to this congener’s 

neurotoxic potential [16, 173]. OH-PBDEs are also endocrine disruptors and may affect 

animals and humans even at the low levels produced metabolically [16, 144, 174-179].  

A summary of some OH-PBDEs known to occur as natural compounds, marked 

with “(Na)”, or anthropogenic byproducts, marked with “(A)”, in the environment is 

shown in Table 1.3. The OH-PBDEs in Table 1.3 are structurally closest to BDE-47. 

BDE-49 is also thought to be a metabolite of BDE-47 [145]. 6-OH-BDE-47 is the most 

relevant to this thesis. More complete studies are needed to fully assess the origin of OH-

PBDEs in the environment and humans, as well as the significance of anthropogenic OH-

PBDEs.  

 Detection in Wastewater Effluent 1.5.3

Only two studies have found OH-PBDEs in wastewater effluent. While looking 

for triclosan in wastewater from a WWTP on the Detroit River, one study reported other 
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peaks near the internal standard, 2’-OH-BDE-28, with the same mass fragmentation 

pattern, but the compounds were not identified [63]. 6-OH-BDE-47 and 5-OH-BDE-47 

were recently detected at ~1 pg/L in wastewater effluent [180]. Other OH-PBDEs may 

also be present in wastewater effluent, but scientific evidence is lacking. 

 Photolytic and Disinfection Byproducts 1.5.4

OH-PBDEs, in addition to triclosan and CTDs, undergo photolysis to form 

PBDDs [21]. Chlorination of OH-PBDEs, like triclosan, produces chlorinated OH-

PBDEs [21]. These chlorinated versions may also form PHDDs [21]. Brominated dioxins 

are found in marine wildlife including sponges, red algae, and cyanobacteria [156, 165, 

181-183].  PHDDs may also be produced anthropogenically through incineration of 

various products [184]. PBDEs may transform into OH-PBDEs, be released into surface 

waters, and undergo photolysis to form PHDDs. PBDDs are thought to be as potent as 

PCDDs and the various congeners follow the same pattern of toxicity as described 

previously [92, 185]. The toxicity of PBDDs relative to 2,3,7,8-TCDD is shown in Table 

1.2. The release of OH-PBDEs into surface waters from WWTPs may lead to increased 

levels of PBDDs. PBDDs are hydrophobic and likely bioaccumulate in fish leading to 

increased human exposure to these toxic compounds. 
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2. Effect of Wastewater Disinfection on Five Dioxin Precursors 

 Introduction 2.1

Much of the triclosan used in personal care products ends up at wastewater 

treatment plants. Kumar et al. [11] detected up to 86 µg/L of triclosan in wastewater 

influent. If 99% of incoming triclosan is removed during secondary treatment, the 

secondary effluent would contain 860 ng/L in the effluent. As triclosan reacts with 

hypochlorite, three CTDs will form. Buth et al. [18] found that CTDs increased in a 

WWTP due to the final chlorination step. In the same study, a WWTP using UV 

irradiation had only small amounts of CTDs relative to the chlorinating WWTP [18].  

The focus of this research was to further elucidate how disinfection practices 

affects levels of CTDs in effluents. Three methods of disinfection (chlorination, UV 

irradiation, and ozonation) were investigated. Four WWTPs were selected and each 

sampled on two dates: a large plant that chlorinates from May to October, a smaller plant 

that chlorinates at lower levels or not at all, and two plants that disinfect with UV 

irradiation (one small, one large). A wastewater sample was collected from the large 

chlorinating plant during the non-chlorinating period (winter). Finally, a grab sample 

from one of the large plants was obtained and ozonated in the laboratory. These samples 

were extracted and analyzed to determine the effect of disinfection on triclosan and CTDs 

in wastewater.  

PBDEs can be metabolized by humans or bacteria into products similar to the 

brominated version of triclosan, OH-PBDEs. One of these compounds, 6-OH-BDE-47, 
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was added to the list of analytes. Only one study has identified this compound from a 

single WWTP in China at very low levels. A more comprehensive analysis of 6-OH-

BDE-47 in various wastewater effluents is needed to determine whether wastewater is a 

significant source of OH-PBDEs to the environment.  

 Experimental Methods 2.2

 Chemicals 2.2.1

Triclosan (5-chloro-2-(2,4-dichlorophenoxy)phenol; >97%) was purchased from 

Sigma Aldrich. A methanolic solution of high purity (>99%) isotopically labeled 

triclosan (
13

C12-triclosan) was purchased from Wellington Laboratories. Three CTDs (4-

Cl-TCS, 6-Cl-TCS, and 4,6-Cl-TCS) and 6-hydroxy-2,2’,4,4’-tetrabromodiphenyl ether 

(6-OH-BDE-47) were synthesized for previous studies [17, 21]. Stock solutions of each 

compound were made gravimetrically in methanol. A final combined stock solution with 

all the compounds was created containing 50 µM triclosan and 10 µM of CTDs and 6-

OH-BDE-47.  Sulfuric acid (ACS grade) and commercial grade silica gel (60 Å) were 

purchased from BDH. Ammonium acetate was purchased from Mallinckrodt AR. 

Ultrapure water (18.2 MΩ-cm) was obtained from a Millipore Simplicity UV purification 

system. HPLC grade (>99.9%) acetonitrile was purchased from J.T. Baker. HPLC grade 

(>99.9%) methanol and acetone were purchased from Sigma-Aldrich. Methyl t-butyl 

ether (MTBE) was obtained from Sigma-Aldrich (>99.0%).  Ethyl acetate was obtained 

from Macron Chemicals (>99.5%). Industrial grade nitrogen was used for the blowing 

down of eluents. Potassium indigotrisulfonate was obtained from Sigma-Aldrich to 
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measure the dose of ozone to a batch reactor. A Thermo-Orion Ross Ultra Semi-Micro 

pH meter was used to make pH measurements.  

 Cleaning Procedure 2.2.2

Triclosan is ubiquitous in laboratories, bathrooms, dust, and populated areas. Thus 

contamination of samples at all stages of experimentation is of concern. Powder-free 

nitrile gloves were used while conducting extractions and changed frequently. The plastic 

syringes and all glassware, except disposable pipets, were brush-scrubbed with triclosan-

free soap, and rinsed 3 times with tap water then DI water. The glassware was then ashed 

at 550 °C for 4 hours or rinsed 3 times with both methanol and ethyl acetate. Disposable 

glassware, including centrifuge tubes and glass pipets, were also ashed. Silica gel, glass 

wool, and sand used in the silica column were ashed prior to use. Foil was used to cover 

glassware when appropriate and laid out to serve as a protective layer from any 

contamination on lab benches and in fume hoods. Before each transfer, glass, gas-tight 

syringes were flushed five times consecutively with acetone, methanol, and acetonitrile. 

After each transfer, the outside of the syringe needle/tip was rinsed with ~1 mL of 

acetone to minimize cross contamination. Separate syringes were used for spiking 
13

C12-

triclosan, spiking the analytes of interest, and resuspending the final extracts in 

acetonitrile and water. The pH meter was also rinsed with ultrapure water before and 

after each use. 
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 Collection and Preparation of Samples 2.2.3

Composite samples (24-hour) from three WWTPs were analyzed in addition to 

grab samples from a fourth WWTP. WWTP operators or technicians collected pre- and 

post-disinfection effluent, offset to represent the same wastewater stream, in solvent 

rinsed glass containers. Samples were filtered within a day through 0.7 µm glass fiber 

filters (47 mm; Fisher Scientific) into other solvent rinsed glass bottles. The pH of each 

sample was recorded and then adjusted to 3-4 with sulfuric acid. The pKas of the 

compounds of interest range from 5.9 – 7.6 [17, 186]. At pH < 4, all of the analytes will 

be > 98% in their hydrophobic, neutral forms allowing high recovery from solid-phase 

extraction. Samples were then stored in the dark at 4 °C until further processing, which 

was usually carried out within 72 hours. 

Metropolitan Wastewater Treatment Plant (MWP) in St. Paul, MN has a capacity 

of 251 million gallons/day (MGD) serving 1.8 million people. MWP chlorinates their 

effluent from April through October with a dosage of 1.25 µg/L Cl as Cl2 for > 30 min, 

aiming for a residual of 0.20 µg/L Cl as Cl2. Effluent is dechlorinated with sodium 

bisulfite at 0.95 µg/L. MWP discharges directly into the Mississippi River. Composite 

samples from MWP were obtained on three separate dates. On two dates in the fall, pre- 

and post-chlorination samples were obtained, and one non-chlorinated effluent sample 

was obtained during the winter. A pre-chlorination grab sample was also obtained to 

determine the effects of ozonation on the analytes.  
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Two activated sludge WWTPs, Palo Alto Regional Water Quality Control Plant 

(PAWP) and Saint John’s University Wastewater Treatment Plant (SJWP), were each 

sampled (24-hour composite, pre- and post-UV) during two dates to measure the effect of 

UV disinfection on triclosan and CTDs in wastewater. PAWP treats on average 21.8 

MGD serving 220,000 people with ~5% industry wastewater. PAWP disinfects year 

round using a system of Trojan UV 3000 Plus assemblies with an energy output of 35 

mW-s cm
-2

. The average ultraviolet transmittance of the wastewater is 62% with a 

contact time of 3.8 seconds. PAWP discharges effluent directly into the southern San 

Francisco Bay. 

St. John’s University uses groundwater for their potable water supply and does 

not chlorinate prior to use. The SJWP treats the used water serving a population of 2600 

during the academic year and 1200 in summer. SJWP is licensed to process a maximum 

flow of 0.23 MGD and treats about 0.16 MGD on an average day. After filtration through 

sand, secondary effluent is disinfected using a Package Treatment UV-3000 system 

containing six modules. Each module has four 162.6-cm lamps which provide 190 µW 

cm
-2

 at 1 m with radiation centered at 254 nm. The contact time in the disinfection tank is 

between 2 and 4 minutes depending on flow conditions. SJWP discharges into East Lake 

Gemini which then drains into the North Fork of the Watab River and eventually into the 

Mississippi River. 

Effluent grab samples from Western Lake Superior Sanitation District (WLSSD) 

were collected by boat on two occasions. Approximately half of the wastewater that 
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WLSSD treats originates from industries. WLSSD filters the secondary effluent through 

mixed media beds and disinfects with chlorine, but is only required to chlorinate when a 

fecal coliform analysis of treatment plant intake exceeds 100 MPN/100 mL. The chlorine 

dosages were not available for the dates that sampling took place. WLSSD discharges 

into the St. Louis Bay which flows into Lake Superior. 

 Solid Phase Extraction 2.2.4

A method developed by Buth et al. [18] was slightly modified for analysis of the 

five compounds of interest. Three or four 500 mL replicates were prepared in Erlenmeyer 

flasks by spiking 0.5 nM 
13

C12-triclosan as a surrogate for the compounds of interest. This 

type of isotope dilution methodology is described in detail elsewhere and commonly used 

to determine concentrations of analytes in complex matrices [182, 183].  Another 500 mL 

sample was prepared in the same manner, but was also spiked with 1.5 nM triclosan and 

0.3 nM of the other analytes (3 CTDs and 6-OH-BDE-47) to verify that the other 

compounds partition as triclosan does throughout the extraction method. All the flasks 

were then shaken and stored overnight in the dark to allow for equilibration of the 

analytes into the wastewater matrix.  

On the next day, Oasis HLB solid phase extraction (SPE) cartridges were loaded 

on to a vacuum manifold and preconditioned with consecutive 5 mL aliquots of MTBE, 

methanol, and pH 3 ultrapure water. A thin layer of liquid/solvent was always left above 

the SPE cartridges from this point onward to keep the cartridge from drying out. Teflon 

transfer lines with attached rubber stoppers were connected to the SPE manifold with 6 
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mL plastic syringe barrels and vacuum-flushed consecutively with ~5 mL of MTBE, 

methanol, and pH 3 ultrapure water before extraction. The tips of the transfer lines that 

came into contact with the samples were also rinsed with acetone. Wastewater replicates 

were loaded onto the SPE cartridges at a flow rate of 15 g/min. Samples spiked with all 

analytes were processed after the replicates to minimize cross contamination. A balance 

and stop watch were used to measure the flow rate from the sample containers. The flow 

rate tended to slow down near the end of the extraction due to increased head loss from 

organics on the cartridge. Pressure was adjusted to maintain a rate close to 15 g/min. 

After loading the samples, cartridges were flushed with 3 consecutive aliquots of 

50:50 methanol:H2O (v/v) under slight vacuum (~5 g/min) and dried under vacuum for at 

least 15 minutes. This step removes the more polar organic matter from the cartridge 

while leaving the analytes of interest on the cartridge. Cartridges were secured with tape 

above glass centrifuge tubes and eluted with 10 mL of methanol and 5 mL of 90:10 

MTBE:methanol (v/v).  Eluents were then blown down with a gentle stream of nitrogen 

to ~500 µL for silica column clean up. 

 Silica Column Clean-up 2.2.5

Silica columns were prepared in washed and rinsed 6 mL plastic Luer tip 

syringes. A small plug of glass wool was placed in the bottom of the column to keep sand 

and silica from escaping. A thin layer of sand, followed by 2 g of silica gel, and another 

thin layer of sand completed the silica column. Each column was tapped to settle the 

silica and sand into the column and flushed with 10 mL of ethyl acetate to rinse the 
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column of any contamination. The eluent from the SPE step was immediately loaded onto 

the column using an ashed, disposable glass pipet. Three 1 mL aliquots of ethyl acetate 

were used to triple rinse the centrifuge tube containing the SPE eluent. As soon as the 

eluent passed the top layer of sand, each rinse was consecutively loaded on to the silica 

column with a glass pipet. The column was not allowed to dry out during the run. After 

the rinses were loaded, the column was eluted with ~11 mL of ethyl acetate. The 

collected ethyl acetate (~14 mL) was blown down with a gentle stream of nitrogen to 

~300 µL. This final extract was transferred using a glass pipet to amber glass vials with 

350 µL conical inserts. The extract was allowed to dry overnight in the vial and 

resuspended in 40-50 µL of 50:50 acetonitrile:H2O (v/v). Spiked samples were diluted 5-

10 times to lessen the effects of triclosan suppressing 
13

C12-triclosan. 

 Mass Spectrometry 2.2.6

Extracts were analyzed by high pressure liquid chromatography and tandem mass 

spectrometry (LC-MS/MS; Agilent 1100 Series HPLC and a Thermo Scientific TSQ 

Vantage triple quadrupole mass spectrometer (MS-Q
3
)). A previously published method, 

described here, was used for analysis of processed samples [18]. Sample injections of 8 

µL were made onto a Phenomenex Synergi RP-Max column (150 × 0.5 mm, 4 µm, 80 Å) 

using a binary gradient of 10 mM ammonium acetate buffer in ultrapure water (A) and 

acetonitrile (B) at a constant flow rate of 10 µL/min. The method began by starting at 

50% A for ten minutes, then ramping up to 100% B by 20 minutes and back down to 
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50% A from 23-35 minutes for column reequilibration.  The first and last ten minutes of 

flow during each run were diverted to waste to prevent contamination of the ion source. 

Negative mode electrospray ionization (ESI) provided sufficient signal for all the 

compounds of interest. The single reaction monitoring (SRM) transitions used to detect 

the analytes are summarized in Table 2.1. A second SRM transitions was also selected for 

each compound of interest, except 
13

C12-triclosan. Before each LC-MS/MS run, 
13

C12- 

triclosan was used to tune the ESI-MS-Q
3
 parameters and make adjustments to the ion 

source. The parameters were set to the following values (dependent on the tuning): spray 

voltage 2800-3500 V, nitrogen sheath gas pressure 17-45, capillary temperature 250 ˚C, 

declustering voltage 0-8, collision energy 8-13, dwell time 0.15 s, collision pressure 0.8, 

quad MS/MS bias 1.5-4.1, and S-lens 65-84. Instrument blanks (50:50 acetonitrile:H2O 

(v/v)) were analyzed approximately every 6-8 samples to ensure no carry-over of 

contamination occurred between samples. 

Table 2.1. 

SRM Transitions for Analyte Detection 

Analyte Precursor ion m/z Product ion m/z Purpose 

Triclosan 287 35.1 Quantification 

 289 37.1 Confirmation 

4-Cl-TCS 321 35.1 Quantification 

 323 37.1 Confirmation 

6-Cl-TCS 321 35.1 Quantification 

 323 37.1 Confirmation 

4,6-Cl-TCS 355 35.1 Quantification 

 357 37.1 Confirmation 

6-OH-BDE-47 500.7 79 Quantification 

 498.7 79 Confirmation 
13

C12-Triclosan 299 35.1 Quantification 
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Calibration curves using more than five points were constructed by plotting the 

analyte peak area to internal standard peak area ratio (y-axis) versus the analyte 

concentration (x-axis). Triclosan concentrations in standards ranged from 0.005 – 15 µM 

(0.001 – 4.3 mg/L), while the concentrations of CTDs and 6-OH-BDE-47 ranged from 

.001 – 3 µM (0.0003 – 1.5 mg/L). In most cases, two calibrations curves were plotted for 

each analyte, one for low ranges and one for high ranges. The concentrations of the 

spiked samples determined the endpoints of the high range calibration curve, while the 

concentration of the unspiked and blank samples determined the endpoints of the low 

range calibration curve. At higher concentrations, the 
13

C12-triclosan signal became 

suppressed by triclosan, thus changing the slope of the calibration curve. The slope of an 

analyte calibration curve and the concentration of 
13

C12-triclosan, 1.42 µM (424 µg/L) in 

the standards were multiplied together.  The inverse of this number is sometimes referred 

to as a response factor. This response factor multiplied by the ratio of analyte peak area to 

internal standard peak area in the sample equals the concentration of analyte without 

correcting for recovery.  

For analyses with only one method blank, the limit of quantitation (LOQ) for each 

analyte was defined as 10 times the analyte concentration determined in the method 

blank. For analyses with multiple method blanks, the LOQ was the concentration 

determined in the method blank plus 10 times the standard deviation of the method 

blanks. The limit of detection (LOD) was calculated as 3 times the method blank or the 

average method blank plus 3 times the standard deviation of the method blanks. Using 
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multiple method blanks allowed for lower LODs and LOQs as the standard deviation of 

the analyte concentrations in the method blanks were much lower than the analyte 

concentrations in the method blanks. The limits with only one method blank are, 

therefore, conservative. A chromatogram of a representative method blank is given in the 

Appendix. 

 Ozonation of MWP Grab Sample 2.2.7

A 4-L grab sample of secondary effluent (pre-chlorination) from MWP was 

collected in April 2012. A 2-L subsample was ozonated with an Aqua-6 Ozone Generator 

manufactured by A2Z Ozone Systems, Inc. To prevent overheating of the unit, the 

maximum run time of the generator is 20 minutes. The 2-L subsample was ozonated for 

three 20 minute periods with 20 minutes in between to let the ozonator cool down.  

Although the specifications indicate the generator produces 600 mg of O3 h
-1

, the 

ozone dose to a 2-L batch reactor was determined by the indigo blue method [187]. A 4-L 

Erlenmeyer flask was filled with 2-L of pH 2 water containing 100 uM of potassium 

indigotrisulfonate. Ozone degrades indigo blue at a 1:1 molar ratio, thus allowing the 

ozone dose to be measured. At this pH decomposition of ozone in water is minimized and 

allows for an estimate of ozone dose to the batch reactor. The diffuser was placed about 1 

inch above the bottom of the container, while a stir bar and stir plate were used to 

continuously mix the sample. Samples were transferred to quartz cuvettes using a glass 

pipet every four  minutes for 20 minutes. A spectrophotometer was used to determine the 

change in absorbance before and after a twenty minute exposure. In three separate trials, 



 

 35 

the concentration of indigo blue decreased from 100 to ~3.6 µM in 20 minutes indicating 

an ozone dose of 4.63 ± 0.07 mg/L. Having been ozonated for three 20 minute runs, the 

wastewater received an ozone dose of 13.9 ± 0.2 mg/L. 

 Results and Discussion 2.3

 Method Validation 2.3.1

The LC method effectively separated the analytes and provided satisfactory peak 

shapes without processing through peak fitting. Peaks were integrated manually using the 

Qual Browser of Excalibur 2.1 software from Thermo Scientific. Example 

chromatograms with the peaks of each analyte labeled are shown in Figures 2.1 – 2.4 

from a representative standard, MWP (grab sample), WLSSD (grab sample), and SJWP 

(composite sample), respectively. Various unidentified compounds were detected and 

will be discussed later. The calibration curves were fit to a linear function. Most curves 

were of high quality (R
2
 > 0.99). Four fits had R

2
 = 0.98 and three had R

2
 > 0.93. A 

summary of LOQ and LOD information for each sample is located in Table A.1 in the 

Appendix. The LOQs ranged from 7.9 – 100 pM (2.3 – 29 ng/L) for triclosan, 0.01 – 7.9 

pM (0.003 – 2.8 ng/L) for the CTDs, and 0.43 – 6.1 pM (0.22 – 3 ng/L) for 6-OH-BDE-

47. The LODs are 0.3 × LOQs. The chromatographic peak area for every reported 

concentration was greater than 10 times the peak area of the corresponding instrument 

and method blanks. If an analyte response was between the LOD and LOQ, the 

concentration is stated (in Table 2.3) as less than (<) the LOQ. If the analyte response 

was less than the LOD, “ND” (not detected) is indicated. 



 

 36   

Figure 2.1   Standard Chromatograms. 

These chromatograms are representative of a standard response (normalized to the 

highest peak) of the LC-MS/MS used in this experiment and include all the analytes 

analyzed, except for 
13

C12-triclosan (nearly identical to the triclosan chromatogram). 

Retention times (RT) are noted for known analytes. The SRM transitions are indicated to 

the right of each chromatogram. The parent m/z is located after “ms2”, while the product 

m/z range is given in brackets. 
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Figure 2.2   MWP Grab Sample Chromatograms. 

These chromatograms are from a MWP grab sample of secondary effluent (before 

chlorination) taken in April 2012. Retention times for all known analytes were generally 

within 0.15 min of the standards. The peak area ratios for the peaks of three unknown 

compounds (1, 2, and 3) were greater than 3 times the peak area ratio (or noise) from the 

method/instrument blank. The unknown peaks were not detected in the highest standard. 
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Figure 2.3   WLSSD Chromatograms. 

Representative chromatograms from the extract of a WLSSD grab sample. The peak area 

ratio for peak 2 is greater than 3 times that detected in the method/instrument blank. The 

concentration of 6-OH-BDE-47 in this sample was 2.4 pM (1.2 ng/L) without recovery 

correction and 3.5 pM (1.8 ng/L) with correction. 
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Figure 2.4   SJWP Chromatograms.  

These chromatograms are from a pre-UV SJWP composite sample. The peak area ratios 

for peaks 1, 2, 4, 5, 6, and 7 are greater than 3 times that detected in the blanks. 

Interestingly peak 7 disappears after UV disinfection. The calculated concentration for 6-

OH-BDE-47 was less than LOD in this extract; however, a few compounds elute before 

with peak area ratios above the LOD (5,6, and 7). 
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Table 2.2.    

Relative Recovery of Analytes 

The absolute recovery of 
13

C12-triclosan was 59 ± 31 % (average ± standard 

deviation). Accurate results are confirmed by the relative recovery of each analyte, rather 

than the absolute recovery, based on isotope dilution methodology [182, 183]. Spiked 

samples were used to determine the relative 

recovery as compared with triclosan. The average 

relative recoveries of all spiked samples for each 

analyte are shown in Table 2.2. Concentrations 

shown in Table 2.3 are recovery corrected values 

using the relative recoveries for wastewater samples processed at the same time. The 

recoveries used for correction in each matrix are given in Table A.2 in the Appendix. 

Error was propagated accordingly. 

 Disinfection of Triclosan in Wastewater 2.3.2

Triclosan and the CTDs were detected in all wastewater samples analyzed, except 

for 4-Cl-TCS in the SJWP samples in April 2012. Table 2.3 shows the results of all the 

wastewater samples analyzed. Units are given in both picomolar (pM), for direct 

comparisons with related analytes, and nanograms per liter (ng/L), for easy comparison 

with other published material. Triclosan concentrations varied from < 14 – 1609 pM (36 

– 465 ng/L). Concentrations of total CTDs ranged from below the LOD to 79.8 pM (27.2 

ng/L). 6-OH-BDE-47 concentrations ranged from below the LOD to 33.6 pM (1.8 ng/L). 

 

 

Compound Recovery 

Triclosan 93 ± 18 

4-Cl-TCS 84 ± 18 

6-Cl-TCS 75 ± 31 

4,6-Cl-TCS 59 ± 15 

6-OH-BDE-47 54 ± 15 
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Table 2.3.    

PHDDs in Wastewater Before and After Disinfection in pM (ng/L)* 

* LODs and LOQs of analytes for each sample analyzed are summarized in the Appendix; ND - not detected (< LOD) 

   If a replicate is > LOD but < LOQ, the LOQ is shown.. 

** Molecular weights shown in parenthesis under analyte name 
a One replicate between LOD and LOQ, while other replicates above LOQ   
b Two replicates between LOD and LOQ, while other replicate(s) above LOQ   
c All replicates between LOD and LOQ  
d One replicate between LOD and LOQ, while other replicates below LOD 
e Ozone dosed in the laboratory. 
f (G) – grab sample; (Co) – Composite (24-hour) sample 

 

Disinfection WWTP 
Date 

(Typef) 
Triclosan 

(289)** 

4-Cl-TCS 

(324)** 

6-Cl-TCS 

(324)** 

4,6-Cl-TCS 

(358)** 

Sum of CTDs 

 

6-OH-BDE-47 

(502)** 

Pre 

Chlorination 

MWP 

(n=3) 

09/11 

(Co) 

828 ± 316 

(239 ± 91) 

1.6 ± 0.8 

(0.5 ± 0.3) 

5.8 ± 3.5 

(1.9 ± 1.1) 

5.4 ± 2.4 

(1.9 ± 0.9) 

12.8 ± 6.7 

(4.3 ± 2.3) 

< 3.6a 

(< 1.8) 

Post 

Chlorination 

MWP 

(n=4) 

09/11 

(Co) 

1470 ± 531 

(425 ± 153) 

12.3 ± 5.7 

(4 ± 1.8) 

30.2 ± 18.5 

(9.8 ± 6) 

37.3 ± 16.9 

(13.4 ± 6.1) 

79.8 ± 41.1 

(27.2 ± 13.9) 

6.7 ± 4.4b 

(3.4 ± 2.2) 

Pre 

Chlorination 

MWP 

(n=4) 

10/11 

(Co) 

388 ± 20 

(112 ± 6) 

2.3 ± 0.4 

(0.7 ± 0.1) 

26.1 ± 7.1 

(8.5 ± 2.3) 

31.5 ± 7.1 

(11.3 ± 2.5) 

59.9 ± 14.6 

(20.5 ± 4.9) 
ND 

Post 

Chlorination 

MWP 

(n=4) 

10/11 

(Co) 

497 ± 47 

(144 ± 14) 

6 ± 1 

(1.9 ± 0.3) 

24.3 ± 6.3 

(7.9 ± 2) 

32.7 ± 7.9 

(11.7 ± 2.8) 

63.0 ± 15.3 

(21.5 ± 5.1) 
ND 

No 

Chlorination 

MWP 

(n=4) 

11/11 

(Co) 

1609 ± 316 

(465 ± 91) 

< 2.9c 

(< 0.9) 

< 7.5c 

(< 2.4) 

< 7.9c 

(< 2.8) 
--- 

< 0.7a 

(< 0.4) 

Reduced 

Chlorination 

WLSSD 

(n=3) 

06/11 

(G) 

325 ± 70 

(94 ± 20) 

1 ± 0.3 

(0.3 ± 0.1) 

9.2 ± 2.1 

(3.0 ± 0.7) 

13.2 ± 2.7 

(4.7 ± 1.0) 

23.4 ± 5.1 

(10 ± 1.8) 

3.6 ± 0.4 

(1.8 ± 0.2) 

Reduced 

Chlorination 

WLSSD 

(n=3) 

04/12 

(G) 

374 ± 17 

(157 ± 10) 

0.5 ± 0.1  

(0.16 ± 0.03) 

5.9 ± 0.7 

(1.9 ± 0.2) 

11 ± 1.9 

(3.9 ± 0.7) 

17.4 ± 2.7 

(6.0 ± 0.9) 
ND 

Pre UV 

Irradiation 

PAWP 

(n=4) 

07/11 

(Co) 

1349 ± 119 

(390 ± 34) 

3.8 ± 0.7a 

(1.2 ± 0.2) 

13 ± 3 

(4.2 ± 1) 

21.8 ± 3.8 

(7.8 ± 1.4) 

38.6 ± 7.5 

(13.2 ± 2.6) 

2.8 ± 0.6 

(1.4 ± 0.3) 

Post UV 

Irradiation 

PAWP 

(n=4) 

07/11 

(Co) 

1083 ± 251 

(313 ± 73) 

3.6 ± 1b 

(1.2 ± 0.3) 

9.7 ± 3b 

(3.1 ± 1) 

16.1 ± 2.9 

(5.8 ± 1) 

29.4 ± 6.9 

(10.1 ± 2.3) 

< 0.7c 

(< 0.4) 

Pre UV 

Irradiation 

PAWP 

(n=4) 

01/12 

(Co) 

178 ± 37 

(51 ± 11) 

1.0 ± 0.4 

(0.3 ± 0.1) 

6.3 ± 2.0 

(2 ± 0.7) 

11.5 ± 3.5 

(4.1 ± 1.3) 

18.8 ± 5.9 

(6.4 ± 2.1) 
ND 

Post UV 

Irradiation 

PAWP 

(n=4) 

01/12 

(Co) 

202 ± 15 

(58 ± 4) 

1.3 ± 0.2 

(0.4 ± 0.1) 

7.4 ± 1.9 

(2.4 ± 0.6) 

11.9 ± 2.9 

(4.3 ± 1) 

20.5 ± 5 

(7.1 ± 1.7) 
ND 

Pre UV 

Irradiation 

SJWP 

(n=4) 

01/12 

(Co) 

166 ± 11 

(48 ± 3) 

0.8 ± 0.2 

(0.3 ± 0.1)  

2.0 ± 0.6 

(0.6 ± 0.2) 

3.9 ± 1 

(1.4 ± 0.4) 

6.8 ± 1.8 

(2.3 ± 0.7) 
ND 

Post UV 

Irradiation 

SJWP 

(n=4) 

01/12 

(Co) 

166 ± 25 

(48 ± 7) 

0.6 ± 0.2 

(0.2 ± 0.1) 

1.5 ± 0.5 

(0.5 ± 0.2) 

3.4 ± 1 

(1.2 ± 0.4) 

5.4 ± 1.7 

(1.9 ± 0.7) 

< 0.4d 

(< 0.2) 

Pre UV 

Irradiation 

SJWP 

(n=3) 

02/12 

(Co) 

198 ± 10 

(57 ± 3) 

< 0.7c 

(< 0.2) 

< 0.5c 

(< 0.2) 

1.9 ± 0.3 

(0.7 ± 0.1) 

1.9 ± 0.3 

(0.7 ± 0.1) 
ND 

Post UV 

Irradiation 

SJWP 

(n=3) 

02/12 

(Co) 

123 ± 6 

(36 ± 2) 
ND 

< 0.5c 

(<0.2) 

3.2 ± 0.6 

(1.1 ± 0.2) 

3.2  ± 0.6 

(1.1 ± 0.2) 
ND 

Pre 

Ozonatione 
MWP 

(n=3) 

04/12 

(G) 

279 ± 5 

(80.6 ± 1.4) 

0.4 ± 0.1 

(0.13 ± 0.03) 

4.2 ± 1.3 

(1.4 ± 0.4) 

5.4 ± 1.4 

(1.9 ± 0.5) 

10 ± 2.8 

(3.4 ± 0.9) 

33.6 ± 6.1 

(16.9 ± 3.1) 

Post 

Ozonatione 
MWP 

(n=3) 

04/12 

(G) 

< 14c 

(< 4) 

< 0.07c 

(< 0.02) 

0.4 ± 0.1 

(0.13 ± 0.03) 

1.1 ± 0.3 

(0.4 ± 0.1) 

1.5 ± 0.4 

(0.53 ± 0.13) 

23.1 ± 5.4a 

(11.6 ± 2.7) 
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The concentrations of triclosan in wastewater samples are shown in Figure 2.5. 

Error bars on all graphs are one standard deviation. Samples that do not have error bars 

had detectable concentrations but not quantifiable, so instead of the calculated 

concentration, the LOQ is shown. The student T-test was used to assess differences 

between triclosan and CTDs before and after disinfection. Hypotheses are deemed 

significant if p < 0.05. Hypothesis tests were only used for samples that had more than 

one extract above the LOQ.  

Chlorination of triclosan should result in some decrease as seen in June and Sept. 

2009 MWP samples. The increase seen in Oct. 2011 MWP is questionable and may 

indicate that the samplers gathering wastewater did not pick up the same representative 

flow. Laboratory ozonation in the April 2012 MWP samples degraded triclosan to below 

the LOQ of 13 pM (3.7 ng/L). Triclosan in the Feb. 2012 SJWP sample may have 

decreased due to photolysis, although the effect is not seen for Jan 2012 at SJWP. 

Fluctuations in the flow could explain this situation. During low flow periods, contact 

time in the disinfection basin can reach up to four minutes, potentially allowing for the 

degradation of more contaminants, like triclosan. During high flow times, the contact 

time may be as low as two minutes. Triclosan was not significantly degraded in the 

PAWP samples, which may be attributed to the short UV contact time – only a few 

seconds. 
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Comparing CTDs in samples with different concentrations of triclosan may not 

accurately portray differences between samples. Kinetically speaking, the rate of total 

CTD formation is directly proportional to the concentration of triclosan. Another way to 

compare the data is to normalize the concentration of CTDs by the concentration of 

triclosan. By comparing both graphs of CTDs concentrations and [CTD]/[triclosan], 

insights into the reaction of triclosan and CTDs with hypochlorite may be gained. 
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Figure 2.5   Triclosan in Wastewater. 
Triclosan was detected in all wastewater samples analyzed. Sampling was performed in 

such a way that concentrations of triclosan from before and after disinfection should 

either decrease or remain the constant. The first three samples on the left did not have 

pre-disinfection samples. Statistical differences (p < 0.05) from pre to post are marked 

with a “D” for decrease or an “I” for increase. Error bars are 1 σ. 

(N) – No disinfection; (RC) – Reduced Chlorination; (C) – Chlorination; (UV) – UV 

Irradiation; O – Ozonation.   

*Data from Buth et al. [18] 
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 Chlorination of Triclosan in Wastewater 2.3.3

Buth et al. [18] had previously determined that CTDs increase following 

chlorination of MWP wastewater. Figure 2.6 shows the concentrations of individual 

CTDs from in wastewater from Buth et al. [18] and the samples collected in this study at 

the MWP. Concentrations of CTDs increase after chlorination for three of the four 

samples. 
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Figure 2.6   Chlorination of CTDs in Wastewater. 

Chlorination of wastewater generally increases CTD concentrations. However, if the rate 

of formation and degradation of CTDs are equal, no change in levels may be seen as in 

the Oct. 2011 samples.  

*From Buth et al. [18] 
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In Figure 2.6, chlorination of wastewater increases most of the individual CTD 

concentrations in samples from June and Sept. 2009 and Sept. 2011. In the Oct. 2011 

sample, only 4-Cl-TCS increases, while the other CTDs change insignificantly during 

chlorination. CTDs in the Oct. 2011 pre-chlorination sample are higher than the other 

pre-chlorination samples. This may explain the stagnant levels of CTDs from Oct. 2011. 

Canosa et al. [81] determined that the concentration of CTDs reaches a maximum and 

begins to decline when chlorinating triclosan in ultrapure and tap water.  At the 

maximum, the rate of formation equals the rate of degradation of CTDs. Thus the lack of 

change of CTDs from pre to post-chlorination in Oct. 2011 MWP samples may still be of 

concern. CTDs were probably still forming during chlorination, only being converted to 

other toxic chloroform and chlorophenols at similar rates to their formation.  

When comparing CTD to triclosan ratios for different sampling dates in Figure 

2.7, similar trends appear. In the Oct. 2011, the apparent decrease in 6-Cl-TCS and 4,6-

Cl-TCS ratio is not significant. Most of the CTD ratios significantly increase for the other 

samples. CTDs in the Sept. 2011 sample increased less than the samples obtained in June 

and Sept. 2009. The Sept. 2011 wastewater may have had higher concentrations of other 

particles and chemicals that competed for the hypochlorite resulting in less conversion of 

triclosan to CTDs. 

Overall, CTDs were detected at similar concentrations to other studies before and 

after disinfection [18, 46]. Triclosan first converts to 4-Cl-TCS or 6-Cl-TCS, then 

undergoing further chlorination to 4,6-Cl-TCS [81]. 4-Cl-TCS had the fastest reaction 
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kinetics with hypochlorite, followed by 6-Cl-TCS [81]. 4,6-Cl-TCS was the slowest to 

degrade [81]. CTDs in both pre and post chlorination wastewater seem to obey these 

same kinetics based on relative levels. 4-Cl-TCS is detected at much lower levels than the 

others, potentially confirming its faster kinetics in wastewater. Like the results of Buth et 

al. [18], 4,6-Cl-TCS is detected at higher concentrations in chlorinated effluent than the 

other CTDs.  This CTD also forms the highest chlorinated dioxin which is likely the most 

toxic, or at least as toxic as the dioxin formed from 4-Cl-TCS.  
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Figure 2.7   CTD:Triclosan Ratios in Wastewater: Chlorination.  

This [CTD]/[Triclosan] graph shows similar trends of increasing CTD levels. The only 

difference is a larger decrease in the Oct. 2011 samples. This decrease may be explained 

by greater rates of CTD degradation than formation. 

* From Buth et al. [18] 
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 Reduced and Non-disinfected Wastewater Effluent 2.3.4

Lower levels of CTDs were found in WLSSD effluent grab samples than 

chlorinated MWP effluent. WLSSD only chlorinates when high coliform counts deem it 

necessary. Because of this “reduced” chlorination, CTDs were expected to be at lower 

concentrations than MWP. MWP does not chlorinate its wastewater from November to 

March. A composite sample (24-hour) from MWP was obtained in November for the 

final effluent only. Levels in this sample should be similar or lower than WLSSD 

samples, although WLSSD serves 50% industry and may have less triclosan and CTDs 

even when chlorinating. A comparison of CTDs in WLSSD effluent to the non-

chlorinated MWP effluent is also shown in Figure 2.9. Concentrations of CTDs in the 

Nov. 2011 MWP samples were above the LOD but below the LOQ for all replicates. The 

concentrations of individual CTDs are similar between this MWP sample and WLSSD 

grab samples.  After normalizing by the concentration of triclosan, the Nov. 2011 MWP 

wastewater seems to have much lower levels than WLSSD in Figure 2.8. This indicates 

that WLSSD may have been chlorinating when samples were obtained, but this cannot be 

verified.  
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Figure 2.9   CTDs in Wastewater Effluent with Reduced or No Chlorination.  

Concentration of CTDs are similar in WLSSD and non-chlorinated MWP effluent. All 

CTDs in the MWP extracts were detected, but not above the LOQ (shown).  
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Figure 2.8   CTD:Triclosan Ratios in Wastewater: No/Reduced Disinfection.  

By normalizing CTD concentrations by triclosan a more pronounced difference can be 

seen between non-chlorinated effluent and WLSSD effluent. WLSSD has a special permit 

for reduced chlorination, but it could not be verified if they were chlorinating when these 

samples were obtained.  
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 UV Irradiation of Triclosan and CTDs in Wastewater Effluent 2.3.5

PAWP and SJWP are two WWTPs that disinfect with UV systems. The levels of 

CTDs remain unchanged from pre to post disinfection when comparing both 

concentrations and ratios of CTDs to triclosan, as seen in Figure 2.10 and Figure 2.11. 

Levels of individual CTDS in the PAWP and SJWP wastewater extracts follow the trend: 

4-Cl-TCS < 6-Cl-TCS ≤ 4,6-Cl-TCS. 
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Figure 2.10   Effect of UV Irradiation on CTDs in Wastewater.  

CTD levels were relatively constant from before and after UV irradiation. PAWP levels 

were higher than SJWP, which may be explained by the lack of residual chlorine in 

water that SJWP treats. 
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  Concentrations of CTDs in the final effluent of both PAWP samples are higher 

than either SJWP final effluents. PAWP serves a community that has residual chlorine in 

their tap water, while SJWP serves a community that does not. Any CTDs in SJWP must 

be formed by bleach or other disinfectants reacting with triclosan in wastewater. The 

concentrations of CTDs in PAWP final effluent are still less than chlorinated MWP 

effluent and similar to WLSSD and non-chlorinated MWP effluents. 
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Figure 2.11   CTD:Triclosan Ratios in Wastewater: UV Irradiation.  

Normalized CTD levels were similar from pre to post-UV irradiation. 
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 Ozonation of Triclosan and CTDs in MWP Grab Sample 2.3.6

The ozonation of the April 2012 grab sample from MWP resulted in the 

significant decrease of triclosan and all the CTDs. Triclosan and 4-Cl-TCS degraded 

from 278 pM and 0.4 pM, respectively, to below the LOQ (12 pM and 0.1 pM, 

respectively). Removal efficiencies for 6-Cl-TCS and 4,6-Cl-TCS were 91% and 80%. 

 Effect of Disinfection on Individual and Total CTDs 2.3.7

These data may be used to more accurately predict the levels of CTDs entering 

surface waters and thus the consequent dioxin formation. Figures 2.12 – 2.14   
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Figure 2.12   4-Cl-TCS in Wastewater by Disinfection Method. 

Chlorination increased the amount of 4-Cl-TCS in wastewater effluent.  N – no 

disinfection; RC – reduced chlorination; C – chlorination; UV – ultraviolet irradiation; 

and O – ozonation.  

*denotes data from Buth et al. [18] 
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Figure 2.13   6-Cl-TCS in Wastewater by Disinfection Method. 

6-Cl-TCS is detected in the highest amounts after chlorination. 

*denotes data from Buth et al. [18] 
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Figure 2.14   4,6-Cl-TCS in Wastewater by Disinfection Method. 

 4,6-Cl-TCS is detected at higher levels in chlorinated effluent than other effluent. 

*denotes data from Buth et al. [18] 

 



 

 53 

compare the individual CTD concentrations from each method of disinfection. The 

figures clearly show chlorinated effluent has higher amounts of all of the CTDs than any 

other disinfection method. UV treatment did not affect levels of CTDs, although PAWP 

had the highest amount of CTDs of any non-chlorinated effluent. Ozonation decreased 

the concentrations of all CTDs. CTDs are detected in most wastewater regardless of the 

method of disinfection used. 

As expected chlorinated effluent has the largest concentrations of CTDs and will 

be the major source of CTDs to surface waters. UV irradiated wastewater will contribute 

less, but still a substantial amount of CTDs to surface waters. Figure 2.13 shows the 

concentrations of total CTDs in wastewater before and after disinfection. Large WWTPs 

like PAWP and MWP have the highest levels of CTDs, while the smaller treatment plant 

SJWP has lower amounts. Data from WLSSD grab samples may be compared to the 

composite samples, but the comparisons are less informative. The sampling method is 

important as composite samples account for the daily fluctuations of chemicals unlike 

like grab samples. Composite samples will be more reliable for estimating triclosan and 

CTD loading. 

 6-OH-BDE-47 in Wastewater Effluent 2.3.8

One other study has published proof of 6-OH-BDE-47 in wastewater [180]. Ueno 

et al. [157] detected elevated levels of OH-PBDEs near a WWTP. Figure 2.14 highlights 

the samples from this study that had detectable amounts of 6-OH-BDE-47 in at least one 

replicate extract. A grab sample from MWP had 
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by far the highest amounts of 6-OH-BDE-47, while lower levels were detected in the 

composite samples. The data from Figure 2.14 displays evidence of the highest amounts 

of 6-OH-BDE-47 in wastewater to date (~33 pM or 16 ng/L). From comparison of pre 

and post disinfection extracts, 6-OH-BDE-47 is susceptible to UV light (>71% removal) 

and ozone (32% removal). 
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Figure 2.13   ΣCTDs in Wastewater by Disinfection Method.  

The concentrations of total CTDs generally increased for chlorination and decreased 

after ozonation. PAWP had the highest amounts of CTDs of the non-chlorination plants. 

*denotes data from Buth et al. [18] 
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 Unidentified Compounds in Wastewater Extracts  2.3.9

Other compounds were also detected in wastewater extracts. Unidentified peaks 

eluted at 12.2, 12.8, and 13.3 minutes in the April 2012 grab sample at MWP (see 

chromatograms in Figure 2.15). Peaks with similar retention times and SRM transitions 

were also present in other samples (see peaks 1, 2, and 4 in Figure 2.4). Each peak was 

detected for three SRM transitions, including 319 → 35, which was only monitored in a 

few samples (mainly to look for ozonation byproducts).  
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Figure 2.14    6-OH-BDE-47 in Wastewater. 

6-OH-BDE-47 was detected in some of the wastewater analyzed. Significant decreases 

occurred after UV irradiation and ozonation. Bars without standard deviation represent 

samples that were above the LOD but below the LOQ, in those cases the LOQ is shown. 

The largest amount of 6-OH-BDE-47 was found in a MWP grab sample collected before 

chlorination. 
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While the three peaks are not ozonation byproducts, the retention times, relative 

peak areas, and SRM transitions shed light on what the compounds could be. The 

isotopes of a deprotonated dihydroxy-triclosan (C12H6Cl3O4), pictured in Figure 2.15, 

would produce signals similar to those seen in these chromatograms (see Figure A.1 in 

the Appendix). Kim et al. [188] found bacteria can metabolize triclosan to form 

dihydroxy-triclosan, which matches the proposed formula. The large amounts of bacteria 

present in activated sludge could be transforming triclosan into this compound. 

? 

Figure 2.15   Chromatograms of Unidentified Compounds.  

Three unknown peaks eluted with the following SRM transitions in order of 

decreasing peak area: 319 → 35.1, 321 → 35.1/37.1, and 323 → 37.1. One molecular 

formula that fits this isotope abundance pattern would be C12H6Cl3O4, potentially 

corresponding to deprotonated dihydroxy-triclosan. These peaks were detected in 

other samples as well. 
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Dihydroxy-triclosan was also found to be a product of ozonation [189], although none of 

these peaks were significantly higher in the April 2012 MWP grab sample after 

ozonation. The compounds elute just before triclosan, suggesting these compounds are 

more polar, providing more evidence for this compound as a dihydroxy-triclosan. The 

three peaks could correspond to triclosan that has been twice hydroxylated in different 

positions. A CTD could also be hydroxylated and dechlorinated to form similar 

compounds to di-hydroxy-triclosan. Another possibility would be compounds like 

chlorophenols and chlorocatechols dimerizing in the mass spectrometer and producing 

signals similar to those seen here.  

One ozonation byproduct was observed. The peak eluted at 10.23 minutes with 

the same SRM transitions (287 → 35.1 and 289 → 37.1) as triclosan. Based on the 

chromatography in Figure 2.16, the compound is more hydrophilic/polar than triclosan 

(eluting while the mobile phase still had close to 50% water). In a previous study, 

ozonation byproducts included mono- and di-hydroxy-triclosan, which are both more 

hydrophilic than triclosan [189]. The SRM transitions for these compounds are different 

than triclosan and could not be the source of this peak. Possible reaction pathways from 

ozonation involve electrophilic substitution of hydroxyl radicals with a chlorine or 

hydrogen substituent and further hydroxylation to form a trihydroxy-dichloro-diphenyl 

ether (tri-OH-PCDE). The SRM transitions for triclosan would correspond to the second 

and third most abundant isotopes of this compound (see Figure A.2 in Appendix), which 

is the molecule pictured on the left in Figure 2.16. The most abundant transition for 
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this compound corresponds to 295 → 35.1 which was not monitored. Another possible 

molecular formula is C12H7Cl3O2 corresponding to a dihydroxy-trichloro-biphenyl (di-

OH-PCB) (pictured on the right in Figure 2.16). The isotope abundance for this 

compound is the same as triclosan (see Figure A.3 in Appendix). Without more 

experimentation, however, the identity of these compounds cannot be confirmed. 

 

? 
Triclosan 

Figure 2.16   Chromatogram of Ozonation Byproduct Formation.  

The top and bottom chromatograms are from pre and post ozonation extracts, 

respectively. One peak eluted at 10.47 minutes in the post ozonation extract with the same 

SRM transitions as triclosan. The “peak” labeled on the top chromatogram with a 

retention time of 9.9 min is a conservative representation of the background from the pre 

ozonation extract. The compound could be a diphenyl ether with three hydroxyl groups 

and two chlorines (left) or a dihydroxy trichlorinated biphenyl (right). 
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 Environmental Significance 2.4

The estimated yearly loading from the WWTPs from this study are shown in 

Table 2.4. The goal of this representation is not to see which WWTPs discharge more 

pollutants, but rather only to compare disinfection. All of the WWTPs in this study treat 

wastewater to high standards using some of the best technology available. With almost 2 

million people to serve, MWP discharges by far the most triclosan and CTDs. Dioxins 

derived from triclosan and CTDs were found in sediments of Lake Pepin, which is 

located about 30 miles downstream of MWP and is a catchment basin for the Mississippi 

River [20]. Triclosan and CTDs discharging from MWP is likely the largest contributing 

source of these dioxins, although other WWTPs discharge into the Mississippi River 

downstream of MWP and upstream of Lake Pepin. 

Two different methods were used to calculate low, medium, and high estimates of 

CTD loadings to US surface waters. The first method assumes that concentrations of 

CTDs at other chlorination and UV irradiation plants around the US are similar to 

samples collected in this study (see Table 2.5). In the second method, CTDs are estimated 

Table 2.4. 

Mass Loadings of Triclosan and CTDs from Individual WWTPs 

   

WWTP   Population 

Triclosan 

(kg/year) 

4-Cl-TCS 

(g/year) 

6-Cl-TCS 

(g/year) 

4,6-Cl-TCS 

(g/year) 

MWP     (1,800,000) 

WLSSD (85,500) 

PAWP    (220,000) 

SJWP     (2,600) 

50 – 150 

5.2 – 8.7 

1.8 – 9.5 

0.011 – 0.015 

660 – 1400 

9 – 17 

12 – 37 

< 0.06 

2100 – 3400 

100 – 170 

73 – 94 

< 0.16 

4000 – 7600 

220 – 260 

130 – 180 

< 0.38 

 



 

 60 

by assuming the [CTD]/[Triclosan] levels in other US WWTPs are the same as MWP, 

SJWP, and PAWP (see Table 2.6). In both cases, eight studies analyzing a total of 19 

WWTP effluents were used to calculate the average triclosan concentration in US WWTP 

effluent [11, 18, 45, 46, 57-59]. The average of the base ten logarithms of the triclosan 

concentrations for these studies was 2.27, which corresponds to a concentration of 10
2.27

 

ng/L or 186 ng/L. The average from the logarithms was almost equal to the median 

concentration of 180 ng/L. The standard deviation of the base ten logarithms was 0.63. 

Using this number, the high and low estimates of triclosan concentrations were 801 ng/L 

(10 
2.27 + 0.63

 ng/L) and 43 ng/L (10 
2.27 - 0.63

 ng/L).  

With the concentrations of triclosan in wastewater estimated, only an estimate of 

how much wastewater is discharged into US surface waters is needed to calculate mass 

loadings of triclosan and CTDs. Information available from Table 1.1 was used for this 

purpose. Plants that only use primary treatment were ignored as they made up only a 

small portion of total WWTP effluent and they discharge to the ocean. Wastewater 

treated by septic systems was excluded, as was effluent from WWTPs that had no 

effective discharge. The final estimate of wastewater discharge was 29,918 MGD for the 

US.  

Disinfection of wastewater was also taken into account. In 2003 about 75% of 

WWTPs chlorinated their effluent [24]. This percentage was reduced to 50% to account 

for WWTPs switching to UV since 2003 and those that do not chlorinate in the winter. 

Using the data from Table 2.3 and Buth et al. [18], the estimates for total discharges of  
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Table 2.5 

Estimate of Triclosan, CTD, and Dioxin Loading By Concentration 

Compound → 

(Dioxin) → 

Triclosan 

(2,8-DCDD) 

4-Cl-TCS 

(2,3,7-TrCDD) 

6-Cl-TCS 

(1,2,8-TrCDD) 

4,6-Cl-TCS 

(1,2,3,8-TCDD) 

Compound 

Loading  

(kg/year) 

Low 

Medium 

High 

4342 

7677 

20754 

6.2 

55.7 

107 

26.8 

144 

270 

49.5 

312 

574 

Dioxin 

Loading 

(g/year) 

Low 

Medium 

High 

4342 

23033 

187790 

3.1 

89.2 

966 

42.9 

578 

2433 

28.7 

467 

5164 

 REP → 0.0001 0.0025 0.0002 0.005 

TEQ 

Loading 

(g/year) 

Low 

Medium 

High 

0.4 

2.3 

18.7 

0.007 

0.22 

2.4 

0.009 

0.12 

0.49 

0.14 

2.3 

25.8 

  TEQ Estimates 

(g TEQ/year) 

Low Medium High 

  0.59 4.98 47.4 

 

 

 

Table 2.6 

Estimate of Triclosan, CTD, and Dioxin Loading By [CTD]/[Triclosan] 

Compound → 

(Dioxin) → 

Triclosan 

(2,8-DCDD) 

4-Cl-TCS 

(2,3,7-TrCDD) 

6-Cl-TCS 

(1,2,8-TrCDD) 

4,6-Cl-TCS 

(1,2,3,8-TCDD) 

Compound 

Loading  

(kg/year) 

Low 

Medium 

High 

1775 

7678 

33063 

10.4 

80.6 

503 

21.4 

220 

1805 

35.3 

497 

3619 

Dioxin 

Loading 

(g/year) 

Low 

Medium 

High 

1775 

23033 

297572 

5.2 

129 

4523 

34 

881 

16247 

20 

745 

32569 

 REP → 0.0001 0.0025 0.0002 0.005 

TEQ 

Loading 

(g/year) 

Low 

Medium 

High 

0.18 

2.3 

29.8 

0.013 

0.32 

11.3 

0.007 

0.18 

3.2 

0.10 

3.7 

162.8 

  TEQ Estimates 

(g TEQ/year) 

Low Medium High 

  0.30 6.53 207 

 



 

 62 

triclosan and CTDs to US surface waters (using both methods) are displayed in Table 2.5 

and Table 2.6. 

Once triclosan or a CTD enters a water body, only a certain percentage undergoes 

photolysis. After correcting for pH and photic zone, a box model for a river that accounts 

for photolysis and sorption to particles as the major loss processes estimated photolysis 

accounted for 10% of degradation of triclosan [17]. Photolysis of triclosan in a lake 

system was estimated to account for up to 80% of triclosan degradation [190]. Values of 

10%, 20%, and 30% were used for low, medium, and high estimates of triclosan and 

CTD photolysis rates. The estimate of 30% would assume that about 29% of WWTPs 

discharge into lakes (80% photolysis) and the rest discharge into rivers (10% photolysis). 

CTDs are assumed to have the same photolysis rates as triclosan. Of the triclosan and 

CTDs that undergo photolysis, only a small percentage converts to dioxins. Low and high 

estimates of dioxin yields for triclosan and the three CTDs were obtained from Buth et al. 

[17], while the average of the low and high estimate was used for the medium estimate. 

Dioxin loading estimates are shown for each method in Table 2.5 and Table 2.6. 

Dioxin loadings are generally converted to a final TEQ. The REPs, similar to 

TEFs, for each dioxin are based on values given in Table 1.2. Values of REPs used are 

shown in Tables 2.5 and 2.6. Estimates range from 0.3 – 207 g TEQ/year, the later would 

be a worst case scenario. The estimated US air emissions inventory of dioxins is 2500 g 

TEQ/year [191, 192]. The use of triclosan in personal care products generates a PCDD 

load equivalent to 0.012 – 8.3% of air emissions. Similar dioxin loadings were estimated 
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by Buth et al. [17].  The lowest estimate may be a small fraction of air emissions; 

however, it represents a direct discharge into the aquatic environment. Dioxins from air 

emissions will fallout mostly on land as opposed to inland waters, which only make up a 

small percentage total US land area. Being hydrophobic, the dioxins will stay attached to 

soil particles and not make their way into aquatic environments. Sediment records have 

also confirmed that dioxins derived from triclosan have increased over the past 40 years 

and contribute up to 31% of total dioxins in the sediment [20]. Any risk assessment or 

governmental review of triclosan should, therefore, take into account the formation of 

dioxins from triclosan. 

The confirmation of 6-OH-BDE-47 in WWTP effluent is of concern for the same 

reasons as triclosan and CTDs. PBDDs may form from OH-PBDEs that undergo 

photolysis. The presence of 6-OH-BDE-47, which is not manufactured directly by 

humans, in wastewater provides evidence that this compound is a metabolite of PBDEs, 

which are also present in wastewater. Whether 6-OH-BDE-47 was produced by human 

metabolism or bacterial metabolism from the activated sludge is unknown.  
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3. Conclusions and Recommendations 

The method of wastewater disinfection affects levels of CTDs in the final 

effluent. Chlorination can significantly increase all three CTDs, although not always. 

Even in the case where CTDs did not increase after chlorination, CTDs are still detected 

in higher amounts than other non-chlorinating plants.  

UV disinfection has little, if any, effect on triclosan and CTDs in wastewater. In 

one case from SJWP, concentrations of triclosan decreased, suggesting triclosan may 

have degraded potentially forming more dioxins than would otherwise be produced from 

interaction with sunlight in surface waters. PAWP samples, however, showed no 

degradation of triclosan from pre to post UV irradiation. The difference may be explained 

by significantly shorter contact times of wastewater with the UV lamps in PAWP.  

Ozonation significantly reduced levels of all the analytes. One ozonation 

byproduct was detected but not identified. The product could be a tri-OH-PCDE or a di-

OH-PCB based on retention time and relative isotope abundance. Other compounds that 

were not ozonation byproducts were also detected. These compounds are hypothesized to 

be di-hydroxy-triclosans. Without further experimentation, the compounds’ identities 

cannot be confirmed.   

The pattern of CTD levels observed (4-Cl-TCS < 6-Cl-TCS ≤ 4,6-Cl-TCS) is 

important when determining total dioxin formation potential in surface waters. Higher 

amounts of TCDDs may be formed because 4,6-Cl-TCS is generally detected at higher 

concentrations than the other CTDs. 1,2,3,8-TCDD (the dioxin produced from 4,6-Cl-
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TCS) may be more toxic than 2,3,7- or 1,2,8-TrCDDs (the dioxins produced from the 

other CTDs) due to the extra chlorine substituent, however, only 2,3,7-TrCDD has been 

evaluated for toxicity. 

Loadings of triclosan derived dioxins were estimated to be 0.012 – 8.3% of dioxin 

air emissions. Although comparatively low, this dioxin estimate is unique in the sense 

that the dioxins are discharged directly into surface waters. In some cases, 2,8-DCDD 

may be present at high enough concentrations (from the photolysis of triclosan) in the 

water to partition into the air, leading to atmospheric emissions from surface waters [89]. 

Reduction in the use of triclosan in personal care products would lead to reduced dioxin 

exposure for people who consume fish or live nearby wastewater impacted streams and 

rivers. 

This study is the first to confirm wastewater as a source of 6-OH-BDE-47 to fresh 

water bodies. Whether wastewater is the most important source of OH-PBDEs, and 

consequently PBDDs via photolysis, in freshwater environments remains to be seen. 

Natural production of OH-PBDEs in freshwater is unlikely, owing to lack of bromide 

ions available needed for construction of these compounds. Low pg/L levels of OH-

PBDEs in Lake Ontario is, therefore, likely anthropogenic in origin [157]. Contributions 

from rain and snow may be a significant source [157]. Photolysis of brominated phenols 

could be contributing to sustained levels of OH-PBDEs in the fresh water as well. 

Sustained levels of 2’-OH-BDE-68 were formed from photolysis of 2,4-dibromophenol 

[193]. Like PBDEs, brominated phenols are present in dust [194] and may also be present 
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in wastewater. Photolysis experiments with combinations of different 

brominated/halogenated phenols may lead to the production of other OH-PBDEs/OH-

PHDEs. The detection of brominated phenols in river water has been achieved at the low 

ng/L level [195].  If brominated phenols are present in wastewater, they could be 

contributing to levels of OH-PBDEs and PBDDs in fresh water environments.   

Despite the presence of 6-OH-BDE-47 in wastewater, the exact origins of this 

compound are still unclear. A mass balance of 6-OH-BDE-47 together with BDE-47 and 

6-MeO-BDE-47 (and other compounds from Table 1.3) through a WWTP might provide 

sufficient evidence to determine whether OH-PBDEs are derived from metabolism by 

humans or bacteria in activated sludge. Experiments spiking PBDEs into bioreactors 

created from activated sludge would help determine if PBDEs were being transformed 

into OH-PBDEs or MeO-PBDEs by the sludge bacteria. Accelerated solvent extraction 

could be used on freeze dried activated sludge to extract these compounds. Chlorinated 

derivatives of OH-PBDEs, OH-BHDEs, may also be present in wastewater and undergo 

photolysis to form PHDDs. Methods with low detection limits (pg/L), however, are 

needed for these types of analyses. 

Well-designed experiments would separate the phenolic (OH-PBDEs) and the 

hydrophobic (PBDEs and MeO-PBDEs) fractions. The relatively simple extraction 

method used in this research was able to detect 6-OH-BDE-47 in only some of the 

wastewater effluents analyzed. Other procedures, like derivatization with dansyl chloride 

[180], must be used to achieve lower detection limits, especially to detect other OH-
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PBDEs present in various matrices. Since this study began, a growing number of OH-

PBDEs have been synthesized in labs as experimental demand increases. As these 

compounds become more available, a comprehensive analysis of OH-PBDEs and their 

precursors and byproducts in a variety of environmental matrices would provide valuable 

insights into these complex transformations. 
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Appendix 

Table A.1. 

LOQs for Each Wastewater Matrix 

 LOQs in pM (ng/L)* 

Wastewater Samples Triclosan 4-Cl-TCS 6-Cl-TCS 4,6-Cl-TCS 6-OH-BDE-47 

MWP – 09/11 100.8 (29.1) 0.1 (.03) 0.3 (0.1) 0.3 (0.1) 3.6 (1.8) 

PAWP – 07/11; MWP – 11/11 64.1 (18.5) 2.9 (0.9) 7.5 (2.4) 7.9 (2.6) 0.7 (0.35) 

PAWP – 01/12; MWP – 10/11; 

SJWP – 01/12 
7.9 (2.3) 0.24 (0.08) 0.25 (0.08) 0.09 (0.03) 0.43 (0.21) 

SJWP – 02/12 30.4 (8.8) 0.73 (0.24) 0.53 (0.17) 0.94 (0.33) 0.90 (0.45) 

MWP – 04/12 13.5 (3.9) 0.07 (0.02) 0.01 (0.003) 0.15 (0.05) 6.6 (3.3) 

WLSSD – 06/11; WLSSD – 4/12; 43.8 (12.7) 0.54 (0.17) 0.49 (0.16) 1.21 (0.43) 0.59 (0.3) 

*LODs may be calculated from LOQs by multiplying by 0.3 

Note: The following paragraph is a note regarding the samples from the first two runs on 

at the U of M Cancer Research Center included in this thesis: MWP – 09/11, WLSSD – 

06/11, PAWP – 07/11, and MWP 11/11. I did not dilute the spiked samples at all the first 

time I ran these samples and my calibration curve did not go above the concentration 

found in these samples. Due to these two errors in judgment, relative recoveries for 

triclosan turned out much higher than they should have been (>130%). The 
13

C12-

triclosan signal is suppressed by high amounts of triclosan. Diluting the spiked samples 

reduces this effect. In an attempt to correct this mistake, I diluted the spiked extracts 5 

times and reran them on the LC-MS/MS. I then used the concentrations of the spiked 

samples in that run to calculate relative recoveries for the aforementioned samples. 

Relative recoveries using this new data turned out a bit better for triclosan (68.7 – 

96.8%), so these relative recoveries were used except in the case of Metro – 09/11 Post 

Chlorination. (Relative recoveries for triclosan, when using 
13

C12-triclosan as a surrogate, 

should be 100%, as they are the same compound and exhibit the same properties except 
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mass.) In the end the relative recoveries for triclosan were averaged to 100.9 ± 34.4%. 

This is what mainly contributed to high amounts of error in these samples, but the results 

are statistically valid.   

Table A.2. 

Recovery Corrections 

 Relative Recoveries for Individual Analytes (%) 

Wastewater Samples Triclosan 4-Cl-TCS 6-Cl-TCS 4,6-Cl-TCS 6-OH-BDE-47 

MWP – 09/11 100.9 ± 34.4 90.8 ± 39.7 94.4 ± 56.9 67.4 ± 29.3 49.9 ± 27.6 

PAWP – 07/11; MWP – 11/11 70.9 ± 2.6 86.8 ± 10.1 80.2 ± 17.4 62 ± 7.9 50.4 ± 9.5 

PAWP – 01/12; MWP – 10/11; 

SJWP – 01/12 
97.3 ± 3.8 77.2 ± 11.7 62.1 ± 16.1 54.1 ± 12.1 49.1 ± 12.9 

SJWP – 02/12 105.2 ± 2.8 97.8 ± 9.5 102.9 ± 5.1 71.1 ± 8 67.5 ± 3.5 

MWP – 04/11 105.4 ± 1 82.5 ± 24.3 101.6 ± 28.2 75.7 ± 18.7 65.1 ± 5.2 

WLSSD – 06/11; WLSSD 04/12; 93.7 ± 2.8 80.8 ± 9.5 47.8 ± 5.1 50.6 ± 8 65 ± 3.5 

 

 

Figure A. Isotope Abundance of Dihydroxy-Triclosan.  
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Figure A.2   Isotope Abundance Ratio for Trihydroxy-Dichloro-Diphenyl Ether.  

 

 

Figure A.3   Isotope Abundance for Deprotonated Dihydroxy-Trichloro-Biphenyl. 
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Figure A.4 Chromatogram of Representative Method Blank 

 


