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Abstract 

The ubiquity of pharmaceuticals and personal care products in water systems is well known. 

With the increasing implementation of water reuse schemes in the US, concern about potential 

health effects of these compounds in humans has risen. While potential synergistic effects of 

chronic low doses exposure to a cocktail of these compounds is still being studied, it is prudent 

to monitor and attenuate these trace organic compounds (TOrCs) from our water sources.  This 

research initially focused on identifying suitable ‘indicator’ TOrCs based on theoretical physico-

chemical parameters and actual experimental data. It was concluded that an indicator list will 

be specific to the goal targeted with dependence on treatment process, occurrence and 

analytical ease. Quantification of these TOrCs are part per trillion levels in water requires 

accurate, precise and robust analytical techniques. The next part of this research was spent on 

developing three different analytical methods with LC-MS/MS for the sensitive detection of 

TOrCs in several different water matrices including raw sewage and final drinking water. The 

treatment efficacy of granular activated carbon for attenuation of TOrCs is studied in detail with 

emphasis on developing correlations between TOrC removal and bulk organic parameters of 

water like UV absorbance and fluorescence by using rapid small-scale column testing. The 

results indicate a correlation between removal of TOrCs and bulk organic parameters that is 

independent of water quality. The effectiveness of commercially available activated carbon 

based point-of-use (POU) devices for removal of a set of TOrCs from water was evaluated. The 

data indicated that POUs are a viable option for treatment of TOrCs but specific removal 

depends on type of device, water quality and amount of water treated. Finally, further research 

was targeted at identifying transformation products as a result of oxidation of polyfluorinated 
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precursor materials in reclaimed waters. The results illustrated that toxic perfluorocarboxylic 

acids can be formed on oxidation of fluorotelomer unsaturated carboxylic acids that are known 

to be present in water.  

  



16 
 

Organization 

Chapter 1 provides a general overview into water reuse, trace organic compounds and 

mitigation strategies which provide the basis of the work done in this thesis. 

 Chapters 2 and 5 were written in a format acceptable for peer-review and can be considered 

as stand-alone pieces. Hence some parts in the introduction and experimental sections may be 

redundant. 

Chapters 3, 4 and 6 have already or are intended to be submitted as peer-review articles with 

minor contribution from multiple authors including Dr. Sylvain Merel, Dr. Sonia Dagnino 

(University of Arizona) and Dr. Massimiliano Sgroi (University of Catania). The majority of the 

work has been performed by me and permission has been sought from all authors to include 

the data in this thesis.     

  



17 
 

1. Trace Organic Compounds in Water Reuse 
 

1.1. Background 

Over one billion people on this planet live in areas of water stress (Mara, 2003). In its seventh 

millennium development goals, the United Nation identified sustainable access to safe drinking 

water as one of its priorities (UN, 2006). Water scarcity is now one of the most serious issues 

faced in the world and innovative, cost-effective and sustainable technologies for its treatment 

and reuse are required. To counter this paucity of water, several regions around the globe have 

or are intending to implement water reuse schemes to augment their water supplies while 

reducing dependence on transient water sources (Gerrity et al., 2013). Engineering water reuse 

schemes though requires a keen knowledge on the nature of contaminants present, type of 

treatment processes required and cost-effective designs.  

The extensive utilization of organic compounds coupled with the rapidly increasing demands of 

water has led to widespread contamination of traditionally pristine water sources. These 

organic compounds including pharmaceuticals, personal-care products, pesticides, steroid 

hormones and industrial compounds are collectively known as “Emerging Organic 

Contaminants” (EOCs) or “Trace Organic Compounds” (TOrCs). Public concern has risen since 

several studies indicate that trace levels of these compounds can cause adverse health effects 

in aquatic wildlife (Bevans, 1995, Sumpter and Jobling, 2013). Further, synergistic effects of a 

mixture of these substances have been shown to have adverse toxicological effects even at 

concentrations known to occur in the environment (Pomati et al., 2006). While much is still 

unknown about these compounds and their effects on humans, it would be prudent to monitor 
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these compounds in the aquatic environment while developing strategies for their attenuation 

from our water sources. 

Advanced oxidation processes (AOPs) like ozone and UV with hydrogen peroxide (H2O2) have 

been shown to eliminate many of these TOrCs from water but recent studies have indicated 

that the transformation products formed as a result of such oxidation processes may in some 

cases be more toxic than their parent compounds (Zouboulis et al., 2007, Schmidt and Brauch, 

2008, Heringa et al., 2011). Similarly, membrane separation processes like nanofiltration and 

reverse osmosis has been shown to be very effective in the removal of TOrCs (Bellona et al., 

2004, Comerton et al., 2008) but lead to the production of a highly concentrated waste stream 

that is difficult to dispose of. Further, with states like Florida stipulating the banning of all 

offshore discharges from 2025 (Florida-Senate, 2009), the effective disposal of this waste 

stream will become even harder. On the other hand, adsorption processes like granular 

activated carbon (GAC) do not add undesirable transformation products to the water and can 

even remove these products if placed after an AOP (Chiu et al., 2012). Further, landfilling of 

waste GAC likely sequesters most of these compounds while regeneration of spent GAC leads 

to thermal destruction of several TOrCs (Corwin, 2010).  GAC adsorption can thus be an 

effective barrier in the removal of these TOrCs and their transformation products. 

1.2. TOrCs in Water 
 

TOrCs is a broad term that has been defined as “compounds not commonly regulated or 

monitored in water resources that are known or suspected to cause potential risk to human or 

ecological health” (WERF, 2008). In a recent report, Anderson et al. identified over 720 TOrCs 
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separated into 20 different categories based on peer-reviewed literature as shown in  Figure 

1-1(Anderson, 2008). This number is continually increasing as there are currently over 70 

million substances registered on the CAS website with 15,000 new chemicals added daily (CAS, 

2014). For the purposes of this thesis, TOrCs were divided into six classes including 

pharmaceuticals, personal-care products, pesticides, endocrine disruptors, industrial 

compounds and others. Examples of each of these classes are provided in Figure 1-2. 

Disinfection by-products and nitrosamines are not covered in this work but will be referenced in 

some of the chapters as they are vital components in the ‘TOrC’ family.  

 

Figure 1-1. Classification of TOrCs by the Water Environmental Research Foundation (WERF, 2008) 
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The presence of TOrCs in both wastewater (Snyder et al., 2001, Carballa et al., 2004, Chiu, 2010) 

and source waters(Kolpin et al., 2002b, Focazio et al., 2008, Benotti et al., 2009) has been 

detected for over a decade now with their concentrations varying from a few nanograms per 

liter to several micrograms per liter in impaired wastewaters. The recalcitrance of these 

compounds is a well-known fact with several studies reporting that TOrCs are not completely 

eliminated by traditional drinking water treatment processes (Snyder et al., 2004, Westerhoff, 

2005, Stackelberg et al., 2007). While adverse effects of steroid hormones and EDCs have been 

postulated since the 1960’s (Stumm-Zollinger and Fair, 1965), impacts on the reproductive 

systems of aquatic wildlife was shown in the 1990’s (Jobling and Sumpter, 1993, Bevans, 1995, 

Desbrow et al., 1998, Kidd et al., 2007). However, the effects of a large number of these 

compounds are still unknown while some studies have suggested that a combination of these 

chemicals can have synergistic effects at chronic low dose exposures (Carlsson et al., 2006, 

Daughton and Ternes, 1999, Kostich and Lazorchak, 2008). Pomati and colleagues noticed that 

a mixture of pharmaceuticals at environmentally relevant concentrations caused cytotoxicity in 

human cells (Pomati et al., 2006). Recently, mixtures of ompounds like perfluorinated chemicals 

(PFCs), glucocorticoid steroid hormones, and others have also been identified in both source 

and wastewaters (Chang et al., 2007, Quinones and Snyder, 2009, Mak et al., 2009, Herrero et 

al., 2012).  These classes of compounds have shown adverse effects in animals and wildlife 

(Sanderson et al., 2004, Lau et al., 2007) leading to their inclusion in the TOrC group of 

chemicals. Over forty five TOrCs were evaluated at various stages during this work. A list of 

their use, class and structure is provided in Table 1-1. 
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Figure 1-2. Common examples of the six classes of TOrCs evaluated in this study 
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Table 1-1. TOrCs evaluated in this work with use, category and structure 

Compound Use Category Structure  
Acesulfame-K Artificial 

sweetener 
Other 

 
Atenolol β-blocker Pharmaceutical 

 
Atrazine Herbicide Pesticide 

 
Benzophenone UV blocker Personal Care 

Product 

 
Benzotriazole Corrosion 

inhibitor 
Industrial 

Compound 
 

Bisphenol A Plasticizer Personal Care 
Product 

 
Caffeine Stimulant Personal Care 

Product 

 
Carbamazepine Anti-Seizure Pharmaceutical 

 
Clofibric Acid Lipid regulator 

metabolite 
Pharmaceutical 

 
Dexamethasone Glucocorticoid Hormone 
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N,N-Diethyl-m-
toluamide (DEET) 

Insect repellant Personal Care 
Product 

 
Diclofenac Anti-arthritic Pharmaceutical 

 
Diphenhydramine Antiarrhythmic Pharmaceutical 

 
Diltiazem Anti-histamine Pharmaceutical 

 
Estrone Natural estrogen Hormone 

 
Fluoxetine Anti-Depressant Pharmaceutical 

 
Gemfibrozil Anti-Cholesterol Pharmaceutical 

 
Hydrochlorothiazide Antihypertensive Pharmaceutical 

 
Hydrocortisone Anti-

inflammatory 
glucocorticoid 

Hormone 

 
Ibuprofen Analgesic Pharmaceutical 
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Iohexol X-ray contrast 
media 

Other 

 
Iopamidol X-ray contrast 

media 
Other 

 
Iopromide X-ray contrast 

media 
Other 

 
Meprobamate Anti-anxiety Pharmaceutical 

 
Nonylphenol Surfactant Endocrine 

Disruptor 
 

Naproxen Analgesic Pharmaceutical 

 
Norgestrel Hormonal 

contraceptive 
Hormone 

 
Octylphenol Surfactant Endocrine 

Disrptor 
 

Perfluoro butanoic 
acid (PFBA) 

Fluorosurfactant Industrial 
Compound 

 

Perfluro butane 
sulfonate (PFBS) 

Fluorosurfactant Industrial 
Compound 
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Perfluoro pentanoic 
acid (PFpeA) 

Fluorosurfactant Industrial 
Compound 

 

Perfluoro hexanoic 
acid (PFHxA) 

Fluorosurfactant Industrial 
Compound 

 

Perfluoro octanoic 
acid (PFOA) 

Fluorosurfactant Industrial 
Compound 

 
Perfluoro octane 
sulfonate (PFOS) 

Fluorosurfactant Industrial 
Compound 

 
Primidone Anticonvulsant Pharmaceutical 

 
Propranolol β-blocker Pharmaceutical 

 
Propylparaben Preservative in 

cosmetics 
Personal Care 

Product 

 
Simazine Herbicide Pesticide 

 
Sucralose Artificial 

sweetener 
Other 
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Sulfamethoxazole Antibiotic Pharmaceutical 

 
Tris (2-chloroethyl) 
phosphate (TCEP) 

Flame retardant Personal Care 
Product 

 
Tris (2-chloropropyl) 

phosphate (TCPP) 
Flame retardant Personal Care 

Product 

 
Testosterone Androgen Hormone 

 
Triclocarban Antibiotic Personal Care 

Product 

 
Triclosan Anti-microbial Personal Care 

Product 

 
Trimethoprim Antibiotic Pharmaceutical 

 
 

 

1.3. Treatment Options 

 

Treatment technologies for the attenuation of a large variety of TOrCs can broadly be divided 

into two separate processes – Oxidation technologies and Separation technologies. Oxidation 
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technologies or AOPs aim to produce in-situ hydroxyl radicals (OH.) to oxidize organic molecules 

into smaller more biodegradable compounds and ideally CO2. Separation techniques use gravity 

or pressure to separate the organic molecules from the water by either adsorbing them on a 

media (in the case of activated carbon) or using pressure to push all the solids into a 

concentrated waste stream (in the case of membrane filtration). While, membrane based 

separation techniques form an important part of treating TOrCs in water it is not the focus of 

this research and will not be dealt with in detail. A summary of the basic advanced oxidation 

treatment technologies and chief adsorption technology used across water treatment plants is 

given below. 

1.3.1. Advanced Oxidation Processes     

  The two most common AOPs are ozone and UV with hydrogen peroxide. Both are increasingly 

being used in the water treatment world because of their ability to act both as a disinfectant 

and oxidant for organic compounds (Camel and Bermond, 1998).  

1.3.1.1. Ozone 

 Ozone is a powerful disinfectant and can remove color, turbidity and inactivate microbes at 

very low concentrations in water (Nagano, 1992, Zuma et al., 2009). Ozonation is also an 

advanced oxidation process where ozone supplied to water degrades to oxygen but also forms 

intermediates like singlet oxygen, superoxide and hydroxyl radicals (Glaze, 1987, Elovitz and 

von Gunten, 1999). These intermediates are powerful non-selective oxidants that destroy most 

trace organic contaminants in water (Huber, 2004, Snyder et al., 2006b). 
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An ozonation process always works on the basis of direct and indirect reactions. Reactions 

where molecular ozone is directly involved are called direct reactions whereas reactions in 

which breakdown products of ozone (like hydroxyl radical and superoxide) are involved is called 

indirect reactions. Ozone is unstable in water and its half-life depending on water quality can 

vary from seconds to hours (von Gunten, 2003). Molecular ozone is generally effective at 

disinfection while its chief degradation product-hydroxyl radical is a more non-selective oxidant 

and responsible for chemical oxidation (Facile et al., 2000, Wert et al., 2009a). However, 

molecular ozone can also degrade organic compounds especially those containing double 

bonds and electron-donating moieties. The .OH radical is important in water treatment though 

as it has the ability to degrade organic compounds that are recalcitrant to molecular ozone, 

while also breaking down high molecular mass organic matter into smaller more biodegradable 

forms.  

In water treatment processes, it is important to know the ratio of hydroxyl radicals to ozone 

produced to estimate disinfection and organic contaminant removal. This can be difficult to 

measure, especially since .OH radical concentration is hard to estimate due to its instability. 

Elovitz and von Gunten found that the ratio of .OH to O3 can be assumed to be constant in an 

ozonation reaction in water and is same as the exposure of the two reactants with time (Elovitz 

and von Gunten, 1999) as shown in Equation 1. This term is referred to as Rct and is generally 

between 10-7 and 10-9 M for the second phase of ozonation reactions (>30 sec after ozone 

application). In the initial phase of ozone decay (<30 sec), this ratio is much higher and close to 

one but estimations of TOrC removal can still be made with relative surety by just assuming one 

Rct value in the second phase of ozonation (von Gunten, 2007). 
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Equation 1.      
∫[  ]  

∫[  ]  
  

[  ]

[  ]
 

 

Ozonation has been shown to attenuate most TOrCs in wastewater at doses between 1-6 

mg/L(Huber, 2004, Snyder et al., 2006b). Buffle et al. suggested that ozone is essentially an AOP 

process in wastewater with hydroxyl radicals destroying organic contaminants as long as the 

instantaneous ozone demand (IOD) is consumed (Buffle et al., 2006).  Compounds that contain 

aromatic hydroxy groups and deprotonated amines like estrone, triclosan, and carbamazepine 

are removed at rates of >90% by ozone while aliphatics and halogenated compounds like TCEP 

and iopromide are difficult to remove by ozone (Dickenson et al., 2009, Wert et al., 2009a, 

Snyder et al., 2006b). Addition of H2O2 to ozone increases oxidation rates considerably and can 

be considered when additional attenuation is required (Ternes et al., 2003). Water quality 

parameters like dissolved organic carbon (DOC), alkalinity, and pH affect ozone-TOrC removal 

efficiency (Elovitz et al., 2000). While ozone appears to give excellent removals of a wide variety 

of TOrCs, it can also form several potentially toxic compounds like N-nitroso dimethylamine 

(NDMA), bromate and other unknown transformation products (Andrzejewski et al., 2008, 

Vongunten and Holgne, 1994). Bromate is a probable human carcinogen and regulated by the 

USEPA. The maximum contaminant limit (MCL) is 10 µg/L while the MCL goal is zero (DeAngelo 

et al., 1998, Krasner et al., 1993). NDMA was the most frequently detected compound in the 

unregulated contaminant monitoring rule (UCMR) 2 and is a probable carcinogen with a one in 

a million cancer factor of 0.7 ng/L (Peto et al., 1991, Mitch et al., 2003). Currently, there is no 

MCL for NDMA but an action limt of 10 ng/L is enforced in California. With the possibility of 
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toxic by-product formation with ozone, extreme care must be taken when it is implemented as 

a treatment strategy.  

1.3.1.2. UV-Hydrogen Peroxide 

Ultra-violet (UV) light has been known to be a water disinfectant for several decades (Martiny 

et al., 1988, Chrtek and Popp, 1991). Despite this, it has only become common at water 

treatment plants over the last decade due to better understanding of the process and higher 

quality assurance standards through regulations and more efficient equipment (Sommer et al., 

2008, Hijnen et al., 2006). Two different UV disinfection lamps are present, low-pressure lamps 

emit monochromatic light at 253.7 nm while medium-pressure lamps have a polychromatic 

emission spectrum. The application of higher doses of UV can lead to destruction of chemical 

contaminants as well by UV-photolysis. Studies have shown that phototransformation of trace 

organic contaminants depends on the structure of the compound, while also exhibiting a pH 

dependence based on acid-base equilibria (Canonica et al., 2008a, Pereira et al., 2007). For 

destruction of several recalcitrant compounds though, UV-oxidation processes are required. In 

a UV-AOP process, H2O2 is added to produce .OH radicals that are non-selective oxidizers and 

help in destruction of a wide variety of contaminants that have a low reaction rate with UV 

alone (Wols et al., 2013). Water quality parameters like amount of effluent organic matter, 

alkalinity and nitrite concentrations adversely affect TOrC attenuation by UV-AOP because of 

competition for OH. radicals in water (Rosario-Ortiz et al., 2010).  

While both ozone and UV are effective at removal of most TOrCs, in reality these compounds 

are transformed to other products and not oxidized to CO2 under normal doses applied during 
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water treatment. In recent years, several studies have used accurate-mass time of flight 

instruments to detect some of these transformation products formed during AOP treatment. 

Mawhinney and colleagues showed that specific TOrCs like benzotriazole can actually form 

stable by-products on ozonation with wastewater (Mawhinney et al., 2012). Another study 

demonstrated the sequential formation of transformation products of pharmaceuticals 

sulfamethoxazole and diclofenac by both low-pressure and medium pressure UV treatment 

(Lekkerkerker-Teunissen et al., 2012). Despite these studies, a vast number of transformation 

products have not yet been identified, thus making it very difficult to come up with a regulatory 

framework. To add to this, Ozone in particular, can lead to the formation of known carcinogenic 

compounds like NDMA and bromate at doses often applied at water treatment plants 

(Vongunten and Holgne, 1994, Najm et al., 2001).  Richardson et al. have also established that 

some of these unknown transformation or disinfection by-products can induce cytotoxicity and 

genotoxicity in the water (Richardson et al., 2007, Richardson et al., 2008). While a concerted 

research effort is needed to identify some of these toxic products in water, treatment barriers 

need to be put in place to eliminate such products from entering the finished water streams. 

Thus asdsorption processes like GAC are being considered as a treatment strategy downstream 

of oxidation processes. 

1.4. Adsorption Processes 

The most frequently used adsorption processes in water treatment involve activated carbon. 

While powdered activated carbon is known to remove TOrCs in water treatment (Dickenson 

and Drewes, 2010), it will not be dealt with in this work as it is mainly used for taste and odor 
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removal in surface waters and not wastewater treatment (Suffet et al., 1996). Instead, granular 

activated carbon will be the focus for the remainder of this thesis.  

1.4.1.1. Granular Activated Carbon 

In most water reuse schemes, activated carbon treatment is used at the tail-end of an advanced 

oxidation process before the water is discharged for use (in the case of direct potable reuse) or 

surface/ground water augmentation (in the case of indirect potable reuse). Adsorption 

processes like granular activated carbon (GAC) can prove to be a final barrier in ensuring several 

of these transformation products formed during oxidation do not make it into finished drinking 

water  (Andrzejewski et al., 2008, Mawhinney et al., 2012, Richardson et al., 2008). The use of 

the adsorption media after the oxidation process is partly to remove these transformation 

products formed during AOP while also enhancing removal of taste and odor compounds and 

other residual particulate matter (Ridal et al., 2001, Nowack et al., 2004).  

Adsorption of trace organic contaminants from water onto activated carbon is governed by 

three main interactions: (i) TOrC-water interactions (ii) TOrC-carbon surface interactions and 

(iii) water-carbon surface interactions. TOrC-water interactions generally depend on the 

hydrophobicity of the TOrC and can be judged by the octanol-water partition coefficient (Log 

Kow). The TOrC-surface interactions can be due to electrostatic interactions if they are charged 

or weak van-der waals forces. The water-surface interactions depend on surface chemistry and 

pH of the water (Crittenden et al., 2012).  The charge on the surface of the carbon is critical in 

terms of TOrC removal as electrostatic attraction between the two can significantly enhance 

removal. Thus the point of zero charge (pzc) of the carbon used is critical. The pzc is defined as 
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the pH at which there is equal number of positive and negatively charged surface groups on the 

activated carbon thus giving it a net surface charge of zero. At a solution pH below the pHpzc, 

the carbon surface is positively charged while above it is negatively charged. The effects of 

surface charge on TOrC removal will be highlighted in chapter 4 along with a method for 

measurement of pzc.  

The use of GAC has been shown to be effective in removal of a variety of TOrCs within an 

acceptable bed volume (Snyder et al., 2007a, Corwin and Summers, 2012). However, predicting 

removals of specific compounds depends on water quality charecteristics. The presence of 

dissolved organic matter (DOM) in water can adversely affect removal of TOrCs in water. The 

DOM effects TOrC adsorption onto GAC by causing pore blockage leading to inaccessible 

micropore sites and directly outcompeting TOrCs for available pores on the carbon surface. 

However, removals of various TOrCs in the presence of large amount of DOM in wastewater 

have been demonstrated (de Ridder et al., 2011). Further, studies have also demonstrated its 

ability to attenuate disinfection by-products and NDMA precursors from the water with high 

efficiency (Hanigan et al., 2012, Chiu et al., 2012). Parameters like the empty bed contact time 

(EBCT), type of carbon used and age of carbon have significant effects on performance though 

(Knappe et al., 1997, Nguyen et al., 2011, de Ridder et al., 2011). With time, a biological film will 

form that has other beneficial effects to treatment efficiency.  

Testing of a full scale GAC column is very laborious and time consuming. To counter this, rapid 

small-scale column testing (RSSCT) has been developed as a bench-scale tool to accurately 

predict GAC performance in a short period of time. The chief advantages of an RSSCT over full-
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scale testing are that it can be conducted in a small amount of time and with a fraction of the 

water required at full-scale (Crittenden et al., 1991). Isotherm data can also be used to predict 

GAC performance but is generally based on a steady state process and does not take into 

account the kinetics of adsorption and mass transfer (Corwin, 2010). Further, interactions 

between the dissolved organic matter (DOM) and TOrCs are not well captured by isotherm 

data. Computer models are also used to estimate GAC performance but these require 

experimental data to be corroborated. The RSSCT, on the other hand uses the principle of 

similitude to scale-down all the components of a GAC process. RSSCTs can also take into 

account the non-steady state interactions between DOM and the TOrCs to give results in a 

short time. Details of RSSCT setup and modeling are discussed in chapter 5. 

 

1.5. Goals 

The goals of this research can effectively be divided into four objectives (i) Identification of 

target TOrCs of concern in water reuse applications and development of analytical methods for 

sensitive, accurate and robust quantitation of the target TOrCs; (ii) The application of Rapid 

Small Scale Column Testing (RSSCT) to predict the adsorption of TOrCs on GAC while trying to 

develop correlations between EOC removal and bulk organic parameters (BOPs) like UV, 

Fluorescence and Dissolved Organic Carbon (DOC); (iii) Examination of commercial and tailored 

activated carbon technologies as point-of-use devices (POUs) in eliminating TOrCs present in 

drinking water; (iv) The identification of formation products from fluorinated precursor 
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materials used in industry on ozone, UV, and UV/H2O2 in natural waters intended for water 

reuse. 
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2. Identifying Suitable Indicators for Analysis of TOrCs in Water 
 

2.1. Background 

There are over 82,000 registered industrial chemicals; 3,000 pharmaceuticals and several 

thousands of personal-care products (PCPs) currently in circulation in the US alone (Benotti et 

al., 2009, Hinton and Aizawa, 2007), making it impossible to monitor each one individually. 

Moreover, compound removal is highly dependent on treatment process, operational variables 

and water quality characteristics present at each plant (Westerhoff et al., 2005, Snyder et al., 

2007b, Ternes et al., 2003). Concentrations of each compound can also vary significantly based 

on weather conditions, season and time of sampling (Ternes, 1998, Brewer et al., 2012). All 

these factors make it increasingly difficult to generate a sampling plan to obtain reliable 

occurrence data while keeping number of samples manageable. Hence, it is important to select 

a group of compounds that can represent a broader class of chemicals referred to as 

‘indicators’. An indicator compound is selected based on its ability to represent a wider family 

of chemicals that are relevant during water treatment. An indicator must thus mimic the fate 

and attenuation of this wider range of species through different treatment processes. A 

suitable indicator can be used to predict the presence or absence of other trace organic 

contaminants through the treatment train and predict removal efficiencies to a certain 

extent(Tchlobanoglous et al., 2011). The use of indicators for microbes has been around for a 

long time but has only recently been proposed for organic chemicals in wastewater (Dickenson 

et al., 2011, Oppenheimer et al., 2011). Inorganic indicators of wastewater impact like boron 

isotope ratios and gadolinium have been applied with limited success (Vengosh et al., 1994, 

Verplanck et al., 2010). These indicators have their issues as gadolinium is likely to be present 
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only at locations where magnetic resonance imaging systems are present while boron isotope 

ratios require some prior knowledge and can be difficult to distinguish from background water 

sources. 

This study aimed to identify a suitable list of indicator compounds to predict fate and 

attenuation of a larger set of TOrCs. Selection of an indicator list can be done in many ways 

depending on the goal. Indicators can be selected based on their physical and chemical 

properties, known or predicted molecular descriptors, experimental data, mathematical 

prediction models and analytical capabilities. Further, indicators can be selected for a number 

of different purposes such as evaluation of treatment efficacy, influence of wastewater on 

drinking water, health and ecological risk etc. The following section deals with the different 

strategies in coming up with a suitable and robust indicator list for monitoring TOrCs in water.  

 The initial chemical indicator list is based on previous work and adoption in draft regulation by 

the State of California (Anderson et al., 2010). Chemical indicators include a diversity of organic 

chemical structures, treatability, bioactivity measures, availability of pure standards and ease of 

analytical detection. Thus, indicators must mimic the fate and attenuation of a wider range of 

species. Fifty indicator compounds (as shown in Table 1-1) were selected for the proposed 

research based on published literature, recommendations from state and federal advisory 

boards, diversity of chemical structures, health and risk data, and occurrence in water (Kolpin et 

al., 2002a, Focazio et al., 2008, Dickenson et al., 2011, Carlsson et al., 2006, Daughton, 2008, 

Kostich et al., 2014). 

2.2. Indicators based on Occurrence 
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An indicator list can be selected based solely on occurrence of chemicals alone which can then 

be used to track impacts on drinking water sources. The chief source of TOrCs in our drinking 

water is through municipal wastewater treatment plants. Kolpin and colleagues were the first 

group to monitor 95 TOrCs in water streams across the US, impacted by wastewater.  Over the 

last decade, several monitoring campaigns have focused on presence of TOrCs in wastewater 

effluent around the globe (Kostich et al., 2014, Al Aukidy et al., 2012, Kosma et al., 2014, Gros 

et al., 2006, Ternes et al., 2001, Ryu et al., 2011, Yang et al., 2011). Thus, it is important to 

monitor these compounds at the wastewater effluent before discharge. Dickenson et al. 

suggested 52 possible indicator TOrCs based on their occurrence and detection frequency after 

monitoring of 10 WWTP effluents in US. Similarly, other researchers have suggested one or a 

few potential indicators to act as markers of wastewater influence in source waters (Daneshvar 

et al., 2012, Oppenheimer et al., 2011, Buerge et al., 2009).  While these approaches are helpful 

and offer valuable insight into selection of potential indicator TOrCs, occurrence of these 

compounds can vary drastically based on source of waste (industrial vs domestic), regional 

consumption patterns and water use practices (Dickenson et al., 2011). Further, diurnal 

variability of TOrCs in wastewater plants has been demonstrated by some researchers thus 

creating further variations in measured concentrations of these compounds (Nelson et al., 

2011, Teerlink et al., 2012). Thus, to build a robust indicator list for a local region or particular 

wastewater plant, we suggest performing an occurrence study over several seasons to monitor 

and account for seasonal variations, wastewater flow effects, diurnal variability and change in 

consumption patterns. Details of a case study are provided below.   
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2.2.1. Occurrence of indicator TOrCs in secondary wastewater effluent at a 

plant in AZ 

2.2.1.1. Wastewater Plant Characteristics  

The current study was performed at a 7,500 m3/day capacity wastewater treatment facility 

located in Arizona (USA) and receiving mostly domestic wastewater. The influent successively 

went through bar screens and an oxidation ditch for biological nutrient removal followed by a 

secondary clarifier and a sand filter. Samples from this secondary effluent were collected during 

eight seasonal sampling campaigns spread over thirty months between 2010 and 2013. The 

occurrence of selected TOrCs in these samples was assessed using a targeted analysis by 

tandem mass spectrometry.  

2.2.1.2. Indicator Suite 

Thirty eight compounds from the original list indicated in Table 1-1 were analyzed at the 

secondary effluent of the WWTP. The remaining compounds were not analyzed due to difficulty 

procuring the standard, analytical issues and sample handling procedures. Analysis of all these 

compounds was performed on an Agilent liquid chromatograph (LC) coupled to a tandem mass 

spectrometer (MS/MS). Details of the analytical methods including method development, 

optimization and validation are provided in chapter 3. The indicator TOrCs monitored in 

secondary wastewater effluent were arranged into four groups based on their average 

concentration during the eight sampling campaigns which covered several seasons over thirty 

months (Figure 2-1). The first group corresponds to compounds with a very high concentration 

(> 500 ng/L) in the secondary effluent and includes TCPP, sulfamethoxazole, diclofenac, 

atenolol, primidone as well as diphenhydramine. Sucralose was also present in this group and 
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had the highest average concentration (8180 ng/L) but was monitored only in four of the 

sampling campaigns due to analytical issues. The second group corresponds to compounds with 

high concentration (100-500 ng/L) and includes gemfibrozil, carbamazepine, fluoxetine, DEET 

plus five other chemicals. The third group corresponds to compounds with moderate 

concentration (25-100 ng/L) and includes triclosan, naproxen, ibuprofen as well as caffeine. The 

fourth group corresponds to compounds with low concentration (< 25 ng/L) and includes 10 

chemicals including PFOA and atrazine. In addition, one could also consider an additional group 

for the compounds that were not detected even once and which includes clofibric acid, 

iopromide, dexamethasone, testosterone and others. 
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Figure 2-1. Occurrence data for secondary effluent of WWTP with detection frequency in (). n=9 

*n=4; ND: clofibric acid, dexamethasone, hydrocortisone, iopromide, iopamidol, PFBA and testosterone 

 

The monitoring campaigns also resulted in a wide range of detection frequency (14-100%) for 

the indicator TOrCs (Figure 2-1). As a general trend, the detection frequency usually decreased 

with the average concentration. Indeed, compounds in Group I showed 100% detection 

frequency compared to lower values for Group II (67-100%), further reducing for Group III (25-

100%) and Group IV (14-100%). In addition, as mentioned earlier, some compounds formed a 

fifth group that was never detected.    

The concentration and detection frequency of indicator TOrCs reported in this study are mostly 

consistent with the type of wastewater received by the treatment facility. Indeed, while 

households were the main source of wastewater, it should be noticed that the area is known as 

a retirement community therefore with a significant proportion of senior citizens (median age 

of the community is 72 yrs). Accordingly, the compounds with the highest concentrations and 

the highest detection frequencies were mostly pharmaceuticals including blood pressure 

medication and anti-inflammatory drugs most likely to be prescribed to an aging population. In 

addition, the low concentrations and detection frequencies for both pesticides atrazine and 

simazine are consistent with the limited agricultural activities in the area. However, even 

though the constant detection of the flame retardant TCPP was anticipated due to its important 

use in domestic products, such a high average concentration was unexpected. Similarly, the 

constant detection of DEET and its high concentration were both unforeseen in an area as dry 

as southern Arizona and not subject to mosquito proliferation. 
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The combination of high concentration and 100% detection frequency makes the group I 

compounds ideal indicators of wastewater influence in this community. However, compounds 

like meprobamate (group II) and DEET (group III) are still excellent markers as they are ever-

present in the wastewater effluent. Compounds with a low detection frequency (<30%) like 

caffeine, bisphonol A and PFOS can be useful indicators too as they may signal a process failure 

in the plant or occasional non-point source emissions into the plant. Hence some of these 

compounds should also be included to obtain a robust indicator list. Figure 2-2 provides a 

suggested list of indicators based on the occurrence study of the secondary effluent for the 

wastewater plant. Compounds on the top left (sucralose, sulfamethoxazole, atenolol etc.) are 

good indicators for influence of wastewater on source and drinking waters and can be 

monitored downstream of the discharge site. Compounds on the far right (caffeine, estrone, 

atrazine) are indicators of process failure or addition of non-point discharges into the plant and 

can be used as predictors’ of plant operations. 
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Figure 2-2. Suggested indicator list based on occurrence study 

 

2.3. Indicators based on Process Treatment Efficacy 

While the previous section describes a workflow for selection of indicators based on occurrence 

to monitor for impact of wastewater on drinking water sources, often indicator compounds are 

desired for treatment process efficacy studies. In these studies, it is critical to have the 

compound present before treatment but at a sufficiently high concentration such that reliable 

removal efficiencies can be calculated. In pilot testing, compounds may even be spiked at high 

concentrations before the treatment with the intent of specifically detecting it after treatment 

in order to study treatment efficacy. The following section uses the occurrence data obtained 
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above to provide an indicator list for UV and UV/H2O2 processes used as advanced treatment of 

the secondary effluent.  

2.3.1. Case Study: UV and UV/H2O2 processes 

2.3.1.1. UV and UV/H2O2 pilot 

Over the last sampling campaign, the secondary wastewater effluent described previously was 

also partially diverted to a UV and UV/H2O2 pilot treatment unit. The pilot plant, capable of 

treating a maximum of 6 m3/hr comprised of a flow meter, a dosing pump for H2O2 and a flow-

through UV reactor (LBX 20) from Xylem Inc. (Germany) with a single low pressure lamp. The 

water quality parameters of the pilot influent are provided below ( 

 

Table 2-1). This study evaluated three UV fluences (400, 900 and 1,300 mJ/cm2) determined 

from the power output of the lamp along with the UV transmittance and the flow rate of the 

water. Even though they are superior to typical values used for UV disinfection, these UV 

fluences were selected to study the photolysis of TOrCs. For each UV fluence, 1.5mg/L and 3 

mg/L of H2O2 were applied approximately 30 seconds before UV irradiation. These 

concentrations were lower than usual but selected considering practical aspects expected to 

lead treatment facilities to use less H2O2 in the future. Indeed, while the cost of H2O2 becomes a 

major issue, any residual peroxide requires additional chlorine for disinfection likely to increase 

the formation of potentially unknown and toxic disinfection byproducts. Finally, treated water 

was collected in a 1L amber glass bottle, from which several aliquots were taken for analysis via 

tandem mass spectrometry. 
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Table 2-1. Secondary effluent water quality parameters for wastewater treatment plant studied 

TOC 
(mg/L) 

UV254 
(cm-1) 

UVT (%) Alkalinity 
(mg/L) 

Ammonia 
(mg/L) 

Nitrate 
(mg/L) 

Nitrite 
(mg/L) 

pH SUVA  
(mg-1 m-1 L) 

6.0 0.16 69 134 0.7 5.4 <0.1 7.6 2.7 

 

The twenty nine compounds listed in Figure 2-1 (sucralose was excluded due to analytical 

difficulty) provide a relevant qualitative indication of water contamination, as mentioned 

previously. However, that does not imply they are good indicators of water treatment 

efficiency. Indeed, to evaluate a treatment process one should rely on compounds frequently 

detected and with a concentration high enough to provide a reliable assessment of their 

attenuation. Therefore, in order to assess the impact of UV and UV/H2O2 on water quality, 

compounds with detection frequencies lower than 50% were discarded. Further, compounds 

with concentration in secondary wastewater effluent below 25 ng/L were discarded also due to 

the fact that they were close to the method reporting limits and may have led to artificially high 

removal efficiencies. Only seventeen out of the twenty nine initial indicator TOrCs passed these 

requirements but fluoxetine was also discarded due to issues related to unavailability of its 

isotopically labeled standard at that point making accurate quantification in treated water 

difficult. 

 

2.3.1.2. Attenuation of TOrCs by UV photolysis  

The sixteen indicator TOrCs still considered for the assessment of UV treatment showed widely 

different attenuations ranging from insignificant to complete removal (Figure 2-3). When 
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increasing the UV dose, the average degradation of all TOrCs reached respectively 22%, 26% 

and 30%. Only diltiazem, and diclofenac were attenuated at >80% by all three UV doses. This is 

in agreement with previous studies which also found high removals of these compounds by UV 

photolysis (De la Cruz et al., 2013, Kim et al., 2009). Anti-microbial agents, triclosan and 

triclocarban were also well degraded but showed greater dose dependence. While higher 

degradation rates of triclosan in ultrapure water (Giri et al., 2011a) have been reported, the 

lower attenuation reported here is consistent with other research showing that an increase in 

TOC and bicarbonate tend to reduce the photolysis of anti-microbial agents in water (Ding et 

al., 2013). Pharmaceuticals showed very different attenuation by photolysis. For example, 

moderate to good removals (45-77%) of sulfamethoxazole were observed with increasing UV 

dose. While this observation is contrary to a recent study (De la Cruz et al., 2013), several other 

studies also reported fluctuating degradation rates (Baeza and Knappe, 2011, Canonica et al., 

2008b, Wols et al., 2013) indicating that, apart from UV dose, water quality (pH, TOC and 

concentration of anions) may have a significant impact on the photolysis of some TOrCs (Keen 

et al., 2012). Other pharmaceuticals like atenolol, ibuprofen and gemfibrozil showed low 

removals (<20%) at all three UV fluences, as supported by prior research (Wols et al., 2013, 

Yuan et al., 2009). Moreover, very low degradation rates observed for carbamazepine are also 

in agreement with previous studies (Pereira et al., 2007, Vogna et al., 2004). Finally, in 

accordance with the existing literature (Kim and Tanaka, 2009), personal-care products like 

TCPP and DEET also showed poor photo-degradation. 
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Figure 2-3. Removal of TOrCs by UV photolysis process. Pilot influent concentration in () 

 

2.3.1.3. Attenuation of TOrCs by UV/H2O2  

The addition of H2O2 mostly improved the removal of TOrCs compared to photolysis, as shown 

by previous studies (Baeza and Knappe, 2011, Rosario-Ortiz et al., 2010). The average removal 

with 1.5 mg/L H2O2 in addition to UV fluences of 400 mJ/cm2, 900mJ/cm2 and 1300 mJ/cm2 

was, respectively, 23%, 31% and 39%. With the same UV fluences but 3 mg/L H2O2, the average 

removal respectively reached 28%, 34% and 46%. Figure 2-4,Figure 2-5 and Figure 2-6 show 

that increasing H2O2 dose led to improved removals of almost all compounds in all three UV 
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doses tested. However, the sixteen TOrCs considered in this study were differently affected by 

the addition of hydrogen peroxide compared to UV photolysis alone (Figure 2-7). For example, 

diclofenac and diltiazem were attenuated by more than 90% in accordance with data available 

in the literature (De la Cruz et al., 2012), but hydrogen peroxide did not significantly improve 

their removal due to the very high effectiveness of photolysis alone. Other compounds like 

carbamazepine, naproxen and ibuprofen which have a high hydroxyl radical reaction rate 

constant (kOH) but had limited removal by photolysis were significantly better attenuated after 

addition of H2O2. The addition of hydrogen peroxide did not improve the attenuation of 

compounds like TCPP and meprobamate which had poor removal by photolysis and low kOH. 

However, whether or not peroxide enhanced their transformation or not, five chemicals 

(meprobamate, naproxen, primidone, TCPP and trimethoprim) still showed a removal lower 

than 20% with the highest UV and H2O2 doses.  

The removal of pharmaceuticals carbamazepine, trimethoprim and primidone by the UV/H2O2 

process were similar to those seen in three different wastewaters by a previous study using for 

comparable UV and hydrogen peroxide doses (Rosario-Ortiz et al., 2010). Higher removals were 

observed for some chemicals in other studies on UV/H2O2 processes but most of them were 

performed in ultrapure water and surface water (Wols et al., 2013). However, wastewater 

generally has higher alkalinity along with higher concentrations of organic matter and nitrate 

which scavenge hydroxyl radicals and reduce the effectiveness of UV/H2O2 processes. In 

addition, due to the lower UV penetration, the higher turbidity of wastewater can reduce the 

conversion of H2O2 into hydroxyl radicals and decrease the efficiency of UV/H2O2 processes. 
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Figure 2-4. Attenuation of TOrCs by UV-H2O2 process (400 mJ/cm2) 
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Figure 2-5. Attenuation of TOrCs by UV-H2O2 process (900 mJ/cm2) 
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Figure 2-6. Attenuation of TOrCs by UV-H2O2 process (1300 mJ/cm2) 
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Figure 2-7. Comparison of TOrC attenuation by UV and UV/H2O2 processes 

 

Finally, the difference in attenuation between the two H2O2 doses tested was minor for most of 

the indicator TOrCs. This might be explained by the low doses selected for this study and the 

high scavenging capacity of the water. Moreover, this observation may also be supported by 

other studies which showed that large doses of H2O2 seems to be required in order to achieve 

80% attenuation of most pharmaceuticals in wastewater (De la Cruz et al., 2013, Schulze-

Hennings and Pinnekamp, 2013). 
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2.3.1.4. Indicators of UV and UV/H2O2  

The sixteen indicator TOrCs monitored in the pilot study can be used to assess the performance 

of UV and UV/H2O2 processes. As shown in  
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Table 2-2, these compounds were grouped according to their removal (low, moderate, high) by 

both treatment processes and for each dose tested. While some TOrCs might change removal 

category depending on the dose applied, some others will remain in the same category 

regardless of the dose and could be referred to as “universal indicator” for a specific process 

(UV or UV/H2O2). For example, diltiazem and diclofenac could be considered as universal 

indicators of high removal for both treatment processes since their attenuation was above 70% 

regardless of the dose. Seven other compounds (atenolol, gemfibrozil, meprobamate, 

naproxen, primidone, TCPP and trimethoprim) could be used as universal indicators of low 

removal for the UV/H2O2 process while carbamazepine, DEET and ibuprofen could be added to 

this list when considering the UV alone. In order to find universal indicators in each removal 

category (low, moderate, high) for both processes, more TOrCs should be tested. This 

methodology assists in picking a small group of indicator compounds that are representative of 

a larger set of TOrCs. In addition the same concept could also be applied to other treatment 

processes such as chlorination. 
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Table 2-2. Attenuation range of indicator TOrCs for UV and UV/H2O2 processes 

 

Low UV dose (< 500 mJ/cm2)  Medium UV dose (500-1000 mJ/cm2)  High UV dose (> 1000 mJ/cm2) 

 

Low removal 
(0- 30%) 

Moderate 
removal 
(30-70%) 

High 
removal 

(70-
100%) 

 

Low removal 
(0- 30%) 

Moderate 
removal 
(30-70%) 

High 
removal 

(70-
100%) 

 
Low 

removal 
(0- 30%) 

Moderate 
removal 
(30-70%) 

High 
removal 

(70-100%) 

H2O2 
Dose 

0 mg/L 

Atenolol 
Sulfamethoxa

zole 
Diltiazem 

 
Atenolol 

Sulfamethoxa
zole 

Diltiazem 
 

Atenolol 
Sulfamethoxa

zole 
Diltiazem 

Trimethopri
m 

Triclosan 
Diclofena

c 
 Trimethopri

m 
Triclocarban 

Diclofena
c 

 Trimethopr
im 

Diphenhydra
mine 

Diclofenac 

Primidone Triclocarban 

 

 
Primidone 

 

Triclosan 
 

Primidone 

 

Sulfamethox
azole 

Meprobamat
e 

  

 Meprobamat
e 

  

 Meprobam
ate 

 

Triclosan 

Diphenhydra
mine 

  

 Diphenhydra
mine 

  

 Carbamaze
pine 

 

Triclocarban 

Carbamazepi
ne 

  

 Carbamazepi
ne 

  

 
DEET 

  DEET 

  

 DEET 

  

 Naproxen 

  Naproxen 

  

 Naproxen 

  

 TCPP 

  TCPP 

  

 TCPP 

  

 Ibuprofen 

  Ibuprofen 

  

 Ibuprofen 

  

 Gemfibrozil 

  Gemfibrozil 

  

 Gemfibrozil 

  

 

   

H2O2 
Dose 

3 mg/L 

Atenolol 
Sulfamethoxa

zole 
Diltiazem 

 
Atenolol 

Sulfamethoxa
zole 

Diltiazem 
 

Atenolol 
Diphenhydra

mine 
Diltiazem 

Trimethopri
m 

Triclosan 
Diclofena

c 
 Trimethopri

m 
Triclocarban 

Diclofena
c 

 Trimethopr
im 

Carbamazepi
ne 

Diclofenac 

Primidone Triclocarban 

 

 
Primidone 

Carbamazepi
ne 

Triclosan 
 

Primidone Ibuprofen 
Sulfamethox

azole 
Meprobamat

e 
  

 Meprobamat
e 

  

 Meprobam
ate 

DEET Triclosan 

Diphenhydra
mine 

  

 Diphenhydra
mine 

  

 
Naproxen 

 

Triclocarban 

Carbamazepi
ne 

  

 
DEET 

  

 
TCPP 

  DEET 

  

 Naproxen 

  

 Gemfibrozil 

  Naproxen 

  

 TCPP 

  

 

   TCPP 

  

 Ibuprofen 

  

 

   Ibuprofen 

  

 Gemfibrozil 

  

 

   Gemfibrozil 

  

 

   

 

   

 

2.4. Indicators based on Predictive Chemical Properties 

A compound’s physical and chemical properties can be used as a rough guide in picking a set of 

indicators to represent a larger group of compounds. Physical and chemical properties like 

solubility, molecular structure, octanol-water partition coefficient (Kow) and reaction rate 

constants can be used to classify compound sets. When doing this, it is critical to choose the 

correct parameter though. For example, when considering treatment studies on oxidation 

processes the second order rate constants of hydroxyl radical (and ozone) with target 
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compounds is a good parameter to use. Similarly, the classification of its structural moieties can 

be useful for ozone oxidation studies especially as it is a more selective oxidant than hydroxyl 

radical. Based on these properties compounds can be linked into groups and specific indicators 

can be picked. Further, knowledge of water quality parameters along with some mathematical 

models can help in predicting removal efficacy of these indicators and hence the larger set of 

compounds it represents (Lee et al., 2013, Dickenson et al., 2009). Table 2-3 shows relevant 

chemical properties of several TOrCs relevant in water treatment.  

Table 2-3. Summary of target compounds and relevant chemical properties 

Compound Ko3 (M
-1

s
-1

) 
a, b, c, d kOH (M

-1
 s

-1
) 

b, d, 

e, f, g, h, i Log Kow 
j 

Acesulfame-K -- -- -- 

Atenolol 2x10
3
 8x10

9 
0.56 

Atrazine 6 3x10
9
 2.61 

Benzophenone -- -- 3.18 

Benzotriazole -- -- 1.44 

Bisphenol A 7x10
5
 1x10

10
 3.32 

Caffeine 7x10
2
 6x10

9
 -0.07 

Carbamazepine 3x10
5
 9x10

9
 2.67 

Clofibric Acid -- -- 2.57 

DEET 25 5x10
9
 1.96 

Dexamethasone -- -- -- 

Diclofenac 1x10
6
 8x10

9
 3.28 

Diphenhydramine -- 5x10
9
 3.27 

Ditiazem -- -- 2.70 

Estrone 2x10
5
 3x10

10
 3.67 

Fluoxetine -- -- 4.35 

Gemfibrozil 5x10
4
 1x10

10
 4.39 

Ibuprofen 10 7x10
9
 3.97 

Iohexol --  -- 

Iopamidol --  -- 

Iopromide <0.8 3x10
9
 -3.2 

Meprobamate <1 4x10
9
 0.7 

Naproxen 2x10
5
 1x10

10
 3.18 

Norgestrel -- -- 3.48 

PFBA --  -- 

PFBS -- -- -- 

PFHxA --  3.48 

PFOA <1 3x10
7
 4.49 

PFOS <1 -- 4.81 
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Primidone 1 7x10
9
 -0.84 

Propylparaben -- 8x10
9
 2.93 

Simazine -- -- 2.40 

Sulfamethoxazole 3x10
6
 6x10

9
 0.89 

TCPP <1 3x10
8
 1.52 

Testosterone -- -- 3.32 

Triclocarban 3x10
7
 1x10

10
 5.74 

Triclosan 4x10
7
 1x10

10
 5.75 

Trimethoprim 3x10
5
 7x10

9 
0.79 

a
 (Lee et al., 2013) 

b
 (Gerrity et al., 2012) 

c
 (Broseus et al., 2009) 

d 
(Huber et al., 2005)  

e
 (Nakonechny et al., 2008) 

f
 (Jeong et al., 

2010) 
g
 (Fang et al., 2013) 

h
 (Yuan et al., 2009)   

i
 (Rahman et al., 2014) 

j
 Estimated from ACD Software Solaris V4.67 

Based on the reaction rate constants (kO3 and KOH), it is possible to come up with a smaller 

indicator list for ozone treatment studies. Figure 2-2 provides one such indicator suite by 

selecting compounds in five different categories. Category I includes compounds with high 

reactivity towards ozone and hydroxyl radical. These compounds like carbamazepine and 

triclocarban will be well removed even on application of low ozone doses. Category II consists 

of compounds with moderate reactivity with ozone but high reactivities with hydroxyl radical. 

These compounds that include pharmaceuticals like atenolol and gemfibrozil would be 

expected to have good removals as long as the ozone doses applied are higher than the 

Instantaneous Ozone Demand (IOD) after which hydroxyl radicals results in significant oxidation 

of TOrCs in water.  Category III consists of TOrCs that have moderate reactivity with both ozone 

and hydroxyl radical. Compounds like caffeine and DEET are included in this category and would 

be expected to be moderately removed by ozone but with greater removals on higher applied 

ozone doses. Category IV compounds have a low reactivity with ozone and moderate reactivity 

with hydroxyl radical (meprobamate, primidone and atrazine). Category V compounds are 

recalcitrant to oxidation treatment and include PFOA, iopromide and TCEP. These TOrCs would 

be expected to undergo very little attenuation by ozone and hydroxyl radical even at high 

doses. 
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Figure 2-8. Suggested indicator suite for ozone process based on reaction rate constants 

 

For sorption studies like activated carbon, coming up with indicator lists may be more complex. 

The Log Kow is a good starting point, with compounds that have a high value (>3), considered to 

be hydrophobic and hence well removed by activated carbon. Similarly, compounds with a low 

log Kow (<1) are considered to be hydrophilic and hence difficult to remove from the water 

phase by sorption onto an activated carbon surface. However, water quality, type of carbon 

and its properties can have a large bearing on actual removal efficacy of TOrCs. Studies have 
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shown that DOM can have varying effects on adsorption of TOrCs onto activated carbon (de 

Ridder et al., 2011, Corwin, 2010). Further, all TOrCs are not neutral at environmental pHs and 

hence there can be electrostatic interactions between the surface and TOrC that can either 

enhance or reduce removal. Thus the pKa of these compounds must also be taken into account. 

A pH corrected Log Kow, called the Log Dow maybe more suitable when dealing with activated 

carbon but for this it is imperative to know the type of carbon being used along with its surface 

charge.  Table 2-3 lists the log Kow for a number of TOrCs. A subset of these compounds were 

used as indicators for all subsequent GAC studies and the method of indicator selection is 

explained in chapter 4. 

 

2.5. Indicators based on Literature 

With studies on treatment efficiency of various processes for removal of TOrCs becoming more 

frequent, another way to pick a group of indicators is by performing a detailed literature 

search. However, this approach is useful only when looking to find indicators for treatment 

efficacy as this process is generally not effective for indicators of occurrence. As explained 

earlier, the reasons include variations of TOrCs with region, consumption patterns, type of 

waste and spatio-temporal variations. Thus, this method will only work for indicators of 

occurrence if all the above factors are similar. Another disadvantage of this method is that 

there is an inherent bias in that the most studied compounds will have more data sets while 

some other compounds that are less frequently studied but still equally important may not be 

incorporated. Further, this method relies on the accuracy of every study that is reviewed as 

equal weightage is given to all data points. Factors such as water quality, applied treatment 
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dose and initial TOrC concentrations cannot always be accounted for in this method too. Never 

the less, this method is the easiest and most cost effective way to build an indicator suite of 

TOrCs.  

Table 2-4 details the predicted behavior of forty two TOrCs through five different treatment 

processes based on a literature review. Pharmaceuticals such as gemfibrozil and naproxen are 

highly susceptible to biodegradation and would be good indicators for an activated sludge 

process. Similarly bisphenol A and caffeine are also rapidly biodegraded while the x-ray contrast 

media and halogenated flame retardants are recalcitrant to biodegradation. DEET on the other 

hand is degraded by microbes with time so will show partial degradation in a typical activated 

sludge process. These compounds would serve as a good indicator set for biodegradation 

treatment studies.   

Table 2-4. Indicator TOrCs with predicted behavior based on peer-reviewed literature 

Compound Class 
Biodegradability 

a, b, c, d, m  

Sorption 

Potential 
a, d, e, m 

Reactivity 

with 

Ozone f, g, 

h, m, n 

Reactivity 

with 

Chlorine i, 

j, k 

Reactivity 

with UV 

disinfection 
d, k, l 

Atenolol PhAC Moderate Low High Low -- 

Acesulfame-K PCP -- -- -- -- -- 

Atrazine Pest Recalcitrant Moderate Moderate Low Low 

Benzophenone PCP -- Moderate -- -- -- 

Bisphenol A IC Rapid High High Moderate -- 

Caffeine PCP Rapid Low High Low Low 

Carbamazepine PhAC Recalcitrant Low High Low Low 

Clofibric acid PhAC -- -- -- -- -- 

Dexamethasone S/H Moderate -- High -- -- 

Diclofenac PhAC Rapid -- -- -- Moderate 

Diltiazem PhAC -- Moderate High Low Low 

Diphenhydramine PhAC -- Moderate High Low Low 

Estrone S/H High High High High Moderate 

Fluoxetine PhAC -- Moderate -- -- Low 

Gemfibrozil PhAC Rapid Low High Moderate Low 

Hydrocortisone S/H -- -- High High Low 

Ibuprofen PhAC Rapid Low High Moderate Low 

Iohexol PCP Recalcitrant -- -- Low -- 

Iopamidol PCP Recalcitrant -- -- Low -- 

Iopromide PCP Recalcitrant Low Low Low Low 

Meprobamate PhAC -- Low Moderate Low Low 

N,N-diethyl-m- PCP Moderate Low High Low Low 
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toluamide (DEET) 

Naproxen PhAC Rapid Low High High Low 

N-

Nitrosodimethylamine 

(NDMA) 

Other -- Low 
Formation 

Potential 

Formation 

Potential 

Low; 

increases 

with dose 

Norgestrel S/H -- -- High High -- 

Perfluoro butyric acid 

(PFBA) 
IC Recalcitrant Low -- -- -- 

Perfluoro butane 

sulfonate (PFBS) 
IC Recalcitrant Low -- -- -- 

Perfluorohexanoic 

acid (PFHxA) 
IC Recalcitrant Low -- -- -- 

Perfluorooctane 

sulfonate (PFOS) 
IC Recalcitrant Moderate Low -- -- 

Perfluorooctanoic 

acid (PFOA) 
IC Recalcitrant Moderate Low -- -- 

Primidone PhAC Recalcitrant Low High -- Low 

Simazine Pest Recalcitrant -- High Low Low 

Sucralose PCP -- Low -- -- Low 

Sulfamethoxazole PhAC Moderate Low High High Moderate 

Testosterone S/H -- -- High High Moderate 

tri(1-chloro-2-propyl) 

phospate (TCPP) 
IC Recalcitrant -- Low Low Low 

tri(1-chloro-ethyl) 

phospate (TCEP) 
IC Recalcitrant -- Low Low Low 

Triclocarban PCP Moderate High High High Moderate 

Triclosan PCP Moderate High High High Moderate 

Trimethoprim PhAC Moderate Low High High Low 
a 

(WERF, 2013a)
 b 

(Gao et al., 2012)
 c
 (Yoon et al., 2013)

 d
 (WERF, 2013b)

 e
 (Snyder et al., 2007a)

    f
 (Gerrity et al., 2012)

 g
 

(Pisarenko et al., 2012) 
 h

 (Dickenson et al., 2009)
 i
 (Westerhoff, 2005)

          j
 (Lee and von Gunten, 2010)

 k
 (USEPA, 2010) 

l
 (Giri et 

al., 2011b) 
m

 (Rahman et al., 2014)  
n
 (Ternes et al., 2003) 

 

Hormones like estrone and testosterone are susceptible to degradation by both chlorine and 

ozone and would be expected to be very well attenuated by these processes. Most of the TOrCs 

are not well attenuated by chlorine but ozone is quite effective especially at higher doses. The 

x-ray contrast media and PFCs are expected to be recalcitrant with ozone even at higher doses. 

Unfortunately, there is very little literature available on PFC attenuation by ozone. While 

indicator lists can be made from literature review, there must always be a note of caution as 

water quality and applied dose will have a large bearing on removal efficacy of many TOrCs.  

In summary, there are several methods of coming up with an indicator list. The use of 

experimental (occurrence and treatment studies) data is the most robust method of choosing 
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and applying an indicator list but this method takes time and resources which may detract from 

the actual purpose of the study. The use of chemical properties, predictive indexes and 

molecular descriptors is a convenient way of setting up an indicator list but extreme care must 

be taken in selecting the correct parameter for the treatment to be studied or it may lead to 

adverse outcomes. A literature review is the simplest way to produce an indicator list but 

potential challenges can include bias due to lack of knowledge on many critical factors like 

operational conditions, water quality and treatment dose applied. Considerations like cost, 

resources, time and labor must be taken into account when choosing the right path in deciding 

an indicator list.  
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3. Analysis of TOrCs in Water by LC-MS/MS 
 

3.1. Background 

 

As the number of environmental contaminants monitored continues to increase rapidly, the 

need for reliable analytical methods offering selectivity, sensitivity and robustness also has 

increased. Over the years, numerous methods relying on a variety of instruments were 

developed to measure TOrCs. For instance, gas chromatography has been used to analyze 

volatile compounds and pesticides as well as some polar compounds and steroids using 

derivatization agents (Ternes, 2001, Trenholm et al., 2008). However, these techniques are 

time-consuming, labor intensive and limited to the analysis of compounds that are volatile and 

not thermally-labile. 

Liquid chromatography (LC) methods have proven more effective in analyzing TOrCs. While 

methods using UV (Stafiej et al., 2007, Morishima et al., 2005) and fluorescence (Zotou and 

Miltiadou, 2002, Zotou and Vasiliadou, 2009) detectors have been proposed, methods using 

both single quadrupole (Lindsey et al., 2001, La Farre et al., 2001) and triple quadrupole (Bossi 

et al., 2002, Gros et al., 2006) mass spectrometers have become most common. However, the 

vast majority of these methods consider only specific classes of pharmaceuticals (Ternes et al., 

2001, Tong et al., 2009) or compounds with similar polarities and/or use numerous extraction 

methods that are time-consuming and labor-intensive. Only a few methods use a single 

extraction procedure while still analyzing a wide variety of these compounds (Vanderford et al., 

2003, Trenholm et al., 2006, Trenholm et al., 2008). With the introduction of ultra-high 
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performance liquid chromatography (UHPLC), it is now possible to operate at extremely high 

pressures with much smaller particle sizes which allows for rapid separation of analytes while 

also improving resolution and sensitivity. 

 

3.2. Conventional Solid-Phase Extraction Coupled with LC-MS/MS 

 

The first study aims to provide a simple, rapid, sensitive and robust method using conventional 

offline solid-phase extraction (SPE) coupled to LC-MS/MS for the targeted analysis of 36 

compounds (Appendix A1) representative of several TOrC classes usually considered by water 

utilities and regulatory agencies. The method includes several different classes of TOrCs 

including less studied substances like glucocorticoid receptors (GRs) and PFCs. The application 

of UHPLC allows for a significant reduction in sample runtime while providing good analytical 

separation compared to previously published methods and also providing very low ng/L 

detection limits in water.  The proposed method includes the addition of 19 stable isotopically 

labeled compounds to increase accuracy and precision. This method was successfully applied to 

groundwater, surface water and wastewater matrices. The workflow is indicated in Figure 3-1. 



65 
 

 

Figure 3-1. Workflow for analysis of TOrCs by conventional SPE-LC-MS/MS 

\ 

3.2.1. Experimental 
 

3.2.1.1. Chemicals and Reagents 

All standards and reagents used during the study were of the highest purity commercially 

available. All native standards were procured from Sigma-Aldrich (St. Louis, MO) except 

perfluorohexadecanoic acid (PFHxDA) from Matrix Scientific (Columbia, SC); meprobamate from 
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Cerilliant (Round Rock, TX); and triclosan from Alfa Aesar (Ward Hill, MA). Labeled standards 

were purchased from Cambridge Isotope Laboratories (Andover, MA) except 13C4-PFOA, 13C4-

PFOS, 13C2-PFHxA, 13C4-PFBA from Wellington Laboratories (Ontario, Canada); primidone-d5 and 

13C6-diclofenac from Toronto Research Chemicals (Ontario, Canada); and gemfibrozil-d6 from 

C/D/N Isotopes (Quebec, Canada).  

All solvents were of the highest purity available and suitable for LC-MS analysis. Methanol, 

MTBE, formic acid and ammonium hydroxide were obtained from Fisher Scientific (Pittsburgh, 

PA), while acetonitrile and HPLC grade ultrapure water were obtained from Burdick and Jackson 

(Muskegon, MI). 

 

3.2.1.2. Sample Collection and Preservation 

Grab samples were collected at four full-scale water treatment plants around the United States. 

In addition, multiple samples from two surface waters and a groundwater from Tucson, Arizona 

were analyzed. Samples (1 L each) were collected in silanized amber glass bottles containing 50 

mg of ascorbic acid to quench residual chlorine and 1 g of sodium azide to prevent microbial 

activity. Samples were sent to the laboratory in coolers containing icepacks and filtered through 

a 0.7 µm glass filter (Whatman, England) immediately upon arrival. Then, samples were stored 

in darkness at 4°C and extracted within 14 days. Sample preservation techniques were 

comparable to those previously published by Vanderford et al. (Vanderford et al., 2011).  

 

3.2.1.3. Solid-Phase Extraction 
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All samples were spiked with 19 isotopically labeled surrogate standards at concentrations 

varying from 50 to 200 ng/L depending on analytical sensitivity and matrix type. Samples were 

then extracted using an AutoTrace 280 automated SPE system from Dionex (Sunnyvale, CA) 

using 200 mg hydrophilic-lipophilic balance (HLB) cartridges (Waters Corporation; Millford, 

MA). Cartridges were first preconditioned with 5 ml of MTBE, followed by 5 ml of methanol and 

5 ml of ultrapure water. Samples were then loaded at 15 ml/min onto the cartridges which 

were subsequently rinsed with ultrapure water and dried under nitrogen flow for 30 min. While 

1 L samples were collected, different volumes of sample were extracted based on the matrix. 

The analytes were then eluted with 5 ml of methanol followed by 5 ml of 10/90 (v/v) 

methanol/MTBE solution. The eluent was evaporated to less than 500 µl using gentle nitrogen 

flow and the volume was adjusted to 1 ml by addition of methanol. Final extracts were 

transferred into 2-mL vials and stored in darkness at 4°C until UHPLC-MS/MS analysis. 

 

3.2.1.4. Liquid Chromatography 

Liquid chromatography was performed on 3 µL of sample extract using an Agilent 1290 binary 

pump (Palo Alto, CA) with metal solvent fittings for all analyses. The Agilent RRHD ZORBAX 

Eclipse Plus reverse phase C-18 column (2.1x50 mm) with a packing size of 1.8 µm was used to 

separate analytes in both the negative and positive electrospray ionization (ESI) modes.  

The mobile phase for ESI positive used two solvents comprising (A) ultrapure water with 0.1% 

formic acid and (B) acetonitrile with 0.1% formic acid. With a constant flowrate of 400 µl/min, 

solvent B was held at 5% for 1.5 min. Solvent B then linearly increased to 20% at 3 min, 45% at 

4 min, 65% at 6.1, 100% at 7 min and held till 7.45 min. A post-run of 1.45 min was added to 
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allow the column to re-equilibrate before the next analysis. This resulted in a total run-time of 

9.90 min for analysis of 23 analytes (Figure 3-2).  

The mobile phase for ESI negative used a dual eluent system comprising (A) 5 mM ammonium 

acetate in ultrapure water and (B) 10/90 (v/v) water/acetonitrile with 5 mM ammonium 

acetate. With a constant flowrate of 400 µl/min, solvent B was linearly increased from 20% to 

96% at 4.5 min and 100% at 5 min. Solvent B was held at 100% for a further 1.3 min then a 

post-run of 1.5 min at 20% B was added to allow the column to re-equilibrate before the next 

analysis. This resulted in a total run-time of 7.8 min for the analysis of 13 analytes (Figure 3-3). 

Sample chromatograms for positive and negative ionization modes at 100 ng/mL are shown in 

Figure 3-2 and Figure 3-3. 

 

 

Figure 3-2. Extracted Ion Chromatogram (quantifiers only) of 100 ppb standard mixture in ESI 
positive 
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 a) caffeine, b) trimethoprim, c) sucralose, d) primidone e) sulfamethoxazole, f) meprobamate, 
g) triamcinolone, h) hydrocortisone, i) prednisone, j) simazine, k) carbamazepine, l) fluoxetine 

m) dexamethasone n) TCEP, o) atrazine, p) testosterone, q) norethisterone, r) TCPP, s) 
norgestrel, t) benzophenone. Qualifier ion and surrogate standard chromatograms have been 

removed for clarity. 

 

Figure 3-3. Extracted Ion Chromatogram (EIC) of 100 ppb standard in ESI negative 

 a) PFBA, b)naproxen, c) PFBS, d) diclofenac, e) Ibuprofen, f) PFOA, g) bisphenol A, h) 
gemfibrozil, i) PFDA, j) PFOS, k) triclocarban, l) triclosan, m) PFHxDA. Qualifier ion and surrogate 

standard chromatograms have been removed for clarity. 

 

3.2.1.5. Mass Spectrometry 

Mass spectrometry was performed using an Agilent 6460 triple quadrupole mass spectrometer. 

Optimization was done in two steps: compound-specific and source-dependent. Initially, each 

compound was prepared from a neat standard at a concentration of 1µg/ml in pure methanol 

and injected into the mass spectrometer at a flowrate of 500 µl/min. The first quadrupole was 

set to scan mode and the most intense precursor ion was selected. This was done both in 
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positive and negative electrospray modes to select the most appropriate ion source for each 

compound. After the best ion source was chosen, the fragmentor voltage was optimized for 

each compound in scan mode. After this, the mass spectrometer was run in product ion scan (PI 

Scan) mode to determine the most abundant product. For this, collision energy (CE) of 20 volts 

was selected and then adjusted in steps of 10 to find the most abundant products. For most 

compounds, two transitions; a quantifier (the most abundant product) and a qualifier (the 

second most abundant product) were selected. Then, the mass spectrometer was set to 

multiple reaction monitoring (MRM) mode and the CE for each product ion was optimized. This 

was followed by optimization of the cell accelerator voltage (CAV); however, it was noticed that 

there was a possibility of cross talk between some compounds especially at low CAVs so this 

value was only optimized between two and seven. The analyte transitions, optimized 

parameters and retention times are given in the appendix A2.  

Once all the compound-specific parameters were optimized, source parameters like gas 

temperature, flow rate, nozzle voltage, nebulizer and capillary voltage were tuned. While, it 

was not possible to have optimum source parameters to suit all the compounds, best fit values 

were used in choosing these parameters. The source-dependent parameters for both positive 

and negative electrospray ionization modes are detailed in   
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Table 3-1 . Analysis in both ESI modes was performed using a dynamic MRM method with a 

delta retention time of 0.6 min for ESI positive mode and 0.8 min for ESI negative mode.  
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Table 3-1. Optimized Mass Spectrometer source parameters 

Parameter ESI Positive ESI Negative 

Gas Temperature (°C) 275 225 

Gas Flowrate (L/min) 11 10 

Nebulizer (psi) 45 45 

Sheath Gas Temperature (°C) 375 350 

Sheath Gas Flowrate (L/min) 11 11 

Capillary (V) 4000 3600 

Nozzle Voltage (V) 0 1500 

Delta EMV (V) 400 400 

 

3.2.1.6. Determination of LOD, LOQ and MRL 

The instrumental limit of detection (LOD) and limit of quantification (LOQ) were 

determined for each compound by injecting standards at 0.02, 0.05, 0.1, 0.5, 1, 2.5, 5, 

10 and 25 µg/L on the UHPLC-MS/MS system. The LOD and LOQ were defined as the 

concentration for which the signal to noise ratio (SNR) was greater than 3 and 10 

respectively. The LOD and LOQ of all target analytes are shown in   



73 
 

Table 3-2. 

The method reporting limit (MRL) was determined by extracting nine samples (1 L each) 

of ultrapure water fortified with the target analytes at 2-3 times the LOQ (calculated 

from above) and spiked with isotopically-labeled surrogates. After extraction and 

analysis, the MRL was calculated by multiplying the standard deviation with the 

student’s t-test value for n-1 degrees of freedom at 99% confidence levels. The results 

are shown in   
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Table 3-2. The MRLs determined were similar and in many cases lower than previously 

published literature (Trenholm et al., 2008, Maldaner and Jardim, 2012). 
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Table 3-2. Calculated LOD, LOQ and MRL for all target analytes 

Compound 
LOD 

(µg/L) 
LOQ 

(µg/L) 

Practical 
MRL 

(ng/L) 

ESI positive 

Caffeine 0.5 1 2.5 

Trimethoprim 0.05 0.1 0.1 

Sucralose 1 5 10 

Triamcinolone 1 2.5 5 

Primidone 1 2.5 2.5 

Sulfamethoxazole 0.02 .1 .5 

Meprobamate 0.1 1 2.5 

Diphenylhydramine 0.02 0.1 1 

Diltiazem 0.02 0.1 0.5 

Hydracortisone 0.5 1 2.5 

Prednisone 10 15 20 

Simazine 0.1 0.5 1 

Fluoxetine 0.02 0.05 0.5 

Carbamazepine 0.05 0.1 0.25 

Dexamethasone 0.05 0.5 1 

TCEP 0.5 1 2.5 

Atrazine 0.1 0.5 0.5 

DEET 0.05 0.1 2.5* 

Testosterone 0.5 1 1 

Norethistrone 0.1 0.5 1 

TCPP 0.05 1 2.5 

Norgestrel 0.5 1 2.5 

Benzophenone 0.02 0.5 1 

ESI negative    

PFOA 0.02 0.5 1 

PFDA 0.02 0.5 2.5 

Gemfibrozil 0.05 0.5 1 

PFOS 0.02 0.05 0.1 

Triclocarban 0.1 0.5 1 

Triclosan 0.5 2.5 5 

PFHxDA 0.02 0.1 0.5 

PFBS 0.02 0.05 0.5 

PFBA 0.02 0.02 NA 

Ibuprofen 5 10 15 

Bisphenol A 1 5 15 

Naproxen 0.1 1 2.5 
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Diclofenac 0.1 0.5 2.5 

NA: Not Analyzed; * Adjusted for blank 

 

3.2.2. Results and Discussion 

 

3.2.2.1. Chromatography 

Optimization of chromatographic conditions was achieved by performing experiments with 

various mixtures of organic solvents and pH modifying buffers. The best mobile phase was 

chosen based on peak shape, peak resolution and sensitivity achieved for all compounds. Three 

different UHPLC reverse phase columns were also tested and the column providing the highest 

sensitivity for most target analytes was chosen. Details of the three columns tested are 

provided in table S1. Once the column and the mobile phase were selected, the gradients in 

both modes were optimized to achieve best separation of all target analytes while maintaining 

a sufficient scan speed and peak width to preserve peak shape allowing accurate integration. In 

addition, different injection volumes (1, 3, 5 and 10 µl) were also tested and 3 µl was used for 

all analysis as this gave the highest sensitivity without alteration of peak shape. 

 

3.2.2.2. Analyte Ionization and Data Analysis 

All but one compound were ionized by protonation [(M+H)+] of the uncharged molecule in the 

ESI positive mode. Sucralose was analyzed with the addition of a sodium adduct [(M+Na)+] as 

the [(M+H)+] ion was essentially absent during optimization of the compound. In the ESI 
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negative mode, all the compounds analyzed were a result of deprotonation [(M-H)-] of the 

original neutral molecule.  

Data analysis and interpretation was carried out with the Agilent Mass Hunter software (version 

Rev. B.05.00). Along with monitoring the labeled isotope recoveries and the retention time, the 

ratio of the two transitions was also noted adding another layer to the specificity of the 

method.  

The quantification of TOrCs in all samples was achieved using a calibration curve with at least 

nine points and an R2 no lower than 0.990 and typically above 0.995. All concentrations above 

the calibration range were diluted and re-analyzed. In a few instances, it was not possible to 

determine the exact concentration of an analyte due to loss of isotope signal because of 

dilution. In this case, concentration were reported as ‘>’ the highest calibration point. While the 

MRL for all TOrCs was reported in ultrapure water, this value could be impaired in other water 

matrices containing natural organic matter that interfere with the ionization of the analytes. To 

account for this, a separate MRL was determined for each sample. Initially, the lowest 

calibration point was chosen at or slightly above the MRL determined in ultrapure water. Using 

the Mass Hunter software, the expected concentrations of the calibration curve were 

recalculated based on the calibration equation and R2 using a linear regression with 1/X 

weighting. After comparing the calculated concentrations of all the calibration points with 

expected concentrations, the lowest calibration point with accuracy between 70-130% was 

chosen for each analyte. This value was then divided by the isotope recovery obtained for all 

analytes in each sample to obtain the “true” MRL in that particular sample matrix.  
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3.2.2.3. Matrix Spike and Recoveries 

Recoveries for the target analytes after extraction were determined using six replicates in three 

different water matrices shown in Table 3-3. Matrix spike levels were chosen as 100 ng/L in 

ultrapure water and 200 ng/L in surface water and wastewater samples respectively. The spike 

recoveries were calculated by comparing this known spiking concentration with the 

concentration determined in unspiked samples by internal standard calibration. For ultrapure 

water, more than 70% of the compounds had a recovery between 90-110 %. Only two 

compounds (diltiazem and PFHxDA) had a recovery of <70%. The recoveries in the surface 

water varied from 39-121 % while wastewater recoveries ranged from 38-141 %. While these 

ranges seem large, it is important to note that isotopically-labeled surrogate standards were 

not available for every compound. All compounds with a surrogate standard had corrected 

recoveries between 73-121 % with the exception of diclofenac (64%) in the wastewater spike. 

In fact, almost all these compounds had recoveries of 85 – 115 % further validating the use of 

isotope dilution to correct for matrix suppression and losses during SPE. The recovery of 

norgestrel and norethisterone were below 60% in the surface water and wastewater spike 

samples. Previous studies have shown that these two compounds have poor stability on storage 

greater than three days and this may have led to loss of analyte in the sample (Aboulfadl et al., 

2010). While every effort was made to extract the samples as soon as possible, extraction times 

varied between 3-14 days during this study. Spike recoveries for hydrocortisone were found to 

be 50% and 38% in surface water and wastewater respectively. Similar recoveries (~60%) have 

been seen in a previous study in wastewater (Schriks et al., 2010). To obtain better recoveries 

for all compounds, the use of multiple extraction procedures, and considering compound 
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specific properties would be necessary. It was decided to proceed with this single extraction 

method that provided good recoveries for the majority of the compounds while allowing for 

significant savings in time and labor. The precision of the entire method was good as the 

relative standard deviation (RSD) of the replicates for almost all compounds was less than 10% 

in both ultrapure and surface water. While larger RSDs were observed for wastewater samples, 

compounds with surrogate standards were still extremely reproducible. Overall, the use of 

surrogate standards to correct for loss of target analytes during the extraction and analysis 

stages proved reliable. 

 

Table 3-3. Matrix spike recoveries for all target analytes in three different waters 

Compounds Ultrapure Water Surface Water WW effluent 

 

Recovery 
(%) 

RSD 
(%) 

Recovery 
(%) 

RSD 
(%) 

Recovery 
(%) 

RSD 
(%) 

ESI positive 

Caffeine 106 2.5 95 4.3 100 3.9 

Trimethoprim 98 2.1 102 0.9 114 3.2 

Sucralose 95 5.4 73 34.1 NA NA 

Primidone 97 2.9 96 1.5 113 10.0 

Triamcinolone 101 4.7 48 2.3 106 4.3 

Sulfamethoxazole 105 3.3 98 1.7 99 2.1 

Meprobamate 97 5 74 1.5 99 8.4 

Diphenylhydramine 74 5.4 94 5.4 196 3.8 

Diltiazem 67 11.7 NA NA NA NA 

Hydracortisone 84 3.7 50 7.3 38 11.3 

Prednisone 94 4.1 75 5.4 79 10.0 

Simazine 99 3 73 2.0 66 2.6 

Carbamazepine 101 2.1 117 1.3 98 25.5 

Fluoxetine 89 5.5 97 2.3 99 5.5 

Dexamethasone 91 2.7 86 2.2 88 3.4 

TCEP 108 3.1 71 4.3 119 8.1 

Atrazine 100 2.7 94 1.9 99 2.5 

DEET 101 2.7 96 1.6 98 5.5 

Testosterone 82 3.3 42 2.4 42 21.6 

Norethistrone 79 2.4 39 1.9 54 2.1 

TCPP 97 2.4 119 2.9 74 7.1 
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Norgestrel 82 3.2 57 1.3 55 6.7 

Benzophenone 71 15.8 95 6.4 93 26.4 

ESI negative 
PFBA 95 4.6 NA NA NA NA 

Naproxen 95 3.5 89 1.4 80 6.0 

PFBS 78 7.1 111 8.0 87 3.6 

Diclofenac 103 5.4 96 6.0 64 22.0 

Ibuprofen 96 9.2 92 5.7 96 10.8 

PFOA 101 2.3 121 6.4 115 7.4 

Bisphenol A 91 15.5 97 11.6 87 10.8 

Gemfibrozil 104 3.7 93 2.7 111 10.0 

PFDA 97 3.6 73 15.3 65 13.4 

PFOS 107 2.9 94 9.0 89 9.8 

Triclocarban 105 2.8 97 1.5 107 5.0 

Triclosan 74 1.1 112 2.8 141 6.7 

PFHxDA 46 72.4 56 10.4 66 18.4 

 

3.2.2.4. Matrix Suppression 

The degree of matrix suppression encountered was analyzed by comparing the instrument 

response (area count) of the 19 isotopically-labeled standards in the matrix spikes and samples 

with six instrument blanks spiked at the same concentration. The isotope recovery data in each 

matrix is presented in Figure 3-4. Fluoxetine d5, PFBA 13C4 and diclofenac 13C6 were the only 

isotopically-labeled compounds to have <60% recovery in ultrapure water. The degree of 

suppression for most compounds increased in the wastewater matrix (250 mL) compared to the 

surface water (1000 mL) and ultrapure water (1000 mL) spikes even though less volume of the 

sample was extracted. The RSD for all analytes was below 15% and in most cases below 5%. 
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Figure 3-4. Absolute recoveries of isotopically labeled standards in different water matrices (n=6) 

 

3.2.2.5. Blank Analysis 

As extremely low levels of analytes are quantified in this method, there was a possibility of 

contamination through various sources. Potential contamination may arise from presence of 

trace levels of native compound in the isotopically-labeled standards, presence of 

contamination in the instrument, and low-level contamination from various external sources. 

Initially pure methanol was injected in both ESI modes to detect the presence of any 

background contamination due to the solvent or instrument. The target analytes were not 
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found to be present with the exception of DEET. Next methanol blanks were fortified with the 

isotopically-labeled standards to determine if native compounds were introduced by the 

isotopes. No indication of target analyes was found in these blanks with the exception of DEET. 

The area counts of the DEET chromatograms present in the first two types of blanks was very 

similar indicating that the DEET detected was in the background and not introduced by the 

isotopically-labeled standard (Figure S3). The concentration of DEET in the blanks was 

estimated using the MRL study calibration curve and subsequently the MRL for DEET was 

increased five times to prevent reporting of false positives. Finally, a number (n=6) of ultrapure 

water samples fortified with labeled isotopes were extracted by SPE and analyzed to ensure the 

absence of unlabeled compounds through the extraction procedure. Further, routine fortified 

ultrapure water blanks were analyzed along with the samples to check for any contamination. 

All blanks tested during the course of the study were below MRLs. 

 

3.2.2.6. Occurrence in Water 

To demonstrate the applicability of this method, samples from three WWTPs, a drinking water 

treatment plant (DWTP), one ground water and two surface waters (Colorado River and 

Sacramento River) from around the United States were analyzed. Samples from the three 

wastewater treatment plants were also analyzed at different treatment points to study 

treatment efficacy. A summary of the treatment trains for each plant is shown in Table 3-4. 

WWTP 1 served a largely urban population (approximately 500,000 people) with both domestic 

and industrial contribution. WWTP 2 served a considerably smaller population (approximately 

17,000) with 73% of the population aged 65 or older (median age of 72 years). WWTP 3 has a 
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capacity of approximately 70 million gallons per day (MGD) and has a predominantly domestic 

source of wastewater contribution. Thus, the three plants offered significantly different 

qualities of wastewater to be tested. DWTP 4 is an indirect potable reuse plant that receives 

treated wastewater effluent as its source water. The occurrence data for all 36 TOrCs at 

different treatment points in the four plants is shown in Table 6 along with the sample volume 

extracted. 

Table 3-4. Summary of treatment processes employed at the treatment plants included in this study 

WTP Type Treatment Scheme 

1a Wastewater Inf→GF→F/S→AS→Cl2 

1b Wastewater Inf→GF→F/S→AAS→GMF→UV 

2 Wastewater Inf→BS→BNROD→SF→Cl2 

3 Wastewater Inf→F/S→AS→Cl2 

4 Drinking Water Inf→MF→RO→UV 

Inf: Influent; BS: Bar screen; BNROD: Biological nutrient removal with oxidation ditch; 
SF: sand filter; Cl2: Free chlorine disinfection; GF: Grit Filter; F/S: 
Flocculation/Sedimentation; AS: Activated sludge AAS: Air activated sludge; GMF: 
Granular media filter; UV: Ultra-Violet light disinfection; MF: Micro-filtration; RO: 
Reverse Osmosis 

 

Sucralose (9000-32000 ng/L) and caffeine (6000-13280 ng/L) were present at the highest 

concentration in the influent of all WWTPs. All pharmaceuticals analyzed in the influent of the 

three WWTPs were detected with the exception of diphenhydramine in WWTP 3. 

Concentrations of diabetes and heart-related pharmaceuticals like gemfibrozil, diclofenac, and 

primidone were significantly higher in the raw sewage of WWTP 2 (the plant serving the 
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dominantly elderly community) compared to the other two WWTPs. Conversely, industrial 

compounds like benzophenone, PFOS, DEET, and bisphenol A were found at higher 

concentrations in WWTP 1, potentially confirming the significant industrial input.  

The mean effluent concentrations in all WWTPs of artificial sweetener sucralose (13863 ng/L) 

and flame-retardant TCPP (2595 ng/L) were extremely high compared to the other analyzed 

TOrCs. Their concentrations remained fairly constant throughout the plant indicating that they 

may be robust and suitable markers for wastewater influence in drinking water sources. Six 

pharmaceuticals (carbamazepine, gemfibrozil, meprobamate, naproxen, primidone and 

sulfamethoxazole) were detected in the effluent of all WWTPs with mean concentrations  

between 85-755 ng/L. Average concentration of sulfamethoxazole (755 ng/L) and gemfibrozil 

(634 ng/L) were highest in the WWTP effluent for pharmaceuticals.  The GR compounds were 

present at significantly lower concentrations in the influent and not detected in the final 

effluent in all three WWTPs. However, these compounds still need to be monitored closely as 

even trace amounts have been shown to have adverse effects to wildlife (Bevans, 1995, 

Sanderson et al., 2004). PFOS was the dominant PFC in terms of detection and concentration 

while the longer chain PFCs (PFDA and PFHxDA) were not detected at any point in all three 

WWTPs. PFBS was detected in the effluent of two WWTPs (1 and 2) but at concentration <10 

ng/L while PFBA was not detected in any of the effluent samples. Norgestrel was the more 

frequently detected progestin, present in 2 effluent WWTP samples (WWTP 1 and 2), while 

norethisterone was never detected in the effluent. The pesticide atrazine was not detected in 

any of the samples analyzed throughout the study. 
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To study the treatment efficacy of the WWTPs, samples were collected at different points in the 

plant. Further, WWTP 1 had water split into two parallel trains after primary treatment: 

conventional (activated sludge followed by chlorination) and advanced (advanced air activated 

sludge, granular media filtration and UV disinfection). The biggest factor in removal of TOrCs 

between the two treatment trains in WWTP 1 was the type of activated sludge (AS) used. The 

advanced air Activated Sludge (AAS) process provided significantly lower concentration of most 

TOrCs as compared to the AS effluent in the conventional train. The sand filter in WWTP 2 did 

not have much attenuation of TOrCs, similar to previous literature (Boleda et al., 2011). 

Compounds like diclofenac, sulfamethoxazole, naproxen, and triclosan were well removed by 

the free chlorine disinfection step which is consistent with previously published literature 

(Westerhoff et al., 2005). Conversely, compounds such as DEET, TCPP, TCEP and caffeine are 

known to be recalcitrant at chlorine doses supplied in conventional treatment plants and hence 

were not well removed in the chlorination step in both treatment plants. The UV disinfection 

process (in WWTP 1b) was not very effective in attenuation of TOrCs without the addition of 

hydrogen peroxide. In DWTP 4, very few TOrCs were attenuated by micro-filtration process, 

which is consistant with previous literature(Snyder et al., 2007a). However, almost no traces of 

any TOrCs were detected after the reverse osmosis (RO) process. Only six (benzophenone, 

diltiazem, PFBA, PFOS, sucralose and sulfamethoxazole) of the 36 measured TOrCs were 

present after RO treatment in DWTP 4. Of these six, only benzophenone and PFOS were 

present at concentrations >100 ng/L. 
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Two surface waters from the Colorado River (sampled at Avra Valley, AZ through the 

CAP canal) and Sacramento River were analyzed using this method. Eleven target 

compounds were detected in the Colorado River water while seven were seen in the 

Sacramento River sample. Six of the target analytes (sucralose, meprobamate, caffeine, 

DEET, TCPP and benzophenone) were common to both waters. Sucralose was present at 

the highest concentration in the Colorado River samples at 620 ng/L while in the 

Sacramento River sample it was measured at 47 ng/L. Commercially used compounds 

like benzophenone and TCPP were detected at higher concentrations in the Sacramento 

river while all the other analytes detected were higher in the Colorado River sample. 

The groundwater sample collected from Tucson had trace amounts of DEET and TCPP 

(<5 ng/L), and benzophenone at 21 ng/L but all other TOrCs were not detected. A 

summary of the data is presented in   
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Table 3-5. Although the sampling events were limited, the data generally correlate with 

previous studies and hence prove the viability of the analytical method.  
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Table 3-5. Occurrence of TOrCs is surface and ground waters tested in this study. 
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3.3. Fully Automated Online-SPE coupled to LC-MS/MS 

 

Currently, methods utilizing liquid chromatography-tandem mass spectrometry (LC-MS/MS) are 

considered the gold standard for sensitive analysis of multiple TOrCs in water (Zwiener and 

Frimmel, 2004, Ferrer et al., 2010, Anumol et al., 2013a). However, to achieve requisite 

detection limits of low ng/L for many of these TOrCs, a sample preparation step is often 

required before LC-MS/MS analysis. The sample preparation step generally involves 

concentration of the target analytes and elimination of many interferences in the original 

matrix. Off-line SPE and liquid-liquid extraction (LLE) are the most commonly used 

concentration and clean-up steps for analysis of TOrCs in environmental matrices(Kolpin et al., 

2002b, Vanderford et al., 2003, Zwiener and Frimmel, 2004). These two techniques require a 

large sample volume, are extremely time consuming, laborious and require considerable 

amounts of potentially toxic solvents to perform. Further, these methods decrease the 

reproducibility and accuracy of analysis due to multiple sample manipulations that are 

required(Batley, 1999). With the volume of samples to be analyzed, multiplying rapidly due to 

several monitoring studies for these compounds, a high-throughput time-sensitive analytical 

screening method is required. Also, with several labs now reporting TOrC concentrations 

around the globe using different methods(Vanderford et al., 2013), the reproducibility and 

accuracy of the data must be enhanced by introducing automation into the entire analytical 

procedure.    
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The online SPE process offers several advantages over the offline techniques including 

reduction in sample preparation and thus increase in productivity. Further, online SPE 

minimizes operator contact which reduces the possibility of contamination while also 

eliminating a solvent evaporation step that can result in loss of target analytes (Chen et al., 

2009). The introduction of the entire mass of analyte to the detector allows injection of much 

lower sample volumes while increasing the sensitivity of analysis (Liska, 1993). Automation of 

the entire process (extraction + analysis) also improves the reproducibility of the analysis. In 

addition, online SPE cartridges can be reused as they are amenable to backwashing and have 

been shown to perform well even after treating several hundred water samples (Viglino et al., 

2008).     

Over the last few years, several manufacturers have developed fully automated on-line SPE 

systems coupled to LC-MS/MS which has allowed for integration of sample clean-up, extraction 

and analysis. Consequently the use of online SPE methods in bioanalytical (Rogeberg et al., 

Kuklenyik et al., 2011) and environmental (Trenholm et al., 2009, Lopez-Serna et al., 2010) 

applications has increased. However, most of these methods have focused on analysis of 

specific classes of TOrC such as  pharmaceuticals (Tagiri-Endo et al., 2009, Garcia-Galan et al., 

2011, Panditi et al., 2013), hormones (Viglino et al., 2008, Guo et al., 2013) or pesticides 

(Jansson and Kreuger, 2010) only. Other methods still require multiple injections for analysis of 

all analytes (Wang and Gardinali, 2012), large sample volumes (Rodriguez-Mozaz et al., 2004), 

require derivitization (Salvador et al., 2007) or are not completely automated which may reduce 

the reproducibility and increase time of analysis. 
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The focus of this study was to develop a single method for rapid analysis of 34 indicator 

compounds comprising several classes of TOrCs in different water matrices with a fully 

automated online SPE coupled to LC-MS/MS. The objectives were to (i) use low sample volume 

(<2 mL) (ii) employ minimal sample preparation and automate the extraction step to reduce 

variability (iii) perform simultaneous analysis of TOrCs both in electrospray (ESI) positive and 

negative mode with one injection (iv) rapid cycle (extraction + analysis) time (<20 min) for high 

throughput analysis of samples (v) achieve desired sensitivity of low ng/L detection limits for all 

analytes  (vi) provide ‘cleaner’ and ‘greener’ methods for analysis of TOrCs in aqueous matrices.  

 

3.3.1. Experimental 

3.3.1.1. Chemicals and Reagents 

All analytical standards used during the study were at least >97% purity and every effort was 

made to use standards of the highest purity commercially available. All native standards were 

purchased from Sigma-Aldrich (St. Louis, MO) except DEET and triclosan from Alfa Aesar (Ward 

Hill, MA) and meprobamate from Cerilliant (Round Rock, TX). Labeled surrogate standards were 

purchased from Cambridge Isotope Laboratories (Andover, MA) except 13C2-PFHxA, 13C4-PFOA 

and 13C4-PFOS from Wellington Laboratories (Ontario, Canada); primidone-d5, meprobamate-d3, 

triclocarban-13C6  and 13C6-diclofenac from Toronto Research Chemicals (Ontario, Canada); and 

gemfibrozil-d6, benzophenone-d10, benzotriazole-d4, and diphenhydramine-d5 from C/D/N 

Isotopes (Quebec, Canada). All solvents used were of purity suitable for LC/MS analysis. 

Methanol, isopropyl alcohol (IPA) and acetic acid were obtained from Fisher Scientific 

(Pittsburgh, PA), while Acetonitrile (ACN) and HPLC grade water were purchased from Burdick 
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and Jackson (Muskegon, MI). Detailed information about all target analytes and isotopes used 

in this study are shown in Table 3-6. 

Table 3-6. Class and use of TOrCs selected in this study with isotopes used for quantification 

Compound Use Category Isotope 

Atenolol β-blocker Pharmaceutical Atenolol-d7 

Atrazine Herbicide Pesticide Atrazine-d3 

Benzophenone UV blocker Personal Care Product Benzophenone-d10 

Benzotriazole Corrosion inhibitor Industrial Compound Benzotriazole-d4 

Bisphenol A Plasticizer Personal Care Product Bisphenol A-13C12 

Caffeine Stimulant Personal Care Product Caffeine-13C3 

Carbamazepine Anti-Seizure Pharmaceutical Carbamazepine-d10 

Clofibric Acid Lipid regulator 
metabolite 

Pharmaceutical Bisphenol A-13C12 

N,N-Diethyl-m-toluamide 
(DEET) 

Insect repellant Personal Care Product DEET-d6 

Diclofenac Anti-arthritic Pharmaceutical Diclofenac-13C6 

Diphenhydramine Antiarrhythmic Pharmaceutical Diphenylhydramine-
d5 

Diltiazem Anti-histamine Pharmaceutical Diltiazem-d3 

Fluoxetine Anti-Depressant Pharmaceutical Fluoxetine-d5 

Gemfibrozil Anti-Cholesterol Pharmaceutical Gemfibrozil-d6 

Hydrochlorothiazide Antihypertensive Pharmaceutical Benzotriazole-d4 

Hydrocortisone Anti-inflammatory 
glucocorticoid 

Hormone Carbamazepine-d10 

Ibuprofen Analgesic Pharmaceutical Ibuprofen-d3 

Meprobamate Anti-anxiety Pharmaceutical Meprobamate-d7 

Naproxen Analgesic Pharmaceutical Naproxen-13C1d3 

Norgestrel Hormonal contraceptive Hormone Primidone-d5 

Perfluoro hexanoic acid 
(PFHxA) 

Fluorosurfactant Industrial Compound 
PFHxA-13C2 

Perfluoro octanoic acid (PFOA) Fluorosurfactant Industrial Compound PFOA-13C4 

Perfluoro octane sulfonate 
(PFOS) 

Fluorosurfactant Industrial Compound 
PFOS-13C4 

Primidone Anticonvulsant Pharmaceutical Primidone-d5 

Propranolol β-blocker Pharmaceutical Atenolol-d7 

Propylparaben Preservative in cosmetics Personal Care Product Propylparaben-d4 

Simazine Herbicide Pesticide Atrazine-d3 

Sulfamethoxazole Antibiotic Pharmaceutical Sulfamethoxazole-d6 

Tris (2-chloroethyl) 
phosphate (TCEP) 

Flame retardant Personal Care Product TCEP-d12 

Tris (2-chloropropyl) phosphate 
(TCPP) 

Flame retardant Personal Care Product TCEP-d12 

Testosterone Androgen Hormone Carbamazepine-d10 
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Triclocarban Antibiotic Personal Care Product Triclocarban-13C6 

Triclosan Anti-microbial Personal Care Product Triclosan-13C12 

Trimethoprim Antibiotic Pharmaceutical Trimethoprim-d3 

 

3.3.1.2. Sample Collection and Preparation 

During this study, grab samples were collected from two wastewater treatment plants, a 

surface water, groundwater, and septic tank across the United States. All samples were 

collected in 20 mL amber glass vials dosed with 1 g/L of sodium azide as a preservative and 

stored in ice before transport to the laboratory. The samples were stored in a refrigerator at 

4˚C on arrival at the lab. 5 ml of sample was then aliquoted into a 6-ml glass vial before being 

spiked with a mixture of all isotopically labeled surrogates to achieve a final concentration of 

100-200 ng/L in the sample depending on the type of analyte and sample. All samples were 

doped with the surrogate standards within 72 hours of collection to account for losses due to 

storage and degradation of analytes. The samples were then filtered using a 0.2 µm Captiva 

polyethylene styrene (PES) filter from Agilent Technologies (Santa Clara, CA) prior to analysis. 

All samples were analyzed within two weeks of collection. 

 

3.3.1.3. Online SPE Configuration 

An Agilent (Palo Alto, CA) 1290 UHPLC binary pump was used to perform liquid chromatography 

for separation of all analytes. Automated pre-concentration of all samples was performed using 

an Agilent flexible cube (flexcube) module coupled to a large volume autosampler (900 uL) with 

a programmable multi-draw capacity. In this method, 1.7 mL of sample was injected into the 

sample loop using two 850 µL autosampler injections. A schematic of the different valve 
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positions on the online SPE system is shown in Figure 3-5. The flexcube online SPE unit consists 

of a built in single piston pump with four solvent lines and a 10-port switching valve that houses 

two online SPE cartridges for simultaneous loading of one cartridge while the other is being 

eluted or backwashed.  Initially, the switching valve on the flexcube was set to the LOAD 

position (position 1) during which the sample was loaded onto the SPE cartridge with 95/5 (v/v) 

water/ACN mixture containing 0.1% acetic acid (line A) from the flexcube pump. During this 

time, the aqueous waste and matrix not retained on the SPE cartridge was allowed to go to 

waste. After loading was complete, the valve switched to the ELUTE position (position 2) which 

resulted in the binary pump back-flushing SPE cartridge 1 to allow a gradient elution of the 

target analytes onto the analytical column. At the same time, SPE cartridge 2 was being cleaned 

with a strong solvent mix of 1:1:1 (v/v/v) isopropyl alcohol, methanol and ACN (line B) by the 

flexcube pump to remove any retained target analytes or matrix from causing blank 

contamination and interferences in subsequent runs. A few minutes before the end of the run, 

the solvent channel on the flexcube pump was switched back to its original line (line A) to allow 

SPE cartridge 2 to equilibrate and prepare it for the next sample.  
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Figure 3-5. Schematic diagram of the online SPE setup a) LOAD position b) ELUTE position 

 

3.3.1.4. Liquid Chromatography 

An Agilent 1290 binary pump was used to perform liquid chromatography for all analyses 

during this study. Polypropylene solvent lines with metal frits were used to minimize potential 

system contamination of perfluorinated materials.  An Agilent Poroshell 120 EC C-18 (2.1x50 

mm, 2.7 µm) column was used for chromatographic separation of all analytes. The column was 

maintained at 30˚C throughout the run. A dual eluent mobile phase comprising of water with 

0.1% acetic acid (A) and ACN with 0.1% acetic acid (B) at 350 µL/min was used for separation. 

For the first 4 minutes, the gradient was held at 5% B while the sample was loaded onto the 

online SPE cartridge and the binary pump was conditioning cartridge 2. At 4 minutes, the 

switching valve turned to the ELUTE position (position 2) and solvent B was linearly increased to 

100% at 11 minutes. This gradient was held till 12 minutes before returning to the initial 

condition at 12.5 minutes. A post-time of 2 minutes was added to allow the column to re-

equilibrate before the next analysis. This resulted in a total cycle time (extraction + analysis) of 

14.5 minutes per sample.   Sample chromatogram at 100 ng/L is shown in Figure 3-6. 
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Figure 3-6. Extracted ion chromatogram at 100 ng/L 
a) Atenolol b) Caffeine c) Hydrochlorothiazide d) Primidone e) Sulfamethoxazole f) 

Hydrocortisone g) Simazine h) PFHxA i) TCEP j) Atrazine k) Bisphenol A l) Testosterone m) PFOA 
n) Naproxen o) TCPP p) Diclofenac q) PFOS r) Gemfibrozil s) Triclocarban t) Triclosan u) 

Benzotriazole v) Clofibric Acid w) Fluoxetine x) Benzophenone 
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Figure 3-7. Extracted ion chromatogram of target analytes at 100 ng/L 

 a) Trimethoprim b) Meprobamate c) Propranolol d) Diphenhydramine e) Diltiazem f) 
Carbamazepine g) DEET 

 

3.3.1.5. Mass Spectrometry 

Mass spectrometry was performed on an Agilent 6460 triple quadrupole mass spectrometer. 

The optimization of the mass spectrometer was divided into two: (i) compound-specific 

optimization and (ii) source-dependent optimization. Details of the optimization process have 

been discussed earlier (Anumol et al., 2013a). The optimized compound parameters and 

retention times (RT) are shown in the appendix A3. while source-dependent parameters for 

both ESI positive and negative modes (run simultaneously) are shown in  

Table 3-7. 
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Table 3-7. Optimized mass spectrometer source parameters 

Parameter ESI Positive ESI Negative 

Gas Temperature (°C) 250 250 

Gas Flowrate (L/min) 11 11 

Nebulizer (psi) 45 45 

Sheath Gas Temperature (°C) 375 375 

Sheath Gas Flowrate (L/min) 12 12 

Capillary (V) 4000 3500 

Nozzle Voltage (V) 0 1500 

Delta EMV (V) 400 400 

 

The mass spectrometer was run in dynamic multiple reaction monitoring (DMRM) mode with a 

delta RT of 0.7 minutes for each compound. Fast polarity switching with the dielectric capillary 

allowed for simultaneous analysis in ESI positive and negative in the same run. Two transitions: 

a quantifier (most-abundant product) and qualifier were used for most of the compounds to 

increase specificity of the method. Data acquisition and analysis was performed using Agilent 

MassHunter software (version Rev B.06.00). Isotope dilution method was used for 

quantification of all analytes. In cases where the identical isotopic standard was not available, a 

closely-related isotope was used as a replacement (Table 1). RT locking and product ion ratio 

monitoring reduced the possibility of false positives in the method.  

 

3.3.2. Results and Discussion 
 

3.3.2.1. Solid Phase Extraction Cartridge Selection 

The selection of the online SPE cartridge is critical to the success of the entire analysis. 

Presently, the availability of different online SPE cartridges is significantly lower than 
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conventional offline cartridges.  Three online SPE cartridges from Agilent and an experimental 

cartridge packed in the lab were tested for their suitability to extract the target analytes from 

aqueous samples. PLRP-s (styrene-polydivinylbenzene, 2.1x12.5 mm, 15-20µm), ZORBAX SB-AQ 

(reversed-phase alkyl group bonded to high-purity porous silica microsphere, 2.1x12.5 mm, 

5µm), ZORBAX Phenyl-hexyl (dimethylphenylhexylsilane, 2.1x12.5 mm, 5µm)  from Agilent and 

Carbon-X ( experimental phase with activated charcoal, 2.1x12.5 mm, 5µm) were evaluated. To 

assess which of these cartridges was most appropriate for extraction of the target analytes, the 

absolute recoveries were calculated by comparing the peak areas obtained in online SPE mode 

and direct injection mode with the same amount of analyte in ultrapure water in five replicate 

injections.  shows the range of absolute recoveries obtained for the 32 target analytes tested 

with each cartridge. An absolute recovery between 70-130% was considered as acceptable and 

used as the criteria for cartridge selection. The PLRP-s cartridge had 26 analytes in this range 

and good reproducibility (RSD<10%) for all but three analytes so was the most suitable choice. 

The SB-AQ cartridge performed similarly but had slightly less reproducibility while extraction 

efficiency of some compounds with –NH group was lower than the PLRP-s. The Carbon-X 

cartridge had poor extraction recoveries (<50%) for several of the analytes and it was later 

discovered that many of the target analytes were very strongly bound onto the cartridge. This 

was confirmed by passing 100% ACN through the Carbon-X cartridge at the end of the five 

replicates and monitoring the spectrum. Further, several analytes (like meprobamate, atrazine 

and carbamazepine) had very high extraction recoveries (>150%) and large %RSDs probably due 

to carryover from one injection to the next.  It should be noted that low absolute recoveries for 

some compounds are automatically corrected as both the calibration standards and samples 
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are processed in exactly the same manner and go through the entire analytical process 

(extraction+analysis) in an automated online SPE setup. However, it is always desirable to get 

the maximum recoveries for best sensitivity but with a highly diverse analyte list trade-offs are 

inevitable. With this in mind, the PLRP-s cartridge was selected for all further analyses.  

 

Figure 3-8. Absolute recovery ranges for four different online SPE cartridges  

 

3.3.2.2. Washing Mobile Phase Composition & Volume 

 



103 
 

The presence of organic substances in the matrix can cause severe matrix suppression 

especially in complex water matrices such as wastewater (Benijts et al., 2004). Hence a wash 

step is often needed after the sample has been loaded onto the online SPE cartridge. The wash 

mobile phase composition in the flexcube pump was tested at three different ACN 

concentrations (0%, 5% and 10%) in water with 0.1% acetic acid. An aqueous mobile phase of 

5% ACN with 0.1% acetic acid was finally used as it provided the best recoveries with high 

reproducibility. The 10% ACN mobile phase resulted in significant loss of the early-eluting polar 

compounds while the 0% ACN phase had lower recoveries for the apolar compounds. Similarly, 

the wash volume is another important parameter for optimization as too small a volume may 

not eliminate the interferences in the matrix while too large a volume can cause the target 

analytes to be washed off the cartridge. Six different wash volumes (2 mL, 2.5 mL, 3 mL, 3.5 mL, 

4 mL, and 5 mL) were tested with the loading flowrate maintained at 1 mL/min. Figure 3-9 

provides the range of absolute recoveries of all target analytes with the different wash 

volumes. It was found that a 4 mL wash volume provided best recoveries for most of the target 

analytes. The 2 mL load volume had poor recoveries for all compounds tested possibly due to 

the fact that there was not enough washing time to elute the target analytes off the cartridge. 

The 5 mL load volume had very low recoveries for the polar compounds that were likely washed 

out of the cartridge into waste before the switching valve sent the sample onto the analytical 

column. The appendix A4 contains information of specific recoveries of each analyte with all six 

loading volumes.   
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Figure 3-9. Absolute recovery ranges for target analytes with six different loading volumes 

 

3.3.2.3. Loading Flowrate 

In online SPE analysis, the autosampler injects the sample into the large-volume loop which is 

then carried onto the cartridge by the loading mobile phase solvent from the flexcube pump. A 

high flowrate may result in less adsorption of target analytes onto the cartridge while a slow 

flowrate increases time of analysis and also provides competing matrix elements time to attach 

onto the cartridge. In this study, three different loading flowrates were tested by comparing the 

peak areas of each analyte with direct chromatographic injection. This analysis was run in 
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multiple reaction monitoring (MRM) mode where RTs were not locked due to the fact that 

different flowrates with same loading volume caused the target analyte RT to shift. The 

absolute recoveries of all target analytes for the three different loading flowrates in order of 

increasing RT is illustrated in figure 4. It was found that the 1 mL/min flowrate provided best 

recoveries for the target analytes compared to the other flowrates. The 1.5 mL/min flowrate 

had higher recoveries for the late-eluting analytes but some recoveries were extremely high 

with low reproducibility possibly due to carryover from previous injections.  

 

Figure 3-10. Absolute recoveries of target analytes at different loading flowrates 
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3.3.2.4. Limit of Detection (LOD) and Method Detection Limit (MDL)   

The instrument limit of detection (LOD) was based on an analyte signal to noise ratio (SNR) 

greater than 3. A set of standards at 0.1, 0.2, 0.5, 1.0, 2.5, 5.0, 10 and 20 ng/L were run on the 

instrument to determine the LOD. The method detection limit (MDL) was calculated based on 

previous literature (Glaser et al., 1981) by injecting eight samples fortified with isotopically 

labeled surrogate standards and target analytes at 2-5 times the LOD. The standard deviation of 

the eight replicates was multiplied by the student’s t-test value for n-1 degrees of freedom at 

99% confidence levels to determine the MDL of each target analyte. The calculated MDL for 

most analytes was <5 ng/L. with only four compounds (benzophenone, benzotriazole, bisphenol 

A, and norgestrel) being > 10 ng/L. The MDLs in this study were comparable and in most cases 

lower than previously published literature while using lower sample volumes(Wang and 

Gardinali, 2012, Huntscha et al., 2012). The method reporting limits (MRL) were determined 

individually for each sample as each water quality has different matrix effects on each analyte. 

To calculate the MRL, the lowest calibration standard (usually at or close to MDL) was divided 

by isotope standard recovery (calculated by comparing peak area in ultrapure water) in that 

matrix to give the true MRL for each analyte in a sample. For analytes where matrix 

enhancement (IS recovery>100%) was encountered, the isotope recovery was assumed to be 

100% so not to get artificially low MRLs. For samples, where dilution was performed, the MRLs 

were suitably adjusted taking this into account.  

Table 3-8. LOD and MDL for all analytes tested with online SPE 

Analyte LOD (ng/L) MDL (ng/L) 

Atenolol 1 2.5 
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Atrazine 0.2 0.3 

Benzophenone 5 11.3 

Benzotriazole 10 10.8 

Bisphenol A 10 13.1 

Caffeine 0.2 0.5 

Carbamazepine 0.1# 0.1 

Clofibric Acid 0.2 0.7 

DEET 0.1 0.3 

Diclofenac 2 2.8 

Diphenhydramine 0.5 0.9 

Ditiazem 0.1 0.2 

Fluoxetine 1 3 

Gemfibrozil 0.2 0.5 

Hydracortisone 5 9.3 

Hydrochlorothiazide 0.2 0.4 

Ibuprofen 0.5 1.9 

Meprobamate 0.2 0.4 

Naproxen 1 2.5 

Norgestrel 10 11.6 

PFHxA 1 3.6 

PFOA 0.5 3 

PFOS 5 6.1 

Primidone 0.5 2 

Propranolol 1 1.2 

Propylparaben 1 1.4 

Simazine 0.2 0.4 

Sulfamethoxazole 0.2 0.5 

TCEP 1 2.1 

TCPP 5 9 

Testosterone 2.5 4.4 

Triclocarban 0.5 1.1 

Triclosan 1 2.6 

Trimethoprim 0.1# 0.1 

   
# assumed as lowest calibration standard (SNR>>3 at this concentration) 

$ adjusted for the blank 

 

3.3.2.5. Matrix Spike Recoveries 

Three different water matrices (ultrapure water, surface water and wasterwater effluent) were 

tested to evaluate the suitability of the method for analyte spike recoveries. Five replicate 
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samples of ultrapure water and surface water (SW) were spiked with all target analytes at two 

levels (30 ng/L and 100 ng/L) while a wastewater effluent (5x diluted) was spiked at 100 ng/L. A 

summary of the recoveries for each analyte is shown in Table 3-9. In ultrapure water, recoveries 

were acceptable (70-130%) for all target analytes except norgestrel (61.2%) and fluoxetine 

(132.6%) in the low spike of 30 ng/L. The %RSD for both spiking levels in ultrapure water was 

<10% for more than 90% of the target analytes with most compounds having an RSD <5%.  In 

SW, recoveries varied from 69.2-137.1% for the 30 ng/L spike and 68.4-136.3% in the 100 ng/L 

spike with only two compounds outside the acceptable range in both spikes. The reproducibility 

for all compounds in SW was good as RSDs were <12% in both spike levels. All target analytes 

recoveries were within the acceptable range for the wastewater effluent (WWE) spike with the 

exception of PFOS (145.1%) while RSDs were less than 10% for all compounds but 

hydrocortisone (13.1%). The data shown is for the isotope corrected recoveries while absolute 

recoveries were lower as seen in earlier sections.  

Table 3-9. Spike recoveries for all compounds in three different water matrices. 

Compound 

Ultrapure Water Surface Water 

Wastewater 

Effluent (1:5 

dilution) 

30 ng/L (n=5) 100 ng/L (n=5) 30 ng/L (n=5) 100 ng/L (n=5) 100 ng/L (n=5) 

Recovery 

(%) 

RSD 

(%) 

Recovery 

(%) 

RSD 

(%) 

Recovery 

(%) 

RSD 

(%) 

Recovery 

(%) 

RSD 

(%) 

Recovery 

(%) 

RSD 

(%) 

Atenolol 102.2 1.2 110.8 4.5 115.8 2.4 90.9 5.8 86 3.4 

Atrazine 88.9 3.3 98.8 1.2 103 0.2 97.4 2.6 94.7 1.9 

Benzophenone 98.9 4.8 128.9 2.7 93.8 1.8 111.6 8.6 120.4 7 

Benzotriazole 108.6 1.9 114.7 9.7 81.5 8.8 98 7.1 75.2 7.4 

Bisphenol A 127.9 3.1 101.9 6.7 101.8 3.6 88.6 10.3 76.2 5.4 

Caffeine 88.8 3 96.1 2.9 118.5 0.9 100.4 4.9 99.7 3.5 

Carbamazepine 96.6 0.9 101.3 0.9 105.8 0.3 99.3 3.3 95.3 0.9 

Clofibric Acid 85.5 4.2 93.9 1.5 117.5 1.2 118 4.6 115.3 1.9 

DEET 95.1 0.8 100.1 1.3 109.9 2.3 128.2 3.1 111.2 1.1 

Diclofenac 81 1.8 78.1 3 106.2 2.2 99.1 1.9 111.1 2.8 

Diphenhydramine 88.1 0.3 93.2 0.8 123.9 0.2 94.4 0.8 95.9 6.1 

Ditiazem 81.1 0.7 87.4 2 118.7 0.3 102.2 1.4 104.9 1.8 

Fluoxetine 132.6 2.4 128.3 4.2 92.4 1.5 68.4 4.5 112.7 3.5 

Gemfibrozil 83.8 3.1 92.6 2.1 96.7 0.8 92.9 3.2 73.7 2.2 

Hydrochlorothiazide 90.1 4.1 93.2 3.2 90.4 4.2 96.3 3.3 86.2 4.7 

Hydrocortisone 98.1 9.7 86.5 10.3 137.1 11.5 95.7 3.8 97.6 13.1 

Ibuprofen 90.7 5.8 91 3.8 103 1.6 91.8 1.6 89.8 3.5 
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Meprobamate 86.7 1.5 98.2 1.1 105.1 1.6 96.9 2.9 105.2 1.6 

Naproxen 86.3 5.5 94.8 2.5 104.7 1.5 98.2 3.8 99.9 3.1 

Norgestrel 61.2 4.9 91.7 1.6 119.5 2.5 101.4 5.4 75.1 6.8 

PFHxA 91.6 5.3 93 3 69.2 8.3 91.3 3.4 88.3 2.4 

PFOA 100.4 5.4 107.3 4.2 88.1 1 124.6 0.8 85.5 2.6 

PFOS 121.2 7.3 128.6 4 125.6 0.3 136.3 0.8 145.1 1.8 

Primidone 85.8 9.1 92.3 4.7 79.2 3.8 98.6 5.2 91.6 5.8 

Propranolol 84.0 6.1 89.2 3.9 80.3 4.4 86.8 4.1 83.1 5.6 

Propylparaben 86.2 2.2 91.2 3.3 116.1 1.8 108.3 9.6 100 5.3 

Simazine 96.6 7 104.3 2.7 127.7 1.6 117.6 2.7 103.3 5.7 

Sulfamethoxazole 80.9 4.2 90.5 2.1 119.7 2 101.5 4.1 102.1 5.9 

TCEP 102.2 3.3 73.7 12 NA NA 103.1 4.1 90.1 7.2 

TCPP 119.7 4.9 109.4 3.1 113.7 1.6 111.8 3.9 88.3 5 

Testosterone 103 10.3 116 5.4 123.4 2.3 117.5 6.1 91.8 9.9 

Triclocarban 121.6 11.3 78.8 5.3 104.7 1.9 80.4 3.5 102.8 1.4 

Triclosan 91.5 10.4 102.6 4.4 114.9 2.3 105.9 3.8 91.3 3.1 

Trimethoprim 75.1 1.1 83.5 1 90 3.6 75.7 11.2 74.8 5.9 
           

 

3.3.2.6. Matrix Effect Assessment 

Matrix effects can pose severe challenges for low level quantification of analytes using ESI-

LC/MS/MS (Taylor, 2005). Generally caused by interferences of co-eluting constituents in the 

matrix, they can result in loss of sensitivity and reproducibility. In this study, the matrix effect 

was analyzed using 26 isotopically labeled standards in the analytical method. The isotopically 

labeled standards were spiked at 100 ng/L into three different matrices (surface water, 

wastewater effluent, 1:5 diluted wastewater effluent) and the matrix effect was calculated by 

comparing the peak area obtained in the matrix with peak area obtained in an ultrapure water 

sample according to equation 1. 

Matrix effect (%) = (PAM – PAS)    x  100               (1) 

                                         PAM 

Where, PAM is the peak area obtained in the matrix and PAs is the peak area in the standard 

(ultrapure water). A positive value of matrix effect indicates signal suppression while a negative 

value indicates signal enhancement. Five replicate samples were analyzed in each matrix and of 
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the standard in ultrapure water. The matrix effects for each analyte in the three different water 

qualities are represented in Figure 3-11. The results indicate that while all the analytes were 

affected by suppression or enhancement in the three water qualities, the magnitude of effect 

was vastly different. For example, diltiazem-d3 had <10% matrix effect in the three different 

water qualities whereas meprobamate-d3 experienced much stronger suppression in all three 

water qualities (73.7%, 92.1% and 47.9% in SW, WWE and 1:5 WWE respectively). Generally, 

the effects were greater in more complex matrices with the average matrix effect in the WWE 

(53%), being higher than SW (38%) and 1:5 diluted WWE (19%). The results from this study are 

in agreement with other studies and show the propensity of ESI methods to matrix effects. 

Hence, the authors strongly recommend the use of isotopically labeled standards for 

quantification in aqueous samples. For analytes where an isotopically labeled standard is not 

available, assigning an appropriate one is critical as matrix effects are different for every analyte 

in each matrix and depend on chemical structure, retention time and nature of 

ionization(Bonfiglio et al., 1999, Vanderford et al., 2003). 
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Figure 3-11. Matrix effect on isotopically labeled standards in different water matrices 

 

3.3.2.7. Blanks, Linearity and Precision 

The analysis of compounds at trace levels in any matrix is always susceptible to contamination. 

The use of automated extraction and analysis techniques though reduces the possibility of 

contamination due to sample handling and human error. In this study, blanks with and without 

isotopically labelled standards were analyzed to check for the presence of target analytes. None 

of the studied analytes were detected. Only a small trace of DEET was detected similar to that 

reported previously(Anumol et al., 2013a). Subsequently, the MDL and MRL for DEET were 
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adjusted to minimize the possibility of false positives. Special precautions were taken to avoid 

contamination of prefluorinanted compounds including replacing all Teflon lines in the 

instrument with PEEK or stainless steel, use of metal solvent liner frits in the mobile phase 

bottles and use of a Poroshell  EC 120 C-18 (2.1x30 mm, 2.7 µm) trapping column after the 

mixer of the pump to avoid potential contamination from solvents. Finally, a series of blanks 

(n=5) were analyzed for all the target analytes and all values were below the MRL. For analysis 

of real water samples, true blanks, method blanks and matrix spikes were run frequently to 

monitor contamination, instrument carry-over and robustness of the method. 

 The linearity of the calibration curves for each analyte was verified by preparing seven 

standards from the MDL to 100 ng/L (six points if the MDL > 10 ng/L) fortified with isotopically 

labeled standards. The correlation coefficient (R2) for all analytes was >0.99 with 24 compounds 

(71%) having an R2>0.995 (Figure 3-12). The precision of the analytical method was verified 

using the intra-day and inter-day reproducibility (Figure 3-13). Intra-day reproducibility 

calculated as %RSD was evaluated by analyzing four replicate injections of a 50 ng/L standard 

injected over the same day approximately three hours apart. The intra-day variability ranged 

from 1-10.4% with all the analytes except fluoxetine within 10%. The inter-day variability 

(%RSD) was determined by analyzing a 50 ng/L standard, prepared fresh everyday over four 

consecutive days and was <10% for all compounds except atenolol with a range of 1-11.9%.  
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Figure 3-12. Linearity of target analytes for online SPE method 
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Figure 3-13. Precision of the method for all target analytes 

 

3.3.2.8. Analysis of Water Samples 

The optimized method was used to determine the concentration of the 34 TOrCs in different 

environmental waters. Two conventional wastewater treatment plants (WWTP) were sampled 

at different treatment points to study treatment efficacy. WWTP 1 serves a largely urban 

population and has a capacity of 70 million gallons per day (MGD). It employs 

flocculation/sedimentation as primary treatment followed by an activated sludge process 

(sludge retention time ~ 4 days) as a secondary treatment and disinfection with free chlorine. 
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WWTP 2 has a capacity of 2 MGD and serves a much smaller population (~17,000 people) with 

>70% of the residents over 65 years in age. The first step in treatment of raw sewage is bar 

screens for grit removal followed by a biological oxidation ditch treatment (1˚ effluent), the 

mixed liquor is then sent to secondary clarifiers (2˚ effluent) after which the water is disinfected 

with chlorine as hypochlorite before discharge (final effluent). 

All pharmaceuticals analyzed were detected in the influent of both WWTPs with the anti-

inflammatory drug Naproxen (avg. conc.:61,000 ng/L) and pain reliever Ibuprofen (35,000 ng/L) 

detected at highest concentrations. The metabolite clofibric acid however was not detected in 

both plants. Generally, most pharmaceuticals were present at >1,000 ng/L in the influent 

indicating significant loading from humans as both plants primarily served a domestic 

population. Similarly, all personal-care products analyzed were detected in the influent of the 

two WWTPs with the exception of Bisphenol A which was detected only in WWTP 1. Caffeine 

was the highest detected TOrC in the influent with an average concentration of 74,500 ng/L 

while none of the hormones tested were detected.  No pesticides or perfluoroalkyl substances 

tested in this study was detected in the two plants. This could be due to the highly domestic 

nature of the wastewater indicating a lack of industrial and agricultural contribution to the 

waste.  

The removal of TOrCs in wastewater depends on a number of factors including type of 

treatment process used, characteristics of the plant (like SRT, pH and temperature) and 

physicochemical properties of the compound like biodegradability, sorption capacity, and water 

solubility(Gros et al., 2010, Kosma et al., 2014).  The pharmaceuticals atenolol, trimethoprim, 



116 
 

carbamazepine and sulfamethoxazole have low sorption coefficients and had poor removal 

after 1˚ treatment in WWTP 1(Yu et al., 2009). However these compounds with the exception of 

carbamazepine are well removed by biological processes as shown in the data (2˚ effluent in 

WWTP 1 and 1˚ effluent in WWTP 2) and corroborated by previous studies(Kreuzinger et al., 

2004, Vieno et al., 2007). Similarly, caffeine has been shown to be easily biodegraded in 

activated sludge processes and this was evinced here as well with concentrations >50,000 ng/L 

reduced to <5 ng/L after biological treatment in both plants(Gao et al., 2012). Moderate to high 

removals were seen for personal-care products like benzophenone and DEET in the primary and 

secondary treatments which is in agreement with previously published literature(Wick et al., 

2011, Sui et al., 2011). Finally, disinfection by chlorine can also oxidize some TOrCs leading to 

additional removal. Anti-microbial agents triclosan and triclocarban are extremely well 

removed by chlorine while flame retardants (TCEP and TCPP) have been shown to be resistant 

to most oxidants used in water treatment(Westerhoff, 2005) and this was seen in the results as 

well. While several factors at each individual plant dictate the removals of these TOrCs, it can 

be seen that conventional treatment processes are not effective in complete attenuation of 

these compounds.  

Analysis of a surface water revealed the presence of seven pharmaceuticals (carbamazepine, 

diltiazem, meprobamate, naproxen, primidone, sulfamethoxazole, and trimethoprim) ranging 

from 1.4-18 ng/L. Five personal-care products (Benzophenone, caffeine, DEET, triclocarban and 

TCEP) were detected, with the UV-screen benzophenone (47 ng/L) being the highest detected 

TOrC in the SW.  Both pesticides (atrazine and simazine) analyzed were present at <5 ng/L.  

PFOA was detected at 27 ng/L in the SW while the other two PFCs analyzed were absent.  
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The groundwater (GW) sample collected from Tucson, AZ had the pharmaceutical-metabolite 

clofibric acid (22 ng/L) and insect-repellant DEET (5.4 ng/L) present at low concentrations while 

all other TOrCs analyzed being non-detect. A grab sample collected from a septic tank showed 

the presence of all the personal-care products tested except bisphenol A at concentrations 

>100 ng/L. Caffeine (19,000 ng/L) was the TOrC detected at highest concentration with 

benzophenone (1,600 ng/L) and triclocarban (1,400 ng/L) also present at >1,000 ng/L in this 

sample. Only two pharmaceuticals (diphenhydramine and primidone) were present in this 

sample while all the hormones, pesticides and industrial compounds analyzed were not 

detected.  

The presence of several trace-organic contaminants in surface and ground waters indicates that 

release of these compounds into the environment can enter our water supplies and hence it 

would be prudent to monitor these chemicals while relevant toxicological studies are 

performed to evaluate their health risk to the population. 

Table 3-10. Concentration of analytes in different water matrices by online SPE method 

Compounds 
WWTP 1 WWTP 2 

SW 
Septic 
Tank 

GW 
Influent 

1˚ 
Effluent 

2˚ 
Effluent 

Final 
Effluent 

Influent 
1˚ 

Effluent 
2˚ 

Effluent 
Final 

Effluent 

Pharmaceuticals            

Atenolol 4000 3400 510 620 14000 600 1000 590 <3.5 <19 <2.5 

Carbamazepine 1300 1400 350 340 300 320 300 300 <0.7 <1.9 <0.2 

Clofibric Acid <40 <37 <5.1 <4.8 <18 <16 <12 <2.8 <1.2 <21 <1.1 

Diclofenac 1400 1200 1300 680 9000 9300 7800 1800 <4.9 <76 <6.3 

Diltiazem 280 260 130 59 320 110 80 60 <0.2 <5.0 <4.8 

Diphenhydramine 4900 3800 820 670 25000 1500 1100 340 <1.4 710 <1.1 

Fluoxetine 60 <24 <17 <11 92 74 19 <16 <4.4 <73 <3.5 

Gemfibrozil 5200 5000 120 49 6800 200 190 21 <0.7 <2.8 <0.7 

Hydrochlorothiazide 3800 3100 540 360 7400 5100 5300 5100 <0.6 <23 <0.6 

Ibuprofen 33000 32000 27 45 35000 64 63 53 <2.4 <21 <1.9 

Meprobamate 980 970 790 820 460 160 180 180 <1.4 <36 <0.9 

Naproxen 46000 44000 <39 <41 76000 80 64 59 1.4 <57 <5.4 

Primidone 350 360 300 53 2900 840 840 730 18 310 <3.6 

Propranolol 19 <14 <6.9 <1.6 460 110 120 11 <1.3 <31 <1.3 

Sulfamethoxazole 3200 3200 1500 820 2600 2700 1500 470 4.5 <35 <0.6 

Trimethoprim 1800 1900 320 250 2000 150 110 19 4.3 <2.5 <0.1 
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Personal-care 
products            

Benzophenone 2200 620 420 200 2500 300 190 94 47 1600 <14 

Bisphenol A 190 <120 <89 <67 <160 <150 <73 <48 <24 <190 <39 

Caffeine 64000 44000 <4 <3 85000 40 <4 <3 4.4 19000 <0.8 

DEET 800 340 80 120 1100 21 29 48 4.9 760 5.4 

Propylparaben 530 320 <30 <25 540 230 <27 <22 <3.0 490 <2.0 

Triclocarban 540 520 100 <14 6800 200 190 21 19 1400 <1.1 

Triclosan 2000 1800 81 28 3000 750 26 <13 <2.8 770 <3.0 

TCEP 5000 4900 4200 4000 810 370 210 190 19 370 <3.9 

TCPP 6600 5100 4900 4100 850 640 450 440 <25 190 <16 

            

Industrial 
Compounds            

Benzotriazole 1800 2300 1600 850 5600 2700 1700 1500 <54 <100 <11 

PFHxA <38 <18 <4.6 <3.9 <36 <19 <4.8 <4.0 <4.3 <21 <3.6 

PFOS <60 <52 <13 <10 <66 <57 <19 <11 <3.4 <51 <6.1 

PFOA <22 <15 9 <5 <32 <37 <13 <6 27 <44 <3.1 

            

Hormones            

Hydrocortisone <102 <64 <51 <21 <85 <75 <57 <23 <28 <31 <10 

Norgestrel <86 <79 <23 <21 NA NA NA NA <17 <46 <12 

Testosterone <150 <140 <32 <29 NA NA NA NA <12 <41 <11 

            

Pesticides            

Atrazine <8.3 <6.4 <1.5 <1.4 <5.2 <4.1 <4.6 <1.0 2.1 <1.5 <0.3 

Simazine <9.6 <10 <1.9 <2.1 <5.9 <5.4 <6.1 <1.2 4.1 <1.1 <0.4 

 

3.4. Large Volume Injection Analysis of TOrCs in Wastewater 

 

Large volume injection (LVI) is a technique of injecting a large amount of sample (generally 

>10% of analytical column void volume) directly onto the analytical column without any 

significant sample preparation (Backe and Field, 2012). Generally, this involves injecting 

between 25-100 µL of sample onto a UHPLC column (analytical volume ~200-500 µL) with only 

filtration or centrifugation as a pre-treatment. Since very little human intervention and sample 

manipulation is involved, the risk of losing the target analyte is scare. However, minimal sample 

preparation also increases the risk of instrument contamination and analytical column damage 

(Busetti et al., 2012). Traditionally, this method has not been used in environmental analysis 

due to higher detection limits but with the improvement in mass spectrometer sensitivity and 

robustness, several recent studies have proposed this technique for monitoring environmental 
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contaminants. Further, with no concentration step involved during analysis (as opposed to 

conventional SPE), the matrix effects for LVI are significantly lower that SPE based techniques.  

 The use of LVI technique for analysis of ‘indicator’ compounds that occur at high 

concentrations in wastewater and contaminated drinking water sources has been proposed. 

This technique offers the advantage of rapid quantification of samples with minimal labor and 

time loss. Artificial sweeteners, X-ray contrast media, flame-retardants and perfluorochemicals 

are some classes of ‘indicator’ TOrCs that have been monitored (Wolf and Reagen, 2013, Seitz 

et al., 2006).  The following study describes a novel technique for monitoring 21 different TOrCs 

including six pharmaceuticals, three x-ray contrast media, two artificial sweeteners and two 

halogenated flame retardants in wastewater by LVI-LC-MS/MS in simultaneous ESI positive and 

negative mode. This allows for only one injection of the sample with a total analysis time of <15 

minutes.   

3.4.1. Sample Preparation 

A 2-mL sample was collected in an autosampler vial and stored at 4 °C to prevent degradation. 

A 900-μL amount of sample was weighed on an analytical balance for accuracy, and 100 μL of a 

50 ppb surrogate standard mix (60:40 water: MeOH) containing 19 different isotopically labeled 

standards was added and vortexed for 1 minute. The sample was filtered through 0.2-μm filters 

(Agilent Captiva PES filters). Methanol was added so that the amount in the final extract was < 

5% of total sample volume.  

3.4.2. Instrumentation  

3.4.2.1. Liquid Chromatography 
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An Agilent 1260 binary pump with a solvent degasser was used for liquid chromatography 

during this experiment. An Agilent Pursuit XRs C8, (100 × 2.0 mm) column was used for 

separation all all analytes and the column was maintained at 30˚C for the entire analysis. A dual 

eluent system comprising of water + 0.1% formic acid (A) and ACN (B) was used for gradient 

elution of all compounds with a constant flowrate of 400 µL/min. Initially, the gradient was kept 

at 2% B for 1.5 minutes, followed by a linear increase to 60% B at 8 minutes. A faster linear 

increase to 100% B at 10.5 minutes was followed by a hold for 0.3 min. The gradient was 

returned to its initial condition of 2% B at 11.5 minutes with a column equilibration time of 1.5 

minutes before the next injection. This resulted in a total analysis time of 13 minutes. 

3.4.2.2. Mass Spectrometry 

An Agilent 6490 tandem mass spectrometer was used for this study. Details of the optimization 

process have been described previously in this chapter. The mass spectrometer was run in 

dynamic MRM mode with fast polarity switching for simultaneous positive and negative ESI 

mode. The compound-specific parameters are detailed in the appendix A3. The source 

dependent parameters are presented in   
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Table 3-11. Data analysis and processing was carried out using the Agilent MassHunter (v 6.00) 

software and all quantification was done using the isotope dilution method (Vanderford and 

Snyder, 2006). 
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Table 3-11. Source parameters for mass spectrometer in LVI mode 

Parameter Value 

 

Gas Temperature (˚C) 275 

Gas Flow (L/min) 18 

Nebulizer (psi) 45 

Sheath gas temperature (˚C) 350 

Sheath gas flow (L/min) 11 

Capillary voltage (V) +3000, -3000 

Nozzle voltage (V) +1500, 0 

 

3.4.3. Results 

3.4.3.1. Limit of Detection (LOD) and Limit of Quantification (LOQ) Study 

The LOD for each analyte was characterized as the lowest concentration at which the most 

abundant transition had a signal to noise ratio (SNR) greater than 3. The LOQ was defined as 

the lowest concentration at which all transitions for a particular compound had a SNR >9.  Since 

LVI involves no extraction step, the LOD and LOQ can be assumed to represent the MDL and 

MRL of the sample. The LODs varied from 1-750 ng/L with more than 80% of the compounds 

having an LOD <100 ng/L. All compounds have an LOD lower than 1 µg/L with 15 compounds 

having an LOD lower than or equal to 100 ng/L.  The LOD and LOQ for all tested compounds is 

shown in Figure 3-14.  
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Figure 3-14. LOD and LOQ for all analytes analyzed by LVI-LC-MS/MS 

 

 

3.4.3.2. Matrix Effects 

The matrix effects for this method were calculated by spiking 1 ng/mL of 18 isotopically labeled 

standards into ultrapure water and a wastewater effluent and calculating the recoveries. Figure 

3-15 depicts the recoveries of all isotopically labeled standards in both water matrices. 

Recoveries in DI water varied from 82.4%-112.8%, with 13 compounds having recoveries 

between 90-110%. Recoveries in wastewater were slightly more scatted and ranged between 
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43.4% and 163.2%. 14 of the 18 compounds had recoveries between 70-130% though. 

Acesulfame-K had a matrix enhancement as recoveries were well over 100%, while sucralose 

had a low recovery of 43.4%, possibly due to the fact that the sodium adduct was monitored. 

Previous studies have indicated that monitoring sodium adduct may not be as reproducible as 

the protonated adduct due to unknown sources of sodium in the system and changing 

dynamics of the competition between H+ and Na+ ions in solution (Leitner et al., 2007). 

Recoveries for target analytes in the LVI method were much higher than the SPE based 

approaches, especially in wastewater because of the lack of concentration of matrix and other 

interferences.  
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Figure 3-15. Recoveries of isotopically labeled standards in ultrapure water and wastewater effluent 
by LVI method 

 

3.4.3.3. Matrix Spike Recoveries 

A wastewater effluent spiked at two different concentrations (1 µg/L and 5 µg/L) was tested to 

evaluate the suitability of the method for analyte spike recoveries. Four replicate samples of 

the spiked wastewater were evaluated for all target analytes. A summary of the recoveries for 

each analyte is shown in Table 3-12. Recoveries in the law spike ranged from 58.9% to 132.7% 

with 14 out of the 18 compounds tested being within 70-130%. In the high spike, recoveries 

varied from 67.5 to 128.2% with only sucralose falling below the 70% recovery target. 
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Benzophenone, triclosan and triclocarban were not evaluated in this experiment due to issues 

with the spiking solution. The reproducibility and precision of the method was analyzed by the 

relative standard deviation (RSD) obtained. All %RSDs were within 7% except naproxen in the 1 

µg/L spike (13.7%). This further illustrates the benefit of LVI for testing indicators in wastewater 

as it affords better reproducibility by eliminating several sample manipulation steps.  

Table 3-12. Recovery of target analytes in wastewater effluent 

Compound 1 µg/L spike 5 µg/L 

Recovery (%) RSD (%) Recovery (%) RSD (%) 

Iopamidol 59.2 2 90.1 0.4 

Atenolol 80.9 0.6 98 2 

Iohexol 100.2 0.3 98.3 4.2 

Iopromide 97.4 2.1 98 1.2 

Trimethoprim 90.1 2.5 97.8 5.2 

Caffeine 74.7 5.1 71.2 3 

Acesulfame 87 2.1 100.9 1.4 

Sucralose 74.9 6.7 67.5 1.9 

Benzotriazole 123.8 2.2 109 2.2 

Diphenylhydramine 79.5 1.5 97.5 2.4 

Meprobamate 132.7 9.1 128.2 2 

Sulfamethoxazole 102.3 3.7 105.5 4.1 

Carbamazepine 106.2 1.2 99.9 1.7 

TCEP 108.8 2.2 104.5 0.9 

DEET 106.7 0.3 100.7 3.2 

Naproxen 131.3 13.7 106 6.8 

TCPP 58.9 2.6 73.2 1.8 

Benzophenone NA NA NA NA 

Gemfibrozil 102.2 4.8 94.4 4.6 

Triclocarban NA NA NA NA 

Triclosan NA NA NA NA 

NA: Not Analyzed 
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3.5. Comparison of Three Techniques for Evaluation of TOrCs in Water 

When dealing with matrices as varied as raw sewage to reverse osmosis treated water and with 

the continual advancement of analytical equipment, it can often be a struggle for even 

experienced analysts to choose the best form of sample clean-up and extraction step to get 

robust and sensitive data. Traditionally, labor intensive and time-consuming extraction 

techniques like SPE and LLE have been used for concentration of these samples so as to achieve 

required detection limits of these compounds. These methods require large amounts of sample 

(100-2000 ml) and solvents for extraction.  Recently, the development of automated online SPE 

systems have given rise to the possibility of achieving similar detection limits with the use of 

just 1-10 ml of sample while significantly reducing cost, labor and time of analysis. With 

increase in sensitivity of modern mass spectrometers, large volume injection of the sample with 

no or minimal pretreatment has been mooted as a possibility for analysis of these 

contaminants.  When selecting the type of technique used for TOrC analysis, several factors 

including type of analyte, matrix, detection limits required, matrix effects and time and labor 

must be considered.   

Figure 3-16 shows the surrogate of a single LC analytical method for the analysis of 6 TOrCs 

(both in ESI- and ESI+) in a wastewater using on-line SPE, direct large volume injection of 

sample and offline-SPE followed by LC/MS/MS analysis. The detection limits were based on 

those previously determined in   
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Table 3-2, Table 3-8 and Figure 3-14. The offline extraction method with a 500 fold 

concentration provided comparable detection limits to the automated online SPE method, and 

lower than the LVI method in ultrapure water. However, in dirtier water matrixes like 

wastewater effluent, a 500 fold concentration provided significant ion suppression due to 

concentration of a large amount of natural organic matter too (as indicated by the low 

surrogate recovery in Figure 3-16). As a result, the true MRL (determined as explained 

previously in section 3.2.2.2) for this method was higher than the online SPE method and 

comparable to LVI for most compounds (Figure 3-17). The direct injection method had least ion 

suppression and maybe the most suitable technique for wastewater analysis where higher 

concentrations of TOrCs are seen. LVI though adversely affects the life of an analytical column 

while failing to remove possible interference in the matrix due to a lack of sample clean-up. 

Trace enrichment or on-line SPE eliminates all these difficulties while providing sample clean-up 

and reduces interferences which LVI cannot do. Further, it can be completely automated to 

reduce labor while increasing reproducibility of results. It was noted that the OSPE provided 

best MRLs for all six compounds in wastewater after correction for isotope recovery. 
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Figure 3-16. Surrogate recovery in wastewater effluent for three methods 
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Figure 3-17. Method reporting limits for six analytes with three different methods 

 

 In conclusion, each method has its own merits and disadvantages. Conventional SPE is still a 

useful technique especially when analysis of trace amounts of compounds are required in water 

as concentration of several liters of target analyte into a few micro liters gives extreme 

sensitivity especially when a clean-up step is also included. Examples for the use of 

conventional SPE include analysis of trace level steroids in water (Chang et al., 2008). LVI is ideal 

to analyze wastewaters where concentrations of some TOrCs are expected to be extremely high 

and rapid analysis can be performed in a short time with little labor (Anumol et al., 2013b). 
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Online SPE is a hybrid between the two methods that offers low detection limits while 

automating the sample preparation stage which allows for minimal labor and large time 

savings. A qualitative comparison of the three methods for analysis of TOrCs in water is 

provided in Table 3-13.  

Table 3-13. Comparison of three methods for analysis of TOrCs in water 

Parameter Conventional SPE Online SPE Large Volume 

Injection 

Sample Volume 250-1000 mL 1-5 mL 0.05-0.1 mL 

Sample Pre-

Treatment 

Filter with 0.7 µm 

filter plus offline SPE 

Filter with 0.7 µm 

filter 

Filter with 0.7 µm 

filter 

Solvent Use Hundreds of mL 1-10 mL for gradient 

elution 

1-10 ml for gradient 

elution 

Sample Prep time 2-4 hours 5 minutes for 

filtration 

5 minutes for 

filtration 

Method Detection 

Limits 

0.1-10 ng/L 0.1-20 ng/L 5-500 ng/L 

Matrix Effects Very high Moderate Low 

Analytical Column 
Lifetime 

Long Moderate-Long Shorter than other 
two methods 

Total Cycle Time Several Hours Less than One Hour 10-20 Minutes 
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4. Surrogates for TOrC Attenuation during Granular Activated Carbon 

Adsorption of Wastewater 
 

4.1. INTRODUCTION 

Over 3,000 pharmaceuticals and 82,000 chemicals are currently approved for use in the US 

alone (Anumol et al., 2013a, Benotti et al., 2009). Thus, the occurrence of these compounds in 

the environment is not surprising (Kolpin et al., 2002b, Walters et al., 2010, Rudel et al., 2003). 

With the development of advanced analytical techniques, these compounds known as trace 

organic chemicals (TOrCs) have been detected for over a decade now with their concentrations 

varying from a few nanograms per liter to several micrograms per liter in wastewaters(Snyder 

et al., 2001, Ternes, 1998) and source waters (Benotti et al., 2009, Stackelberg et al., 2004) all 

around the world. The recalcitrance of these compounds is a well-known fact with several 

studies reporting that TOrCs are not completely eliminated by traditional drinking water 

treatment processes (Westerhoff, 2005). The adverse effects of steroid hormones and 

endocrine disrupting compounds (EDCs) on the reproductive systems of aquatic wildlife have 

been demonstrated at environmentally relevant concentrations (vom Saal and Hughes, 2005, 

Jobling and Sumpter, 1993, Bevans, 1995, Kidd et al., 2007). However, the effects of a large 

number of these compounds are still unknown while some studies suggest that a combination 

of these chemicals can have synergistic effects at chronic low dose exposures(Carlsson et al., 

2006, Daughton and Ternes, 1999).   

Advanced oxidation process (AOP) technologies like UV and ozone are capable of attenuating 

most of these chemicals but in many instances this only results in their transformation to other 
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by-products of unknown toxicity (Mawhinney et al., 2012, Vanderford et al., 2008). In contrast, 

adsorption processes like granular activated carbon (GAC) do not add undesirable 

transformation products to the water and are capable of removing a wide range of TOrCs and 

their corresponding byproducts (Snyder et al., 2006a, Redding et al., 2009, Hanigan et al., 

2012). However, breakthrough dynamics vary considerably among substances depending on 

physical-chemical characteristics, operational parameters, water quality, and the type of carbon 

employed (Corwin and Summers, 2012, Dickenson and Drewes, 2010). 

 

The physical and chemical properties of water are greatly influenced by the dissolved organic 

matter (DOM) present in it. DOM can have a significant influence on removal of TOrCs by GAC 

in the following ways: (1) by competing for active adsorption sites available on the carbon (2) 

pore-blockage which reduces the available surface area for adsorption (de Ridder et al., 2011, 

Matsui et al., 2002). Further, the type of GAC can influence removal of TOrCs too. The surface 

charge and pore volume distribution of the GAC have been shown to drastically alter adsorption 

curves of organic constituents (Bjelopavlic et al., 1999).  Thus, adsorption mechanisms of TOrCs 

are very complicated in natural waters and difficult to determine using a single model or pilot-

study. 

 

Testing of a pilot or full scale GAC column is very laborious and time consuming. To counter 

this, rapid small-scale column testing (RSSCT) has been developed as a bench-scale tool to 

accurately predict GAC performance in a short period of time(Crittenden et al., 1991). The chief 

advantages of an RSSCT over full-scale testing are that it can be conducted in a small amount of 
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time and with a fraction of the water required at full-scale(Crittenden et al., 1991). Isotherm 

data can also be used to predict GAC performance but is generally based on a steady state 

process and does not take into account the kinetics of adsorption(Corwin, 2010). Further, 

interactions between DOM and TOrCs are not well captured by isotherm data. Computer 

models can also be used to estimate GAC performance but these require experimental data to 

be corroborated. The RSSCT, on the other hand uses the principle of similitude to scale-down all 

the components of a GAC process. RSSCTs can also take into account the non-steady state 

interactions between DOM and the TOrCs to give representative results in a short time. While 

RSSCTs have certain limitations they are still the preferred choice of testing GAC performance. 

When choosing to use RSSCTs to predict the adsorption of a specific compound or a group of 

compounds by GAC it is critical to choose the most appropriate scale-up model. Crittenden 

performed a dimensional analysis on the dispersed flow, pore surface diffusion model 

(DFPSDM) to determine the scaling factors for the RSSCT and full-scale GAC because it modeled 

the kinetic and transport phenomena of a fixed-bed adsorber exactly (Crittenden et al., 1986). 

From here, knowing the void fraction, bulk densities and adsorption capacities (properties of 

carbon) are identical on scale-down, a general equation dependent on the surface and pore 

diffusivities of the adsorbent particle in the RSSCT and full-scale adsorber was developed as 

shown in Equation 1.  If the intraparticle diffusivities are assumed to be constant; X=0 and we 

have equation 2 which is also known as the Constant Diffusivity (CD) model. This model states 

that the ratio of the empty bed contact times (EBCTs) of the RSSCT and full-scale column is 

equal to the ratio of the squares of the particle diameters (R). A critical point to be noted when 

using the CD model is that the Reynolds number for the particle in both the RSSCT and full-scale 
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column are equal. However, when the intraparticle or surface diffusivities is thought to be 

proportional to the particle size, equation 1 has X=1, and this gives rise to Proportional 

Diffusivity (PD) model (Equation 3). Here the ratio of the EBCTs of the RSSCT and full-scale 

column is equal to the ratio of the particle diameters. Detailed explanations of both models 

were provide by Crittenden and co-workers including companion examples showing pilot data 

versus RSSCT data (Crittenden et al., 1986, Crittenden et al., 1987, Crittenden et al., 1991, 

Crittenden et al., 1985). The model selected for this study will be discussed in detail later.  

 

When X=0, Constant Diffusivity: 

 

When X=1, Proportional Diffusivity: 

 

Where: 

EBCTsc = Empty Bed Contact time of short column 

EBCTlc = Empty Bed Contact time of long column 

Rsc = particle diameter of short column 

Rlc = particle diameter of long column 
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The analysis of TOrCs at trace levels in water is laborious, time-consuming and expensive. Also, 

with the number of TOrCs introduced to the environment constantly increasing, it is impossible 

to monitor each one individually. The use of indicator compounds, while useful are still affected 

by similar problems while only slightly reducing the time and cost of analysis. Further, the 

selection of an indicator list varies depending on the location and goal of each study. 

Consequently, the use of bulk organic parameters (BOPs) of water has been proposed as 

surrogates for monitoring TOrC removal during treatment processes.    

The analysis of surrogates to monitor pathogens in water is widely adopted but has not caught 

on with chemical contaminants until recently.  Of late though, studies looking at bulk water 

quality parameters like color, total organic carbon, UV absorbance and fluorescence 

excitation/emission spectroscopy has shown good promise in monitoring formation of 

disinfection by-products (Roccaro and Vagliasindi, 2010, Roccaro et al., 2011) and AOP 

treatment efficacy (Wert et al., 2009b, Gerrity et al., 2012, Rosario-Ortiz et al., 2010). Studies 

have also adopted fluorescence spectroscopy to distinguish reverse osmosis (RO) permeate 

quality and to determine membrane fouling in membrane bioreactors and RO treatments(Singh 

et al., 2009, Galinha et al., 2011). However, there is no information available to suggest if such 

relationships exist between BOPs and TOrCs for adsorption processes. 

The aims of this research include (i) studying breakthrough profiles of TOrCs and the influence 

of water quality, EBCT and carbon type on them (ii) correlating BOPs like UV254 absorbance and 

total fluorescence removal with adsorption of TOrCs by GAC process. This study implemented 

12 TOrCs across three different water qualities (WQs) using RSSCTs to develop correlations and 
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suggest methods to implement these techniques in full-scale treatment. Factors such as the 

GAC type, empty bed contact time (EBCT), and water quality were also considered while 

developing these relations.  The success of such surrogates in predicting trace contaminant 

attenuation through water treatment process trains will accentuate the possibility of 

developing real-time on-line sensors to monitor treatment process efficacy. 

 

4.2. EXPERIMENTAL 

4.2.1. Test Waters 

Four secondary treated wastewater effluents from around the USA were used for bench-scale 

RSSCT testing. All waters were filtered using a 0.45 µm cartridge filter prior to testing. Water 

quality parameters after filtration are provided in Table 4-1. The parameters were measured 

before and after filtration and less than 5% variation was noticed in all four waters. The specific 

treatment trains for each WQ are indicated in  

 

Table 4-2 . All samples were collected prior to disinfection except at WWTP 4 where samples 

were collected before GAC filter. 

Table 4-1. Water quality parameters of four wastewater effluents tested 

Code DOC 
(mg/L) 

UV254 (cm-1) SUVA (L/mg/m) Total Fluorescence pH 

WWTP 1 7.0 0.162 2.3 24,000 7.5 

WWTP 2 6.3 0.160 2.5 32,000 8.0 

WWTP 3 10.6 0.222 2.0 19,000 7.3 

WWTP 4 6.0 0.098 1.6 11,000 7.4 
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Table 4-2. WWTP treatment configurations and maximum daily capacity 

Wastewater Plant Capacity (MGD) Treatment 

WWTP 1 50 Inf→F/S→AS→Cl2 

WWTP 2 2 Inf→BS→BNROD→SF→Cl2 

WWTP 3 0.17 Inf→BS→F/S→Cl2 

WWTP 4 54 Inf→GF→CC→GMF→GAC→Cl2 

Inf: Influent; BS: Bar screen; BNROD: Biological nutrient removal with oxidation ditch; SF: sand 

filter; Cl2: Free chlorine disinfection; GF: Grit Filter; F/S: Flocculation/Sedimentation; AS: 

Activated sludge; CC: Chemical clarification; GMF: Granular media filter; GAC: Granular activated 

carbon 

4.2.2. Selection of Adsorbents 

A Norit DARCO 12x40 lignite coal based carbon was tested during this study. The properties of 

the carbon are as follows: Iodine number – 625 mg/g and Uniformity coefficient: 1.5. The pzc 

was estimated using a concept called the slurry pH. The slurry pH was determined similar to the 

procedure described in Redding et al (Redding et al., 2009). Briefly, 100 mg of sorbent material 

was collected after crushing and sieving through a standard 100x140 mesh sieve followed by 

drying. This sample was placed in 15 mL of a 0.01 M potassium chloride solution prepared from 

nitrogen sparged ultrapure water. The sample was placed on a stirrer for two hours after which 

its pH was measured using a Mettler–Toledo DG115-SC pH probe. The pH was measured again 
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after 24 hours to check for stability. This test was done in triplicate and the slurry pH obtained 

was 6.5±0.2. 

 

 

4.2.3. Selection of TOrCs  

Twelve TOrCs were selected for this study based on their octanol-water partition coefficients 

(Log Kow) which is an indicator of hydrophobicity, occurrence in secondary wastewater 

effluents, ease of analytical quantification and availability of standards. In addition, a mix of 

neutral and ionic compounds was selected (based on pKa) to study the effects of charge. To 

account for ionic effects on the Log Kow, a pH corrected Log Dow term was used as has been 

described in literature previously (de Ridder et al., 2011, Yang et al., 2011). The four WQs tested 

had a pH between 7.3-8.0; which is a typical range for most secondary treated wastewater 

effluents and so pH 7.5 was selected to indicate the Log Dow. Compounds were selected such 

that a neutral, positively-charged and negatively-charged compound was present in different 

Log Dow ranges. The average concentration of TOrCs in each WQ along with its relevant 

chemical properties is indicated in table 1.  PFOA, PFOS and triclocarban were spiked into all 

waters after filtration at a nominal concentration of 250 ng/L using a highly concentrated stock 

in 50:50 (v/v) HPLC water:methanol. The corresponding TOC was found to have increased by 

less than 0.1 mg/L in all waters. 

Table 4-3.  Chemical properties and average influent concentration of TOrCs studied 

Compound pKa Charge 
(pH:7.5) 

Log Dow 
(pH:7.5) 

WWTP 1 
(ng/L) 

WWTP 2 
(ng/L)  

WWTP 3 
(ng/L)  

WWTP 4 
(ng/L) 
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Atenolol 9.7 + -1.8 710 340 <10 160 

Trimethoprim 7.1 65% 
Neutral, 
35% + 

1.1 100 140 <10 120 

Primidone 11.6 Neutral 1.0 350 650 390 170 

Sulfamethoxazole 7.5 65% 
neutral, 

35% - 

0.5 1300 3600 130 900 

Meprobamate 15 Neutral 0.9 590 580 <20 120 

Diphenhydramine 9.2 95% +, 
5% 

neutral 

3.1 300 900 60 200 

Diltiazem 8.0 82% +, 
18% 

Neutral 

1.5 160 330 <10 100 

Carbamazepine 13.9 Neutral 2.6 370 350 560 190 

PFOA* - 1.8 - 180 290 360 470 

PFOS* - 3.1 3.8 500 360 570 140 

Gemfibrozil 4.4 Negative 1.6 210 250 110 120 

Triclocarban* 12.7 Neutral 4.9 280 340 240 100 
* Compounds were spiked into all waters ; Chemical properties determined using ChemAxon software 

 

4.2.4. Analytical Methods 

All TOrCs were analyzed using an automated liquid chromatography online SPE system coupled 

to a 6460 tandem mass spectrometer from Agilent Technologies (Santa Clara, CA) with 

reporting limits between 1-15 ng/L. The method required only 1.7 ml of sample thus allowing 

minimal sample collection during the experiment. Further details of the analytical method are 

available in chapter 3. 

For DOC analysis samples were filtered through 0.45 µm hydrophilic polypropylene filter (GHP 

Membrane Acrodisc, Pall Life Sciences) and acidified to pH <3 with hydrochloric acid. A 

Shimadzu total carbon analyzer was used for quantification. Ultraviolet light absorbance (UVA) 

was analyzed using Varian Cary 50 UV/Vis spectrophotometer. Fluorescence was measured 
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using Varian Cary Eclipse fluorescence spectrophotometer with the scanning range from 

excitation wavelength from 240 nm to 450 nm at the interval of 5 nm and emission wave length 

from 250 nm to 580 nm at the interval of 1 nm. The light scattering including Rayleigh and 

Raman scatterings were removed using a three-dimensional interpolation method from the 

collected fluorescence spectra (Zepp et al., 2004) and inner filter effects were corrected using 

the method described by Lakowicz. Regional integration based on three regions was conducted 

according to published literature (Gerrity et al., 2012, Chen et al., 2003) 

4.2.5. Rapid Small-Scale Column Testing 

The RSSCTs were designed according to the constant diffusivity model based on previous 

studies (Redding et al., 2009). Crittenden showed that organic contaminant breakthrough was 

suitably predicted by the CD approach in low DOM matrices (Crittenden et al., 1991). Before 

the experiment, fresh carbon was crushed with a mortar and pestle and sieved using the U.S 

standard sieves. The fraction between mesh size #100 and #140 (dp=0.125 mm) was collected 

for the RSSCT studies. The carbon was washed and stored in a sterile environment till use. The 

crushed carbon was placed in a 10 mm inner diameter glass column with polypropylene caps 

and fittings from Kimble Chase (New Jersey). Care was taken in selecting the column so that the 

aspect ratio (column diameter/particle size of GAC) was >10 to avoid wall effects and 

channeling (Knappe et al., 1999). The flowrate of the water was adjusted using a peristaltic 

pump to achieve the desired EBCT. Once the experiment was started, effluent samples were 

collected periodically for TOrC, DOC, UV and fluorescence analysis while influent control 

samples were collected every day to determine if there was any degradation of TOrCs with 
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time. All RSSCTs were run between 45,000-60,000 bed volumes. Details of the RSSCT design 

with comparison to full-scale column are presented in   
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Table 4-4. 
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Table 4-4.  Nominal scale-down properties for modeling of CD-RSSCT experiments 

Parameter Full-scale CD-RSSCT 

EBCT (min) 5.2 0.202 

Particle diameter (mm) 0.65 0.125 

Column (carbon) height (m) 0.4 0.0125 

Column diameter (m) 2.5 0.01 

Cross-sectional area (m2) 4.91 7.85x10-5 

Bed volume (m3) 1.96 9.81x10-7 

Flowrate (L/min) 376.9 4.89x10-3 

Bed Volume/day 277 7178 

 

4.3. Results and Discussion 

4.3.1. Contaminant breakthrough curves 

The twelve TOrCs were analyzed in four different wastewater (WW) effluents using the NORIT 

DARCO 12x40 carbon with an EBCT of 5.2 min to evaluate effect of DOM on removal. The 

breakthrough curves for removal of TOrCs in all four waters are shown in Figure 4-1 to Figure 

4-12 . For reference, the same TOrCs were spiked into surface water and breakthrough was 

noted. It is evident that the breakthrough curves for the wastewaters are different compared to 

the surface water. This is a clear indication that the type of organic matter plays a role 

adsorption of TOrCs onto GAC. Initially, the breakthrough profiles (slopes) look similar for SW 

and WW but with time the breakthrough profile of the SW looks markedly different from the 

wastewaters especially as more BVs are passed. Initially, the adsorption mechanism in both 

waters would be expected to follow competitive mechanics between various TOrCs and organic 

matter as all the sites on the carbon surface are active. As more water is passed through 

though, fouling by the organic matter results in pore blockage and loss of available adsorption 

sites. The greater organic matter in WW along with different fractions could like to faster and 
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more rapid pore constriction that leads to differing adsorption capabilities of TOrCs on to the 

activated carbon. Previous studies have already illustrated the different fractions and 

characteristics of organic matter present in natural and wastewaters (Ma et al., 2001). While, 

several studies have studied breakthrough of TOrCs by GAC in natural waters (Matsui et al., 

2002, Quinlivan et al., 2005, Corwin, 2010), very sparse data is available looking at wastewater 

effluent that has greater and very different organic matter characterization. This work is critical 

with respect to water reuse as GAC is considered as a viable technology after oxidation 

processes in advanced treatment processes.  

 

 

Figure 4-1. Breakthrough profile of atenolol with NORIT DARCO 12x40 (EBCT:5.2 min) 
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Figure 4-2. Breakthrough profile of trimethoprim with NORIT DARCO 12x40 (EBCT:5.2 min) 

 

Figure 4-3. Breakthrough profile of primidone with NORIT DARCO 12x40 (EBCT:5.2 min) 
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Figure 4-4. Breakthrough profile of sulfamethoxazole with NORIT DARCO 12x40 (EBCT:5.2 min) 

 

Figure 4-5. Breakthrough profile of meprobamate with NORIT DARCO 12x40 (EBCT:5.2 min) 
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Figure 4-6. Breakthrough profile of diphenhydramine with NORIT DARCO 12x40 (EBCT:5.2 min) 

 

Figure 4-7. Breakthrough profile of carbamazepine with NORIT DARCO 12x40 (EBCT:5.2 min) 



149 
 

 

Figure 4-8. Breakthrough profile of PFOAwith NORIT DARCO 12x40 (EBCT:5.2 min) 

 

Figure 4-9. Breakthrough profile of PFOS with NORIT DARCO 12x40 (EBCT:5.2 min) 



150 
 

 

Figure 4-10. Breakthrough profile of gemfibrozil with NORIT DARCO 12x40 (EBCT:5.2 min) 

 

Figure 4-11. Breakthrough profile of triclocarban with NORIT DARCO 12x40 (EBCT:5.2 min) 
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Figure 4-12. Breakthrough profile of diltiazem with NORIT DARCO 12x40 (EBCT:5.2 min) 

 

Table 4-5 shows estimated bed volumes at which 10% breakthrough (BT10) and 50% 

breakthrough (BT50) for all TOrCs is achieved in each water quality. The confounding effects of 

DOM are clearly noticeable as breakthrough bed volumes vary significantly in different waters 

while different compounds have distinct breakthrough values in each water quality. It is well 

known that presence of DOM adversely affects organic contaminant adsorption onto GAC 

(Summers et al., 1989, Graham et al., 2000).  The extent of this phenomenon is hard to quantify 

and depends on the specific fractions of DOM present in the water tested. Thus, the influent 

DOC alone of the water is not a good surrogate for TOrC breakthroughs as seen in WWTP 2 and 

WWTP 4 has very similar DOC but TOrC breakthrough profiles vary significantly. For example, 

the BT10 for atenolol is ten times greater in WWTP 4 (10,700 BV) than WWTP 2 (1,100 BV) while 

that of primidone is similar (~3,000). Another fact to be noted is that compounds with similar 
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BT10 values in the same water do not necessarily have similar BT50 values. In WWTP 2, 

sulfamethoxazole and triclocarban have similar BT10 (~1,300 BV) but the BT50 for triclocarban is 

more than 10 times greater. This may be due to the fact that initial breakthrough mechanisms 

and kinetics are different from later periods. Initially, the absorption of TOrC is based on 

competitive adsorption with other TOrCs and DOM. Later, as DOM causes pore blockage on the 

surface of the GAC, some sites are less available and adsorption phenomena becomes more 

about size exclusion and adsorption onto DOM. Importantly, the slopes and profile of the 

breakthrough curve for a TOrC are similar in all waters thus indicating that adsorption kinetics 

are not significantly affected as has been suggested before for surface waters (Corwin, 2010).  

Table 4-5. Estimated 10% and 50% breakthrough bed volumes for TOrCs in 4 waters tested 

Compound WWTP 1 WWTP 2 WWTP 3 WWTP 4 SW 

BT10 BT50 BT10 BT50 BT10 BT50 BT10 BT50 BT10 BT50 

Atenolol 4,900 19,500 1,100 12,000 - - 10,700 >37,000 - - 

Trimethoprim 7,500 20,000 2,000 12,000 - - 10,500 >37,000 8,000 >52,000 

Primidone 1,900 6,300 500 3,700 2,200 6,700 3,000 8,500   

Sulfamethoxazole 1,700 4,900 1,300 3,800 2,100 6,500 2,400 7,100 1,300 5,900 

Meprobamate 2,000 6,700 500 4,900 3,700 18,000 3,200 10,000 6,500 40,000 

Diphenhydramine 17,000 >44,000 3,000 >38,000 6,400 >19,000 32,000 >37,000 - - 

Diltiazem 8,000 >47,000 2,000 14,000 - - 16,000 >37,000 - - 

Carbamazepine 3,800 11,000 1,000 9,000 5,000 14,000 6,000 >36,000 5,500 >52,000 

PFOA 1,100 3,500 300 1,000 3,500 6,000 1,700 6,000 800 2,000 

PFOS 700 9,000 500 2,000 1,700 5,000 2,400 10,000 700 4,000 

Gemfibrozil 2,500 8,000 700 6,500 3,800 8,100 5,900 20,000 2,500 15,000 

Triclocarban 7,300 >47,000 1,200 >38,000 15,000 >19,000 17,000 >37,000 - - 
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When comparing breakthrough of different TOrCs in specific water, there does not seem to be 

any correlation with the physical/chemical properties relevant to adsorption of the compound 

like Log Dow and water solubility (Figure 4-13 and Figure 4-14). This further suggests that in the 

presence of background DOM, adsorption mechanisms do not depend on competition between 

TOrCs only but are chiefly governed by interactions with DOM and fouling on the surface of the 

carbon (Knappe et al., 1997, Summers et al., 1989). Hence, physical and chemical properties 

cannot be applied as useful indicators of breakthrough for TOrCs in the presence of DOM.  

 

Figure 4-13. Relationship between bed volumes for BT10 and Log Dow of TOrCs in three different waters 
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Figure 4-14. Relationship between bed volumes for BT10 and water solubility of TOrCs in three 
different waters 

 

4.3.2. Effect of EBCT 

The removal of TOrCs by GAC is effected by the contact time of the water with the carbon 

surface also called the empty bed contact time (EBCT). Generally, a higher EBCT results in 

greater removal of TOrC. However, the increase in removal depends on the specific TOrC and 

DOM. To study the effect of EBCT on TOrC removal, an RSSCT was performed with water from 

WWTP 1 using the Norit DARCO 12x40 carbon at two different EBCTs of 5.2 min and 11.2 min. 

The breakthrough profiles for PFOA and primidone are shown in Figure 4-15 and . The 

difference in breakthrough curves is large for primidinone, while the difference is smaller for 
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PFOA indicating the effect of EBCT on removal is compound specific. It is noticeable that the 

breakthrough profiles are different and in order to determine an accurate removal, an RSSCT or 

pilot test must be performed at the desired EBCT.  

 

Figure 4-15.  Breakthrough profile for PFOA at two EBCTs with Norit Darco 12x40 in WWTP 1 
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Figure 4-16. Breakthrough profile for primidone at two EBCTs with Norit Darco 12x40 in WWTP 1 

 

4.3.3. Bulk Organic Parameters as indicators of process change 

Bulk organic parameters can be used as surrogates to indicate process efficacy at least in a 

qualitative way. DOC has been used as a surrogate for organic breakthrough in GAC adsorbers 

for many years (McGuire et al., 1991, Crittenden et al., 1993). Recently, the use of fluorescence 

spectra and UV absorbance have been used as surrogates to study process efficacy of advanced 

oxidation processes like ozone and UV/H2O2 both qualitatively and quantitatively (Wert et al., 

2009b, Rosario-Ortiz et al., 2010). Roccaro et al. correlated the formation of nitrogenous 

disinfection by-products to changes in ultraviolet absorbance and specific fluorescence indexes 

for a chlorination process (Roccaro and Vagliasindi, 2010). The use of differential UV-

absorbance at 254 nm and total fluorescence (TF) index have not been evaluated as surrogates 



157 
 

for an adsorption process like GAC. The aim of this study was to look at these two parameters 

as surrogates for process efficacy of GAC and then quantitatively determine if differential UV 

and TF indexes could be used to predict removal of TOrCs in GAC by performing RSSCTs.  

Fluorescence spectroscopy can be performed to generate two-dimensional plots called 

excitation-emission matrices (EEMs) that can be used for qualitative analysis to determine 

process efficacy. Figure 4-17 illustrates fluorescence EEMs at various BV for Norit DARCO 12x40 

carbon treating water for WWTP 2. The intensity of the plot represents the amount of 

fluorescence emitted in that region with red being high and blue being low. By looking at the 

EEMs it can be seen that there is an initial bleaching effect on the first few EEMs (low BV), 

followed by increase in intensity as BVs increase. Eventually, almost complete fluorescence 

breakthrough is achieved and the intensity in the later EEMs looks very similar to the influent. 

Thus EEMs can be used to get a qualitative picture of process efficacy. Most commonly, this can 

be used to determine if there is process failure based on the intensity of the EEMs compared to 

the influent.   
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Figure 4-17. Fluorescence EEMs at various BV for WWTP 2 after GAC using Norit DARCO 12x40 (EBCT: 
5.2 min) 

 

However, deconvolution of the fluorescence EEMs is possible to obtain more quantitative 

results. By integrating the entire EEM, a single unitless value called ‘total fluorescence’ can be 

obtained which can be used to correlate with specific treatment and organic contaminant 

removal objectives.  Further, Chen et al. suggested that the entire fluorescence EEM can be 

divided into five regions, with each region corresponding to a specific type of organic matter 

like humic acid, fulvic acid, aromatic protiens and soluble microbial products. Thus it could be 

possible to select specific excitation and emission (Ex/Em) pairs to use as surrogates to monitor 

organic contaminant removal and process efficacy. The total fluorescence breakthrough 
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profiles for Norit DARCO 12x40 using CD-RSSCT for the 4 wastewaters and a surface water 

(Colorado river) is presented in Figure 4-18. The breakthrough varies in each water quality 

similar to TOrC removal. Similarly, the breakthrough profiles for UV absorbance at 254 nm is 

also shown in Figure 4-19 (surface water data was not collected). 

  

Figure 4-18. Total fluorescence breakthrough profiles for Norit DARCO 12x40 using CD-RSSCT 
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Figure 4-19. UV254 absorbance breakthrough profiles for Norit DARCO 12x40 using CD-RSSCT 

 

As stated earlier, one of the issues with TOrC breakthrough is that it depends on several factors 

like water quality and EBCT. In order to normalize the breakthrough and be able to compare 

different RSSCT results, the delta TOrC and change in surrogate parameter (UV254 and TF) were 

plotted against each other. Initially, normalization of EBCT was tried by converting the 

breakthroughs of the Norit DARCO 12x40 carbon in WWTP 2 tested at the two different contact 

times (as shown in Figure 4-15 and Figure 4-16). On plotting the removal of surrogate against 

the removal of TOrC (Figure 4-20-23), the data merged together indicating that TOrC removal 

and surrogate removal can be compared irrespective of the EBCT.  
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Figure 4-20. TOrC v UV254 removal of PFOA for two RSSCTs (Norit DARCO 12x40, EBCT: 5.2 & 11.2 min) 

 

Figure 4-21. TOrC v TF removal of PFOA for two RSSCTs (Norit DARCO 12x40, EBCT: 5.2 & 11.2 min) 
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Figure 4-22. TOrC v UV254 removal of primidone for 2 RSSCTs (Norit DARCO 12x40,EBCT:5.2 & 11.2 min) 

 

Figure 4-23. TOrC v TF removal of primidone for 2 RSSCTs (Norit DARCO 12x40,EBCT: 5.2 & 11.2 min) 
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Once, the four RSSCTs with Norit DARCO 12x40 were completed, the data was plotted as % 

reduction in surrogate parameter (x-axis) vs. % removal of TOrC (y-axis). Only samples between 

5-95% removals of the TOrC were chosen for the correlation models. This is because of several 

reasons including different MRLs, and clustering of data points in the low and high removal 

regions that skewed the R2 and fit of the regression. Initially, removals in each water quality 

(WQ) were plotted individually but it was noticed that the regression fits for a particular 

compound were very similar in all four WQs. Hence, the data-points from all WQs were 

combined to obtain one empirical correlation model for a particular carbon and EBCT.  

Before discussing the results in detail, it is important to understand the role of charge in 

adsorption of chemicals onto activated carbon. Adsorption of neutral molecules onto activated 

carbon is primarily due to physical adsorption (van der Waals forces) and strongly depends on 

the solubility (hydrophobicity) and size of the compound(Crittenden et al., 2012). However, for 

charged molecules electrostatic interactions can play a big role in adsorption. This is highly 

dependent on pH of the water, pKa of the compound and the surface charge of the carbon 

surface. The pzc (determined using slurry pH) for the Norit DARCO 12x40 was found to be 6.4, 

which meant that at pHs 7-8, its surface was negatively charged. Thus positively charged 

compounds would be expected to have enhanced removals.  

4.3.4. Development of Correlation Models 

Using a linear correlation model, the compounds were divided into three categories based on 

their Log Dow values. Category I, consisted of compounds with a Log Dow ≤1.0. The neutral 

compounds (primidone, meprobamate, sulfamethoxazole) are hydrophilic and were 
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characterized with a high R2 (>0.8) values indicating good linear correlations while having a low 

and sometimes negative y-intercept. These compounds also had lower slopes (<2.0 for UV254 

and <1.2 for TF model) than compounds in the corresponding categories. In the TOrC v TF 

correlation model, the negative intercepts coupled with slopes close to 1 indicated that these 

compounds were removed at the same or faster rate than total fluorescence in the water. 

Hence fluorescence breakthrough alone may not be a suitable indicator when attenuation of 

these compounds is desired. The greater slope and more positive y-intercept in the UV254 

model may be expected as fluorescence can be considered a subset of UV and its breakthrough 

would be slower. Atenolol (Log Dow: -2.0) was an outlier in this group, possibly due to it being 

completely positively charged at environmental pH. At this pH, the Norit DARCO 12x40 GAC 

surface is negatively charged and this may have led to additional removal due to preferential 

adsorption of positive atenolol on the negative GAC surface by electrostatic attraction. It had 

higher slopes and positive intercepts than the other compounds in category I which would 

indicate greater removals in both UV254 and TF models. Along with electrostatic attraction to 

the surface of the carbon, another removal mechanism for this compound could be sorption to 

the organic matter present in the water. 

 Carbamazepine (100% neutral) and trimethoprim (65% neutral), uncharged species with Log 

Dow: 1.1-3.0 were assigned as category II. They were characterized by positive y-intercept values 

(10-50) that increased with increasing Log Dow. The R2 values for this group were lower than 

group 1 and continued to decrease with hydrophobicity.  The significantly positive intercept 

suggested that these compounds were well removed with respect to UV254 and total 

fluorescence. Diltiazem (Log Dow: 1.5; 80% positive at pH: 7.5) exhibited a similar trend to 
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atenolol and had a higher positive intercept than carbamazepine even though its log Dow was 

lower. Negatively charged gemfibrozil (Log Dow: 1.6) had slightly less positive y-intercept than 

would be expected which could indicate less removal with respect to UV254 and TF. This could 

be due to electrostatic repulsion between the compound and surface of the carbon. However, 

its general regression characteristics were still within expected category II compounds. This 

indicates less of a charge effect on negative compounds when compared to positively charged 

ones.  

 

Figure 4-24. Correlation model between TOrC and surrogate parameters 
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Category III compounds, with a Log Dow>3 (triclocarban) were characterized by a low R2 value 

(<0.5) for both UV254 and TF profiles. Further, these compounds had a large positive y-intercept 

indicating that they were removed at a faster rate than UV254 and TF by the GAC. PFOS 

removals were lower than expected possibly due to it being negatively charged while 

diphenhydramine had greater removal as it was almost completely positively charged. Figure 

4-24 illustrates the correlation models for gemfibrozil (category II) and triclocarban (category 

III), while the remaining plots are presented in appendix B1. The regression parameters for all 

compounds with both UV254 and TF models are shown in Table 4-6. 

Table 4-6. Regression parameters for all target compounds 

Compound UV254 model TF model 

 Slope Y-
Intercept 

R2 NUV Slope Y-
Intercept 

R2 NTF 

Atenolol 2.07 22 0.68 39 1.59 13 0.89 37 

PFOA 1.57 -1 0.83 53 1.20 -21 0.83 55 

Sulfamethoxazole 1.85 -4 0.85 49 1.15 -11 0.77 50 

Meprobamate 1.81 2 0.90 42 1.06 -2 0.88 42 

Primidone 1.94 -1 0.79 55 1.16 -10 0.79 54 

Gemfibrozil 2.23 10 0.81 55 1.23 3 0.84 58 

Trimethoprim 2.38 24 0.63 36 1.56 14 0.83 36 

Diltiazem 1.29 50 0.33 31 1.26 37 0.66 33 

Carbamazepine 1.65 34 0.57 46 1.34 14 0.88 36 

Diphenhydramine 0.29 72 0.29 49 0.32 73 0.32 36 

PFOS 1.97 -4 0.79 65 1.2 -13 0.68 54 

Triclocarban 0.19 86 0.16 38 0.15 86 0.29 41 

 

The classification of compounds into different categories based on their log Dow produced very 

good trends for neutral compounds in both the UV254 and TF models. Negatively charged 

compounds had slightly less removal than that expected based on log Dow values but still 

generally had similar regression trends as other compounds in their category. Positively 

charged compounds like atenolol, diltiazem and diphenhydramine deviated from regression 
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trends expected according to their log Dow possibly due greater removals due to electrostatic 

attraction with the negatively charged carbon.  

In general, the slopes in the UV model were higher than slopes in the TF model for the 

corresponding compound. This was expected as fluorescence may be considered a subset of UV 

and so its breakthrough would be slower when compared to UV. This fact is also the reason 

why intercepts are more positive in the UV model compared to the TF model for the same 

compound. A general trend of decreasing R2 values is also noted with increasing log Dow in both 

models. The weaker linear correlations could be attributed to higher adsorption rates of these 

compounds that lead to a plateauing effect for high removal data points. Overall, these models 

were able to provide a relationship between surrogate parameter removal and specific TOrC 

removal by GAC irrespective of water quality. Further, it was possible to divide selected 

indicator compounds into specific groups based on its log Dow and charge. Further evaluation of 

these models is required with testing of different carbon types and full-scale validation at a GAC 

plant. 

4.4. Conclusions 

The results shown provide quantitative parameters to estimate the attenuation of trace organic 

contaminants in an adsorption process with surrogates like UV absorbance and fluorescence. 

This can save time, labor and cost of analysis while still being able to obtain accurate data on 

TOrC removal by a GAC process. Further study is required including a full-scale validation by 

checking the validity of these RSSCT models against actual wastewater plant data operating 

GAC adsorbers. This study also provides the basis for employing online sensors for surrogates 
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like UV absorbance and fluorescence to predict in real-time the removal of specific trace 

organic contaminants in water treatment processes. With the increasing likelihood of direct 

potable reuse schemes being implemented in the near future, the ability to detect process 

failure and water quality in real-time with accuracy is required. Such empirical models if backed 

up by full-scale operational data will be key to successful implementation of such schemes. 

Further studies on the deconvolution of fluorescence spectra including removal of specific 

regions of fluorescence with respect to TOrC removal must be performed.  

  



169 
 

5. Effectiveness of Activated Carbon based Point-of-Use Devices for 

Attenuation of TOrCs in Water 
 

5.1. Abstract  

Trace organic compounds (TOrCs) continue to be detected in drinking water and mounting 

public concerns put pressure on regulators to provide additional barriers for treatment of 

organic contaminants. Since human consumption is generally a very small portion of the net 

household water use, point-of-use devices (POUs) may provide additional security for drinking 

water contaminants. In order to evaluate POU efficacy, five widely-used (three pitcher and two 

refrigerator) POUs were tested using two water qualities (ground water and surface water) 

spiked with 16 TOrCs at environmentally relevant concentrations.  The refrigerator POUs 

removed more TOrCs over the manufacturer’s expected lifetime (MEL) in terms of mass 

rejection than the pitcher POUs (P-POU) in both water qualities. Removal efficiency and water 

flow rate for all filters were negatively impacted by the higher total organic carbon (TOC) in 

surface water, resulting in clogging of two POUs before the MEL. The average removal through 

all filters for non-ionic, hydrophobic compounds (nonylphenol, estrone) was higher than 

hydrophilic compounds (sucralose, primidone) in both water qualities. The removal of ionic 

organic species (PFOA, PFOS, and fluoxetine) was enhanced by cation/anion exchange resins 

present in P-POUs. The results of this study indicate that POU devices are capable of 

attenuating significant amounts of organic contaminants in water; however, removal of specific 

compound depends on their molecular properties, type of treatment technology implemented, 

and water quality and lifetime of the cartridge.  
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5.2. Introduction 

Trace organic compounds (TOrCs) are ubiquitous in the aquatic environment through 

wastewater discharge, surface run-off, and other point and non-point source inputs(Benotti et 

al., 2009, Focazio et al., 2008, Kolpin et al., 2002b). Also known as contaminants of emerging 

concern (CECs), this group of compounds include pharmaceuticals, personal-care products, 

endocrine-disrupters and industrial compounds like perfluoroalkyl substances. Humans are 

often exposed to low concentrations of TOrCs through drinking water since traditional 

treatment processes are generally unable to ensure their complete removal(Westerhoff et al., 

2005, Benotti, 2009). While some TOrCs are known to impact wildlife at concentrations 

occurring in wastewater discharge(Bevans, 1995, Sanderson et al., 2004), the detection of most 

TOrCs at low ng/L concentrations in potable water is not expected to pose an immediate threat 

to public health(Bruce et al., 2010). However, synergistic and additive effects, long-term 

exposures, and low dose impacts of individual and mixtures of TOrCs is largely unknown (Kim et 

al., 2009, Daughton and Ternes, 1999). Beyond those compounds currently monitored, it is 

certain that additional substances will be detected as analytical technologies continue to 

improve.  In addition, new compounds are constantly introduced into commerce and others are 

formed through transformation within natural and engineered systems.  Within the United 

States, regulatory actions to determine acceptable concentrations of TOrCs in water are 

generally slow and often controversial (Novak et al., 2011). For this reason, many consumers 

have decided to utilize bottled water and/or POU devices in hopes of gaining improved water 

quality and security, from both health and aesthetic standpoints.   

 



171 
 

Less than 1% of potable water generated in the US is used for drinking and cooking(Cotruvo, 

2003), with the vast majority used for non-potable purposes. Currently, only advanced water 

treatment processes such as advanced oxidation processes (AOP), activated carbon, and 

desalting membranes such as reverse osmosis/nanofiltration (RO/NF) are able to effectively 

attenuate most TOrCs resilient to conventional treatment such as coagulation and chlorination 

(Ternes et al., 2003, Rosario-Ortiz et al., 2010, Kimura et al., 2004). However, advanced 

treatment approaches are rarely applied because they are often prohibitively expensive and 

energy intensive (Hoibye et al., 2008, Jones et al., 2007). This is especially true for small and 

isolated communities, some of which rely on small networks of wells that are not always 

interconnected. Desalting membrane processes such as RO and NF are not only energy 

intensive, but generally result in a loss of water through the creation of a waste stream from 

the consequential brine.  Activated carbon requires large amounts of thermal energy to 

produce and regenerate, and must be transported to/from locations repeatedly.  Advanced 

oxidation is particularly attractive, but can lead to formation of toxic and uncharacterized 

byproducts (Heringa et al., 2011, Von Gunten and Holgne, 1994, Andrzejewski et al., 2008).  

Moreover, even the highest purity of produced drinking water can be compromised in the 

distribution system from cross-connections, infrastructure failure, or intentional perturbations 

(Cleland, 2010).  Thus, future safe drinking water paradigms may shift towards providing the 

right quality of water for the intended application, where the highest quality water is used for 

consumption and high-exposure use (i.e., bathing), while the remaining non-potable 

applications are treated to a lesser standard to save energy, chemical, and infrastructure costs.  
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A POU treatment device is any unit installed on a single water tap or refrigerator to improve 

water quality and can be an effective treatment barrier against both microbial and chemical 

contaminants in drinking water (Mintel, 2011, Sobsey et al., 2008, Miles et al., 2009, Esrey et 

al., 1991). In 1999, the primary drinking water source of 67% of Americans was bottled water, 

POU devices, or both (WQA, 1999), and nearly 40% of all consumers today use a water 

purification device (Mintel, 2011). There are several configurations of POUs commercially 

available and technologies within a POU type device can be configured for a particular water 

quality.  Thus, POUs offer a high degree of flexibility depending on the water quality to be 

treated and the desired produced water quality.  

Activated carbon based POU devices are a viable option for removal of both organic 

compounds (i.e., pesticides, certain disinfection byproducts, and some industrial chemicals) 

(Ahmedna et al., 2004a, Smith and El Komos, 2009) and metals (i.e arsenic, copper, lead, and 

manganese) (Moller et al., 2009, Ahmedna et al., 2004b, Deshomes et al., 2010, Carriere et al., 

2011, Lin et al., 2002). Several states in the US allow for communities to meet regulated water 

quality compliance through the use of POU devices instead of centralized treatment if proven 

to be effective (NSF, 2010). For instance, states like Arizona and Texas have permitted POU 

devices as a means for compliance for arsenic and radionuclides (ADEQ, 2005). In Washington 

DC, thousands of POU devices were distributed to treat high levels of lead in drinking water 

(Edwards et al., 2009). The removal of radioactive elements using POU devices can be applied 

during emergencies and disaster zones (Sato et al., 2011). The aim of the current study was to 

determine the effectiveness of five commercially available POU devices in removing a 

representative group of indicator TOrCs from two differing water qualities.  
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5.3. Experimental Section 

5.3.1. Selection of POUs  

Three commercially available pitcher POUs (Brita™ Riviera 8-cup filter, PUR™ CR-6000 7-cup 

filter and ZeroWater™ 8-cup filter) and two refrigerator-fitted POUs (GE™ MSWF and 

Whirlpool™ W10295370 filter) were selected for testing in this study. The reason for comparing 

pitcher POUs (P-POU) to refrigerator POUs (R-POU) was based on the fact that nearly 40% of 

POU users have a R-POU while 38% own a P-POU device(Mintel, 2011) in USA. Further, the 

individual POU brands were selected based upon sales data provided by GoodHouse Keeping 

Research Institute(Genovese, 2011). The  P-POUs all employed granular activated carbon plus 

cation exchange resins, while the ZeroWater™ POU also contained an anion exchange resin 

(Brita, Kellam, 2012, PURwaterfilter). The R-POUs operated with solid block activated carbon 

(SBAC) technology.  Each filter had an exhaustion time specified by the manufacturer either as 

volume of water passed through the filter or time of service and this was called the 

manufacturer’s expected lifetime (MEL). The MELs of the R-POUs (GE™ MSWF: 1136 L; 

Whirlpool™: 757 L) was an order of magnitude greater than the pitcher-POU devices (Brita™: 

151 L; PUR™: 151 L; ZeroWater™: 85 L) in terms of volume of water. Each filter was tested at 

least in duplicate in accordance with NSF/ANSI 53 guidelines(NSF, 2007). 

5.3.2. Selection of target compounds  

Sixteen indicator TOrCs considered in this study were selected based upon multiple criteria, 

including their recalcitrance to conventional drinking water treatment and frequency of 
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detection in finished water, ease of analytical detection as well as the representation of 

different chemical properties and class of compounds. Table 5-1  provides a list of TOrCs 

analyzed in this study including their relevant chemical properties. 

Table 5-1. Relevant chemical properties and molecular structure of TOrCs studied 

Compound Use pKa Log 
Kow 

Log Dow 

(pH=7.
8) 

Log Dow 
(pH= 
8.2) 

Structure 

Atrazine Herbicide 1.7 2.3 2.3 2.3 

 

Bisphenol A Plasticizer 10.1 4.1 4.1 4.1 

 

Carbamazepine Anti-seizure 13.9 2.8 2.6 2.6 

 

DEET 
Insect-

repellant 
0.7 2.5 2.5 2.5 

 

Estrone Steroid 10.4 4.3 4.3 4.3 

 

Fluoxetine 
Anti-

depressant 
9.5 4.2 2.0 3.2 
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Ibuprofen Analgesic 4.9 3.8 1.3 0.6 

 

4n-Nonylphenol 
Surfactant 
degradate 

10.7 5.7 5.7 5.7 
 

4n-Octylphenol 
Surfactant 
degradate 

10.4 5.3 5.3 5.3 
 

PFOA 
Fluoro-

surfactant 
2.8 5.1 1.8 1.8 

 

PFOS 
Fluoro-

surfactant 
- 5.4 3.1 3.1 

 

Primidone Anticonvulsant 11.6 1.1 1.1 1.1 

 

Sucralose 
Artificial 

sweetener 
- -0.4 -0.3 -0.3 

 

Sulfamethoxazole Antibiotic 6.0 0.8 0.5 0 

 

TCEP Flame-
retardant 

- -1.2 -8.9 -9.7 
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Trimethoprim Antibiotic 7.1 1.3 1.0 1.3 

 

 

5.3.3. Selection of test waters 

 Two waters were included in this study: (1) potable water originating from groundwater in the 

city of Tucson, AZ (taken directly from the Tap) and (2) surface water from the Colorado River 

water from the Central Arizona Project (CAP) canal in Arva Valley, AZ. The water quality 

characteristics after pre-filtration through a 1µm filter are shown in Table 5-2. 

Table 5-2. Water quality characteristics of test waters 

Water pH TOC 

(mg/L) 

Hardness 

(mg/L as 

CaCO3) 

Alkalinity 

(mg/L as 

CaCO3) 

Conductivity 

(µS/cm) 

UVA @ 254 

nm (cm-1) 

Tucson GW 7.8 <0.4 69 116 527 0.006 

Colorado River 

(through CAP canal) 
8.2 4.2 244 130 951 0.248 

 

5.3.4. Experimental setup 

 Test waters were passed sequentially through a 10, 5 and 1 µm cartridge filter respectively to 

remove any large particles, stored in a 2000 L high density polyethylene tank and held at room 

temperature for the duration of testing (25ºC). The tank was mixed and aerated for five hours 

to remove free chlorine, which was measured for both waters using the DPD method with the 

HACH pocket colorimeter (Loveland, CO) to ensure there was no free chlorine in the tank.  
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Prior to beginning the experiment, each POU was preconditioned with the test water as 

recommended by the manufacturer (Table S2). The general conditions for testing POUs for 

organics removal as stated in the NSF/ANSI 53 were followed(NSF, 2007). Water was fed to the 

three P-POUs in 1 L increments followed by an equilibration time of 15-30 seconds before the 

subsequent 1 L addition. The R-POUs were connected to a centrifugal pump that passed water 

through these POUs at a fixed pressure of 35-40 psi. A calibrated flow meter from McMillian 

(Georgetown, TX) was used to monitor the volume of water passed through each POU and the 

flowrates were monitored for each POU at regular intervals. The test was discontinued after 

150% of the MEL or if the flowrate of a POU fell below 20% of its initial flow. The devices were 

operated for 10 hours a day followed by a ‘rest period’ of 14 hours during which the POUs were 

stored at 4ºC. Water samples of 1 L were collected in silanized amber glass bottles for each POU 

device when the percentage of water passed through was equivalent to 0, 25, 50, 75, 100, 125 

and 150% of the MEL. The 0% MEL was considered to be following the preconditioning of the 

POU with test water. Control samples from the tank were collected at the same time to verify 

that no degradation of the TOrCs had occurred during the experiment. Samples were stored at 

4°C immediately after collection. A schematic of the setup is shown in Figure 5-1. 
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Figure 5-1. Schematic of experimental setup for POU testing 

 

5.3.5. Analytical Methods 

All samples were extracted using a solid-phase extraction (SPE) technique previously 

published(Anumol et al., 2013a). Briefly, a 1L sample was spiked with surrogate standards at 

100 ng/L and extracted using a 200 mg hydrophilic-lipophilic balance (HLB) cartridge from 

Waters Corporation (Millford, MA) using an automated solid phase extraction device from 

Dionex Corporation (Sunnyvale, CA). SPE cartridges were sequentially conditioned with 5 mL 

each of MTBE, methanol, and HPLC grade water, then loaded with the samples at 15 ml/min, 

dried for 30 min using nitrogen, then eluted with 5 mL of methanol followed by 5 mL of 90:10 

(v/v) MTBE:methanol, concentrated to 500 µL and reconstituted to 1000 µL in methanol for 

analysis. 
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 Four different analytical methods were employed to analyze the TOrCs in this study. All 

compounds were analyzed with liquid chromatography using an Agilent (Palo Alto, CA) 1290 

binary pump while using two separate detectors. An Agilent 6460 triple quadrupole mass 

spectrometer was used to analyze all pharmaceuticals and personal care products, details of 

which are described elsewhere(Anumol et al., 2013a). Estrone and bisphenol A were analyzed 

using LC-MS/MS in negative electrospray ionization (ESI) mode and a fluorescence detector was 

used to quantify the two alkylphenols (nonylphenol and octylphenol). The analytical methods 

used have been described previously in chapter 3. 

5.4. Results and Discussion. 

5.4.1. TOrC breakthrough in Pitcher POU filters 

The P-POU devices were effective in removal of TOrCs but their performance and removal 

efficiency depended on the brand of device, volume of water treated, water quality, and 

chemical properties of the individual TOrC. All P-POU devices were able to treat the Tucson 

groundwater (GW) to the MEL but only the Brita™ filter managed to run till the experimental 

goal of 150% MEL while the PUR™ (125% MEL) and ZeroWater™ (110% MEL) had greater than 

80% drop in flowrate that resulted in cessation of the test. In the higher TOC (4.2 mg/L) CAP 

water, all three P-POUs had lower average flowrates but the Brita™ filter was able to reach the 

150% MEL while, the ZeroWater™ filter ceased at its MEL. The PUR™ filter suffered severe 

flowrate loss at just 25% MEL in the CAP water and the experiments were stopped prematurely. 

The higher TOC in the CAP water may also have affected the flowrates of the filters as the 

ZeroWater™ filter was 28% faster in the Tucson GW (91 mL/min) compared to CAP (65 
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mL/min). The Brita™ filter was >40% faster in the Tucson GW (332 ml/min) compared to its flow 

in the CAP water(181 ml/min) while the average flowrate of the PUR™ filters were slower in the 

CAP (104 ml/min) as compared to the Tucson GW (247 ml/min). The flowrate data for the P-

POU filters at different points during the experiments is illustrated in Figure 5-2Figure 5-3 and 

Figure 5-4. 

 

Figure 5-2. Variation in flowrate of Brita P-POU with MEL (%) for two water qualities (average in 
dashed lines) 
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Figure 5-3. Variation in flowrate of PUR P-POU with MEL (%) for two water qualities (average in 
dashed lines) 



182 
 

 

Figure 5-4. Variation in flowrate of ZeroWater P-POU with MEL (%) for two water qualities (average in 
dashed lines) 

 

Due to the varying lifetimes and performance of each filter, the authors used four terms to 

compare and contrast the different POUs in terms of TOrC attenuation. The individual removal 

efficiency (IRE) is defined as the removal of a specific TOrC at a given sampling point. The 

lifetime individual removal efficiency (LIRE) is defined as the average removal of a specific TOrC 

throughout the manufacturer’s lifetime of the filter (0-100% MEL). The overall removal 

efficiency (ORE) is the average removal of all contaminants (∑TOrCs) at each sampling point by 
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each filter. The lifetime overall removal efficiency (LORE) is defined as the mean % removal of 

all contaminants throughout the manufacturer’s expected life (0-100% MEL) of the filter.  

The ORE and LORE for each filter in the two water qualities is shown in Figure 5-5, Figure 5-6 

and Figure 5-7 . At the initial sample in Tucson GW, the Brita™ filter achieved >85% removal of 

∑TOrCs while the PUR™ and ZeroWater™ filters had nearly complete removal (>98%). While at 

100% MEL, the ORE for each P-POU decreased in the following order: ZeroWater™ (93.2%) > 

PUR™ (83.6%) > Brita™ (50.2%). In the CAP water, ORE for all three filters was similar to the 

Tucson GW (Brita™-91.6%, PUR™-98.5%, ZeroWater™-99.6%) at the initial sample point; and at 

100% MEL, the ORE for the Brita™ filter was 51% while the ZeroWater™ removals were 87.9%. 

The PUR™ filter had >98% ORE for the two sampling points in the CAP water.  The LORE in the 

CAP water decreased by an average of 11% in the Brita™ filter (70.7% v 63.4%) and 4% in the 

ZeroWater™ filter (94.9% v 91.6%) when compared to Tucson GW. Since the PUR™ filter 

stopped at 25% of its MEL, no removal was assumed for the rest of its expected MEL in the CAP 

water and this resulted in LORE of 38.9% (compared to 90.6% in Tucson GW). 
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Figure 5-5. Overall removal efficiency for Brita P-POU in both water qualities 
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Figure 5-6. Overall removal efficiency for PUR P-POU in both water qualities 
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Figure 5-7. Overall removal efficiency for ZeroWater P-POU in both water qualities 

 

 The removal of all TOrCs in both the Tucson GW and CAP water was measured (appendix C1) 

and attenuation of eight representative TOrCs showing different behaviors are shown in Figure 

5-8, Figure 5-9 and Figure 5-10 . The three P-POUs have two principle attenuation strategies: (1) 

adsorption by granular activated carbon (GAC) and (2) ion-exchange by IX resins.  The pH 

corrected log KOW known as the distribution coefficient (log DOW) is generally used for assessing 

the adsorption of charged species at environmental pH. The high log Dow hydrophobic 

compounds like nonylphenol (5.7), octylphenol (5.3), and estrone (4.3) were well removed by 
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all P-POUs throughout their lifespan as compared to hydrophilic compounds like sucralose (-

0.3), and TCEP (-1.2). For instance in the Tucson GW, LIRE of the Brita™ filter for octylphenol, 

nonylphenol, and estrone was 97.8%, 91.9% and 89.5% respectively. In contrast, the Brita™ 

filter only removed 48.7% of sucralose and 69.3% of TCEP on average throughout its lifetime in 

Tucson GW. Like the ∑TOrC removal, individual contaminant removal was also negatively 

impacted by the higher TOC CAP water. This could be attributed to increased competition for 

pore sites on the activated carbon between TOrCs and natural organic matter (de Ridder et al., 

2011). The LIRE of OP, and estrone by the Brita™ filter dropped to 95.1% and 72.5% in the CAP 

water, while only 36.7% and 55.4% sucralose and TCEP, respectively, was removed.   The 

ZeroWater™ filter showed similar trends but had higher IREs at each MEL compared to the 

Brita™ filter in both water qualities. In Tucson GW, the LIRE of ZeroWater™ filter for estrone, 

sucralose, and TCEP was 100%, 85% and 92.4% respectively while they reduced to 98.5%, 67.7% 

and 78.9% respectively in the CAP water. Octylphenol was completely removed throughout the 

experiment in both water qualities by the ZeroWater™ filter. The lifetime removal of NP by the 

ZeroWater™ and Brita™ filter increased slightly in the CAP (100% and 93%) when compared to 

the Tucson GW (93.2% and 92%) possibly due to the high sorption capacity of nonylphenol to 

DOM(During et al., 2002) which allowed for better removal by the filter. The PUR™ filter had 

LIREs of 98.8%, 94.8%, 100%, 81.3% and 90.9% for OP, NP, estrone, sucralose, and TCEP 

respectively in the Tucson GW.  Due to the early stoppage of PUR filter in the CAP water it was 

difficult to make any meaningful observations but the filter removed >94% of all five 

compounds at both sampling points.  
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The cation-exchange resins present in the three pour-through POUs enhanced the removal of 

charged species in both test waters. Fluoxetine (pka: 10.4, log Dow: 2.0) was primarily in cationic 

form in the Tucson GW (pH:7.8) and had higher removal by all three P-POUs as compared to the 

neutral atrazine (pka: 1.7) with a similar log Dow of 2.3 . The LIRE of fluoxetine by the Brita™, 

PUR™ and ZeroWater™ filters were 83.9%, 97.8% and 99.6% while atrazine removals were 

63.3%, 89% and 93.6% respectively in the Tucson GW. A similar trend was seen in the CAP 

water (pH:8.2) for these two compounds as well with respect to removal by the three P-POUs. 

LIREs of the two perfluoroalkyl substances, PFOS and PFOA were lower than most other 

compounds for the Brita™ (57% & 52%) and PUR™ (84.8% & 79.4%) POUs while it was well 

removed by the ZeroWater™ POU (96.7% & 97.5%). PFOS/PFOA are dominantly present in their 

anionic form in the environment, which is highly soluble in water(Kissa, 1994) . The presence of 

an anionic exchange resin in the ZeroWater™ POU allowed greater removal of the PFOS/PFOA 

compared to Brita™ and PUR™ POUs in the two water qualities. These cases illustrate that while 

the octanol-water partition coefficient may be a good indicator for removal of non-ionic 

species, information on individual compound pKas along with the solution pH is essential to 

understand actual removal in activated carbon based POU devices that also incorporate ion-

exchange resins.   
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Figure 5-8. Individual TOrC removal by Brita P-POU in both water qualities 

 

Figure 5-9. Individual TOrC removal by PUR P-POU in both water qualities 
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Figure 5-10. Individual TOrC removal by ZeroWater P-POU in both water qualities 

 

5.4.2. TOrC breakthrough in Refrigerator POU filters 

The two refrigerator filters in this study were operated at much higher flowrates and treated 

greater volumes as compared to the P-POU filters in line with the manufacturer’s specifications. 

In the Tucson GW, both filters, operated at constant pressure, maintained flowrates in excess of 

1.4 liters/minute (LPM) throughout the experiment with the average flowrate of the GE™ filter 

being >1.6 LPM and the Whirlpool™ filter at 1.5 LPM. Similar to the P-POUs, The flowrate of 

both R-POUs was negatively impacted by the CAP water. While the GE™ filter reached the 

experimental goal of 150% MEL in both waters, its average flowrate was 1.3 LPM in the CAP 

water (~20% reduction compared to the Tucson GW). Similar to the PUR™ P-POU, the flowrate 

of the Whirlpool™ R-POU in the CAP water drastically reduced from 1.6 LPM to below 0.4 LPM 

resulting in termination of the experiment just before 50% MEL (48%). The flowrates 

throughout both experiments for the R-POUs are depicted in Figure 5-11and Figure 5-12. 
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Figure 5-11. Variation in flowrate of GE R-POU for both water qualities 

 

Figure 5-12. Variation in flowrate of Whirlpool R-POU in both water qualities 
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The two R-POUs had high overall removal efficiencies (>96%) in the Tucson GW at each 

sampling point throughout the experiment. The GE™ filter had OREs between 96.9-99.6% 

throughout the experiment in the Tucson GW with a LORE of 98.4%. The Whirlpool™ filter had 

OREs between 96.8-99.7% and average removal of 99% throughout its MEL. TOrC removal 

efficiency of both R-POUs was negatively impacted by the CAP water with OREs of the GE™ 

filter in the CAP water between 83.3% and 99.9% throughout the MEL with a LORE of 90.1%. 

The removal efficiency declined steadily with volume of water passed through it resulting in 

a17% reduction in removal efficiency of TOrCs from 0% to 100% MEL in the CAP water. There 

was continued gradual decline in performance past the MEL with an ORE of 74% at the end of 

the experiment (150% MEL). The ORE of the Whirlpool™ filter in the CAP water from start to 

exhaustion (48% MEL) was 97.1-99.9%%, at the three sampling points. However, it was unable 

to reach even half its expected MEL in this water quality due to flowrate decline and hence The 

LORE was 59.3% since no removal was assumed from 50-100% MEL for the Whirlpool™ filter. 
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Figure 5-13. Overall removal efficiency of GE R-POU for both water qualities 
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Figure 5-14. Overall removal efficiency of Whirlpool R-POU for both water qualities 

 

Both the R-POUs are solid block activated carbon (SBAC) which are packed with much smaller 

particle sizes of carbon that have larger surface areas allowing for greater physical adsorption 

of organic contaminants. Both the GE™ and Whirlpool™ POUs are listed as NSF certified Class I 

particulate reduction devices by the manufactures i.e. these POUs are certified to reduce at 

least 85% of particles between the sizes 0.5 - < 1 µm in size according to NSF/ANSI 42. The 

smaller particle sizes result in higher carbon surface area which provides more binding capacity 
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for TOrCs as compared to the loosely packed carbon in the P-POUs. Both R-POU devices had 

LIREs of >89% for all contaminants tested in the Tucson GW. The hydrophobic alkylphenols (NP, 

OP) were completely removed by the GE™ filter in both waters and Whirlpool™ filter in the 

Tucson GW throughout the experiment (150% MEL). The Whirlpool™ filter also removed >98% 

of these two contaminants in the CAP water at all three sampling points. In the higher TOC CAP 

water, the LIRE of nonionic hydrophilic compounds like sucralose (63.1%) and primidone (91%) 

were less well removed by the GE™ R-POU compared to other hydrophobic compounds like NP 

(100%), OP (100%) and estrone (99.8%). This reduction in removal efficacy was enhanced at 

later MELs, especially after the 100% MEL with only an average removal of 24.5%and 62% for 

sucralose and primidone observed. The Whirlpool™ filter had higher IREs of sucralose 

compared to the GE™ POU in the CAP water at corresponding MELs but was not able to reach 

even half the MEL due to poor flowrate. The absence of IX resins in the R-POU devices may 

have hindered the LIREs of ionized TOrCs especially in the CAP water. The lifetime removals of 

ionic (fully or partly) species such as PFOS (49.3%), PFOA (66.6%), ibuprofen (84%) and 

sulfamethoxazole (73.4%) by the GE POU in the CAP water were significantly lower than 

uncharged TOrCs. The removal efficiency for ionic species seemed to follow a pattern based on 

proportion of compound present in ionic form.   Based on pKa values, less than 20% of 

sulfamethoxazole and ibuprofen were present in their charged form in the CAP water, whereas 

PFOA and PFOS are entirely in their anionic form. Thus better removal of sulfamethoxazole and 

ibuprofen compared to PFOS/PFOA may be due to the adsorption of the neutral form of these 

compounds by the SBAC even though their Log Dow’s are smaller. While the R-POUs did not 

have any IX resins, electrokinetic adsorption may have accounted for some anionic species 
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removal while physical/mechanical adsorption due to an enhanced surface area and more 

uniform size distribution of carbon in SBAC POUs may also have assisted in removal of these 

contaminants. The individual removals of eight representative TOrCs for both R-POUs are 

illustrated in Figure 5-15Figure 5-16 

 

Figure 5-15. Individual TOrC removal by GE R-POU in both water qualities 
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Figure 5-16. Individual TOrC removal by Whirlpool R-POU in both water qualities 

 

5.4.3. Summary of POU Efficacy 

 All POU devices were shown to be effective in attenuating a wide variety of TOrCs in the test 

waters. The range of removal efficacy depended on the type of POU, water quality, volume 

treated and chemical properties of the specific trace contaminant. The ZeroWater™ POU was 

the best performing pitcher filter in terms of LORE with >92% in the Tucson GW and >87% in 

the CAP water throughout the experiment. However, the ZeroWater™ filter was rated to treat 

only about 58% of the Brita™ and PUR™ filters, thus comparing overall average removals on a 

volume treated basis meant that the PUR™ and ZeroWater™ filters had very similar (94.6%) 

removals in the Tucson GW, while the Brita™ filter had >80% removal at the same volume. The 

removals of both Brita™ and ZeroWater™ filters were reduced in the CAP water, while the 

PUR™ filter was able to treat only 25% of its MEL. To account for the different volume of water 

treated by each filter, mass loading rejection (MLR) was calculated for each POU as shown in 

eqn (5.1) and illustrated in Figure 5-17. The MLR of the three P-POUs in Tucson GW showed 

that the PUR™ filter had highest mass removal (0.99 mg) followed by the Brita™ (0.74 mg) and 

ZeroWater™ (0.59 mg). However, in the CAP water the Brita™ filter had the most mass removal 

(0.66 mg) closely followed by the ZeroWater™ (0.56 mg) while the PUR™ filters (0.27 mg) early 

stoppage resulted in less than half the mass rejection compared to the other two. The MLR of 

all P-POUs was lower in the CAP water indicating a loss of performance in higher TOC water. 

Mass Load Rejection (mg) = (∑TOrC concentration in influent in mg/L x LIRE) x Volume of water 

treated in L (upto 100% MEL)  --- (5.1) 
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The refrigerator filters were more effective in attenuating TOrCs than pitcher (pour-through) 

filters both in terms of percent removal on an MEL% and overall mass rejection. The LOREs of 

the GE™ and Whirlpool™ filters in the Tucson GW were 98.7% and 99.2% respectively 

compared to 70.7%, 90.6% and 94.9% for Brita™, PUR™ and ZeroWater™ P-POUs. The GE™ R-

POU was able to treat approximately ten times the volume of the P-POUs, while the 

Whirlpool™ filter treated five times as much in the Tucson GW and twice as much in the CAP 

water. In terms of mass load rejection, the GE™ filter was able to remove 7.56 mg of TOrCs in 

the Tucson GW which was more than 7x, 10x and 12x times greater than the PUR™ filter, Brita™ 

filter and ZeroWater™ respectively. The Whirlpool™ R-POU had a slightly greater LORE than the 

GE filter in the Tucson GW but treated only 67% of the volume of water and had a mass load 

rejection of 5.06 mg. Like the P-POUs, both R-POUs were also negatively affected by the CAP 

water with 6.81 and 2.43 mg of mass load rejection achieved by the GE™ and Whirlpool™ R- 

POUs.  
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Figure 5-17. Mass load rejection (mg) of all POUs in two tested waters 

 

5.5. Conclusions 

This study demonstrates that POU devices have the ability to reduce the concentration of a 

diversity of emerging organic chemical contaminants in potable water, complementing the 

removal of metals, inorganics and microbes shown previously(Deshomes et al., 2010, Miles et 

al., 2009, Sato et al., 2011) .Further, they provide an additional barrier to perturbations in the 

distribution system that maybe damaged and have been known to cause contamination in final 

drinking water(Zhong et al., 2012). Thus, the application of POUs may be considered as an 
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additional final barrier in water treatment to provide the highest quality drinking water to 

consumers and to increase public confidence, especially when using impaired source waters 

such as in potable water reuse applications. Certainly the benefits are conditional upon the 

proper maintenance and timely replacement of the POU components as specified by the 

manufacturer. Previous studies have shown a cost effectiveness of POU devices compared to 

installing a centralized unit process to achieve a particular water quality(Quintana et al., 2010); 

however, further cost-benefit analysis is required to understand the life cycle cost and benefit 

of a POU system. In such an evaluation, it should be considered that POU devices can provide 

an additional barrier to contamination that may occur in the distribution system, which cannot 

be protected by centralized treatment. The large increases in sales of POU devices indicates 

that the public at large already feels the need for higher security and improved aesthetics over 

municipal tap water. Considering global water sustainability challenges for water quality and 

quantity, POU devices may lead to a paradigm shift that allows for more appropriate use of the 

highest-quality water versus “service water”.  
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6. Transformation of Polyfluorinated Compounds in Natural waters by 

Advanced Oxidation Processes 

 

6.1. INTRODUCTION 

Per/Polyfluoroalkyl substances (PFAS) are a large group of aliphatic compounds where the 

hydrogens attached to the carbon atom are either partially or fully substituted by a fluorine 

(Buck et al., 2011). This class of chemicals has uniquely desirable properties such as chemical 

stability, thermally labile and hydrophilic-lipophilic tendencies that make them ideal choice for 

use in several commercial applications like stain repellants, fire-fighting foam, non-stick 

cookware and food contact paper (Sinclair et al., 2007, Tao et al., 2008). These properties can 

also prove to be a concern as PFASs are extremely persistent in the environment and thought 

to be ubiquitous all around the globe (Aslam et al., 2003, Senthilkumar et al., 2007, Houtz et al., 

2013).  

Perfluoroalkyl carboxylic acids (PFCAs) are the most widely studied class of PFAS. Several 

researchers have detected their presence in air (Zhang et al., 2010a), water (Quinones and 

Snyder, 2009, Llorca et al., 2012), soil (Gellrich et al., 2012), wildlife (Sinclair et al., 2006) and 

human serum (Zhang et al., 2010b) across the world. PFCAs are also believed to be increasingly 

bioaccumulative with carbon-length and have adverse toxicological effects on wildlife and 

humans (Conder et al., 2008, Latala et al., 2009, Jiang et al., 2012, Stein et al., 2009). With 

increasing study of these compounds, US EPA has established a stewardship agreement with 

major producers of fluorinated materials in the US, this agreement aims to eliminate the 
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production of perfluoro octanoic acid (PFOA) by 2015 (Kannan, 2011, Buck et al., 2011) and to 

reduce the use of longer chain (C>7) PFCAs, as well as PFOA precursors.   PFCAs including 

perfluoro hexanoic acid (PFHxA), PFOA and perfluoro nonanoic acid (PFNA) have been detected 

in wastewater discharge(Loganathan et al., 2007), urban runoff, surface water (Cai et al., 2012) 

and contaminated groundwater (Moody et al., 2003) from a few nanograms/liter to several 

micrograms/liter in specific areas such as fire-fighting training sites. Due to their toxicity and 

presence in water, PFOA and PFNA have been introduced into the USEPAs unregulated 

contaminant monitoring rule 3 (UCMR 3) for regular assessment in water treatment plants. 

Once these PFCAs enter the water they are extremely difficult to attenuate by conventional 

water treatment processes like biodegradation, coagulation and sedimentation (Eschauzier et 

al., 2012, Takagi et al., 2011, Shivakoti et al., 2010). Oxidation processes like chlorination, ozone 

and UV-advanced oxidation (AOP) also seem to have little effect on removal of PFCAs while 

removal by activated carbon depends on water quality, sorbent type and contact time 

(Appleman et al., 2013, Quinones and Snyder, 2009, Eschauzier et al., 2012, Thompson et al., 

2011). High pressure membranes like nanofiltration and reverse osmosis are capable of 

rejecting PFCAs but only succeed in transferring them into a concentrated brine stream 

(Rahman et al., 2014, Appleman et al., 2013). The treatment data indicates that removal of 

PFCAs is a tedious and expensive task and so every effort must be made to prevent their entry 

and formation in water systems. 

 

With freshwater sources rapidly in decline, blending of treated wastewater with groundwater 

and surface water to augment supplies is being implemented in some areas. Along with urban 
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runoff, this is an avenue for PFASs to enter the drinking water sources. Generally, this blended 

water undergoes ‘advanced’ treatment before final use. Several advanced treatment plants use 

an oxidation step like ozone or UV-AOP, which have been shown to attenuate most trace 

organic compounds in water (Rosario-Ortiz et al., 2010, Wert et al., 2009a, Pisarenko et al., 

2012). However, studies have reported that it may be possible to oxidize some PFAS 

compounds into stable PFCAs. Plumlee et al. noticed the formation of PFOA on irradiation (with 

sunlight) of perfluorosulfonamides in the presence of hydrogen peroxide (Plumlee et al., 2009) 

while Houtz et al. reported formation of PFCAs by persulfate induced oxidation of several PFASs 

like perfluoroalkyl phosphate mono and di esters (mono- and di- PAPs). They also reported a 

69% increase in PFCA concentration on oxidation of surface water samples, indicating the 

presence of several potential PFCA precursors in water (Houtz and Sedlak, 2012).  

 

One potential source of PFCA precursors are flurotelomers alcohols (FTOHs), formed by the 

telomerization process and used as raw materials in manufacture of fluorosurfactants (Taniyasu 

et al., 2005). The global production of FTOHs is estimated at 11-14 million kg/yr (DuPont, 2005). 

FTOHs have a low water solubility and are known to oxidize in the atmosphere with 

fluorotelomer carboxylic acids (FTCAs) and unsaturated carboxylic acids (FTUCAs) being 

significant byproducts. Several studies have also demonstrated that FTOHs can be degraded to 

FTCAs which are then rapidly degraded to FTUCAs both biotically and abiotically in soil, 

sediment and sludge (Wang et al., 2009, Phillips et al., 2007). Zhao et al. observed that 6:2 

FTUCA is a major intermediate in the biotransformation of 6:2 FTOH in marine and river 

sediment (Zhao et al., 2013). Dinglasen and colleagues demonstrated that 8:2 FTOH resulted 
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primarily in 8:2 FTUCA on biodegradation in aerobic conditions with a culture obtained from 

sediment and groundwater (Dinglasan et al., 2004). Several metabolic studies suggested as well 

the transformation of FTOHs into FTCAs and FTUCAs in vitro and in vivo models (Fasano et al., 

2006, Martin et al., 2005). Another study suggested that the biotransformation of FTOH and 

FTCA can produce FTUCA in rats and likely other mammals (Hagen et al., 1981). Sinclair and 

Kannan detected 8:2 FTUCA in two wastewater treatment plants in New York while others have 

reported ng/L concentrations of FTUCAs in surface water (Taniyasu et al., 2005) and rainwater 

(Loewen et al., 2005, Scott et al., 2006).  Hence, it is possible that flurotelomer unsaturated 

acids may be present and form in water treatment plants and source waters. 

The aim of this study was to look at the effects of advanced oxidation treatments on 

perfluorinated compounds like fluorotelomer carboxylic acids that are known intermediates in 

the manufacture of several industrial compounds and have been detected in water. Further, 

this research focused on degradation products, specifically the highly persistent and 

bioaccumulative PFCAs. The results of this study will be important in understanding the 

reactions occurring with PFCs in natural waters with advanced oxidation processes in water 

resuse schemes. 

   

6.2. EXPERIMENTAL 

6.2.1. Chemicals & Reagents 

All PFCAs and isotopically labeled standards used in this study were purchased from Wellington 

laboratories (Ontario, Canada). The 6:2 and 8:2 FTUCA standards (>99% purity) were donated 
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by DuPont (Newark, DE). All standards and reagents used were suitable for HPLC analysis. 

Acetonitrile (HPLC grade), ammonium acetate (ACS grade), 30% (wt.) hydrogen peroxide 

solution (ACS grade), and sodium thiosulfate were purchased from Fisher Scientific (Pittsburgh, 

PA) while HPLC grade water was purchased from Burdick & Jackson (Muskegon, MI).  

6.2.2. Test waters 

Surface water (SW) from the Colorado River (collected at Avra Valley, Arizona) and 

groundwater (GW) from the tap in Tucson, AZ were used as test waters. The groundwater was 

dechlorinated by placing the sample in a hood for seven days and measuring the free chlorine 

using a DPD kit with a colorimeter from HACH Corporation (Loveland, CO). The water quality 

parameters for both test waters are indicated in   
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Table 6-1.  Before the experiment, Individual 1 g/L stocks of 6:2 and 8:2 FTUCA were prepared 

in acetonitrile (ACN) and spiked into each water (separately) at approximately  5 µg/L. The 

amount of ACN introduced into the sample was minimal and increased at less then 0.1 mg/L 

while its reaction rate constants with ozone and hydroxyl radical are very low(Yao and Haag, 

1991) and so no effect would be expected in terms of scavenging from the addition of this 

solvent.   

  



207 
 

Table 6-1. Water quality parameters 

Water TOC 

(mg/L) 

UV254 

(cm
-1

) 

SUVA 

(m
-1

 mg
-1

 

L) 

pH Conductivity 

(µS/cm) 

Alkalinity 

(mg 

CaCO3/L) 

Ammonia 

(mg/L) 

Nitrite 

(mg/L) 

Nitrate 

(mg/L) 

Scavenging Rate 

(x10
4
 s

-1
) 

a
 

Tucson 

GW 

0.4 .006 1.5 7.5 530 123 <0.1 <0.01 8.1 4.4 

CAP 

water 

3.2 .054 1.7 8.2 900 130 <0.1 <0.01 1.1 27.8 

a calculations based on (Rosario-Ortiz et al., 2011); kOH-EfOM ~ 1x109 M-1s-1 

 

6.2.3. Ozone experiments  

An ITT Wedeco (Germany) Modular 4 HC bench-scale ozone generator was used to produce a 

dissolved ozone stock solution of approximately 1 mM in HPLC water. To achieve such high 

dissolved ozone concentrations, the generator was cooled to 1˚C using a recirculating chiller. 

The ozone concentration was measured using the Indigo method(Rakness et al., 2010). The 1-L 

samples in polypropylene bottles were diluted with the stock to achieve the desired ozone 

concentrations (2, 4 and 6 mgO3/L). The samples were quenched with 25 mg/L of sodium 

thiosulfate after a twenty-minute reaction time. For O3/H2O2 experiments, a concentrated H2O2 

stock solution (~3,000 mg/L) was added to the sample 30 seconds prior to ozone addition to 

achieve the desired concentration of 3 mg/L. Control samples (without FTUCAs) were also 

analyzed to determine if any PFCAs were formed on ozonation at all ozone and H2O2 doses. 
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6.2.4. UV experiments 

A low-pressure UV (LP-UV) collimated beam apparatus from ITT Wedeco consisting of four 

mercury vapor lamps was used to achieve target doses of 0, 200, 400, 800 and 1600 mJ/cm2. 

The UV fluence was calculated by uridine actinometry using a method similar to previously 

published literature(Jin et al., 2006). A NIST calibrated radiometer was used to measure UV 

irradiance of the lamp. The residence time of the sample to achieve desired irradiances varied 

from 3 to 26 minutes. For UV/H2O2 experiments, 5 mg/L H2O2 was added to the sample 30 

seconds prior to placing it inside the UV apparatus. The actual H2O2 dose was measured by the 

DPD method(Boltz and A., 1983) using a vacu-vial kit from CHEMetrics (Midland, VA).  A 100-mL 

sample in a petri-dish was used for all UV and UV/H2O2 experiments. Samples were quenched 

after twenty minutes with 25 mg/L of sodium thiosulfate.  

6.2.5. PFCA and FTUCA analysis 

Seven PFCAs (C4-C10 chain length), 6:2 FTUCA and 8:2 FTUCA were analyzed by direct injection 

onto a UHPLC-MS/MS.  An 80 µL sample was injected into an Agilent (Palo Alto, CA) 1260 LC 

coupled to an Agilent 6490 tandem mass spectrometer operating in negative electrospray 

ionization mode. Chromatographic separation was achieved using an Agilent Poroshell 120 EC-

C18 (2.1x50 mm, 2.7 µm) column maintained at 30˚C. A gradient separation using a binary 

pump consisting of 5 mM ammonium acetate in water (A) and ACN (B) operating at 400 µL/min 

was performed. An initial gradient of 10% B was maintained for 1 min, followed by a linear 

increase to 55% B at 3 min, further linear increases to 70% B at 8.5 min and 100% B at 9 min 

were used. At 10.5 min, the column was returned to its initial gradient of 10% B followed by a 2 

min equilibration time before the next injection.  
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To minimize PFC contamination in the system, modifications were made to the LC and mass 

spectrometer including replacing all PTFE lines and fittings with stainless steel or PEEK. An 

Agilent ZORBAX Eclipse Plus C-18 (2.1x30 mm) pre-column was placed after the aqueous mobile 

phase and before the aqueous and organic mobile phase mixer to prevent any PFCs that maybe 

present in the solvents. The pre-column was eluted periodically to prevent carryover into the 

samples.  Further, analysis by large volume direct injection prevented the use of solid phase 

extraction (SPE) and minimized sample processing and handling allowing for more accurate 

quantification. The method reporting limits (MRLs) varied from 10-50 ng/L for the PFCAs and 

FTUCAs analyzed. All quantification was performed by isotope dilution technique as detailed 

previously (Vanderford and Snyder, 2006). Multiple reaction monitoring was used with one or 

two transitions for each compound. All data was processed using Agilent MassHunter (ver 6.00) 

software.  

6.3. Results and Discussion 

6.3.1. Ozone Decay Experiments 

Water samples were ozonated at 3 different doses for both water qualities. A concentrated 

ozone stock was prepared by bubbling gaseous ozone with a diffuser into ultra-pure water in a 

specialized liquid-jacketed vessel. The vessel was cooled to 1ºC with ethylene glycol and a 

recirculating chiller. The resulting ozone stock solution was tested for residual ozone 

concentration and found to be >40 mg/L. An aliquot of ozone stock solution was then placed 

into the ozone reaction vessel containing the sample to achieve the desired ozone 

concentration. The ozone residual was tested using the Indigo method every 30 seconds for the 
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first 2 minutes followed by every minute from 3-8 minutes and every 2 minutes from 8-20 

minutes. 

 

The IOD and ozone decay curves were calculated for both waters at the three ozone doses of 

2,4 and 6 mg/L. The IOD for the GW was found to be ~0.8 mg/L while for the SW it was ~1.8 

mg/L. For the SW, the residual ozone concentration after twenty minutes for all doses had 

fallen below 0.8 mg/L after 20 minutes. For the GW, the 4 and 6 mg/L ozone doses had >1 mg/L 

ozone residual on quenching. The ozone demand charts foe SW are shown in Figure 6-1. 

 

Figure 6-1. Ozone demand curves for SW at three ozone doses 
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6.3.2. FTUCA Degradation and PFCA Formation by Ozonation 

The amount of FTUCA degraded increased with increase in ozone concentration (Figure 6-2and 

Figure 6-3). This was seen in both test waters for the 6:2 FTUCA and 8:2 FTUCA. At the highest 

ozone dose of 6 mg/L 91% of [6:2 FTUCA]o and [8:2 FTUCA]o were degraded in the GW while 

82% [6:2 FTUCA]o and 77% [8:2 FTUCA]o were degraded in the SW with a 20 minute contact 

time. On application of the same ozone dose, the amount of 6:2 FTUCA and 8:2 FTUCA 

degraded was greater in the GW compared to the SW. This may be due to the increased organic 

matter present in the SW that competes for O3 and .OH radicals reducing the amount available 

to react with the FTUCA. The scavenging rate of the SW calculated was almost seven times 

greater than the GW, which confirms the greater competition of .OH radicals in the SW. Also, 

studies have shown that increased organic matter in surface waters can enhance ozone 

decomposition by acting as a promoter (Acero and von Gunten, 2000). This observation is 

supported by Lam et al. that found higher dissolved organic carbon (DOC) led to longer half-

lives and lower degradation of parent compounds in oxidation processes (Lam et al., 2003). The 

addition of H2O2 to the ozonation reaction did not enhance the degradation of FTUCAs in the 

GW. In the GW On addition of 3 mg/L of H2O2 to the maximum ozone dose of 6 mg/L, 93% [6:2 

FTUCA]o and 91% [8:2 FTUCA]o were degraded. The amount of FTUCA degraded was higher in 

the SW when ozonation was performed without the presence of hydrogen peroxide. The 

addition of H2O2 to an ozonation reaction accelerates the decomposition of O3 and enhances 

transformation into .OH radicals (Acero and von Gunten, 2000, Wert et al., 2009a). This meant 

less molecular ozone was available to react with the FTUCA in the O3/H2O2 process. The SW 

with O3/H2O2 process yielded the least amount of FTUCA degradation for both the 6-C (58%) 
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and 8-C (57%) chain analogues. A combination of H2O2 initiated decomposition of O3 and 

scavenging rate of organic matter could have been responsible for this phenomenon. There was 

likely no reduction in the GW at highest ozone dose because of ample molecular ozone being 

available due to lack of competition and scavenging by the little organic matter present (TOC: 

0.4 mg/L). However, at the lowest ozone dose of 2 mg/L, greater degradation of both FTUCA 

analogues was seen in the GW. At this dose 53% 6:2 FTUCA was degraded by ozone alone while 

43% was degraded with ozone and hydrogen peroxide. Similarly, 39% of 8:2 FTUCA was 

degraded in the SW with 2 mg/L ozone compared to 29% degradation by O3/H2O2 process. The 

results of both 6:2 FTUCA and 8:2 FTUCA degradation indicate that these compounds react 

more favorably with molecular ozone compared to .OH radicals in natural waters. The 

degradation of both 6:2 and 8:2 FTUCA with ozone and ozone/hydrogen peroxide in SW and 

GW is shown in Figure 6-2and Figure 6-3. 

 



213 
 

 

Figure 6-2. Degradation of 6:2 FTUCA with ozone and ozone/hydrogen peroxide. Results are expressed 
in % of molar transformation 
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Figure 6-3. Degradation of 8:2 FTUCA with ozone and ozone/hydrogen peroxide. . Results are 
expressed in % of molar transformation 

 

Several metabolic studies based on in vivo models as well as in soil degradation experiments 

indicated the possibility of the transformation of the n:2 FTUCAs into the n-C PFCAs equivalent 

(Fasano et al. 2006, Fasano et al. 2009, Kim et al. 2013). These findings led us to measure n-C 

PFCAs as well as n-1-C and n+1-C PFCAs as degradation products of the n:2 FTUCAs during 

ozonation experiments. Ozonation of the n:2 FTUCA led predominantly to the formation of n-C 

length PFCAs  in both the GW and SW tested. The 6:2 FTUCA was transformed into PFHxA while 

no other PFCA was detected. The 8:2 FTUCA was transformed into PFOA with small amounts of 

PFHpA also detected. Hori et al. noticed a similar degradation pathway when 4:2 FTUCA formed 
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perfluorobutyric acid (C3F7COOH) and perfluoropropionic acid (C2F5COOH) on photocatalytic 

decomposition with tungsten trioxide. Interestingly, C2F5COOH was formed at the later stages 

of the reaction which could be from the degradation of C3F7COOH or another less favorable 

degradation pathway of 4:2 FTUCA that requires a large amount of oxidant. Hence, it is possible 

that the formation of PFHpA from oxidation of 8:2 FTUCA follows a similar pathway. Since the 

reaction was quenched after twenty minutes, the formation of PFpeA in the 6:2 FTUCA 

degradation may not have occurred yet due to slower reaction kinetics. It is important to note 

that typical ozone contact times for disinfection in water treatment is 5-20 min (USEPA, 1999) 

and the formation of PFpeA may not be relevant in this regard.  No other PFCAs were detected 

on ozonation of the two FTUCAs in both waters tested. Based on these findings, it would seem 

that an ozonolysis reaction occurs with cleavage at the double bond site of the n:2 FTUCA 

leading to formation of the n-C length PFCA as the dominant product. This is contrary to Houtz 

et al. that noticed that the (n-1)-C PFCA was most commonly formed on persulfate oxidation of 

some other PFC precursors like polyfluoroalkyl phosphate mono and di- esters (mono and di- 

PAPs) and fluorotelomer sulfonates (FtS)(Houtz and Sedlak, 2012). A proposed mechanism 

similar to Gauthier and Mabury is shown in Figure 6-4 (Gauthier and Mabury, 2005).  
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Figure 6-4. Proposed mechanism for conversion of FTUCA to PFCA on oxidation 

 

Consistently with the degradation of FTUCA, the formation of the respective PFCAs increased 

with increasing ozone dose. The amount of PFHxA and PFOA formation with respect to initial 

FTUCA precursor present was greater in the GW compared to SW. Control samples of GW and 

SW (no FTUCA spiked) were ozonated at the three ozone doses with and without addition of 

H2O2 as control experiments. None of the controls showed any PFCAs above the method 

reporting limits.  

In all experiments, the molar yield ratio (Y) of the formation of specific PFCA was calculated 

according to the equation below. 
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                  ( )  
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       (     )                                  
      

Since PFHxA was the only PFCA formed on ozonation of the 6:2 FTUCA, its yield was calculated 

while all other PFCAs had Y = 0%. For the 8:2 FTUCA, a yield was calculated for both PFOA and 

PFHpA. The yield for all PFCAs depended on water quality and addition of hydrogen peroxide. 

The yield for experiments conducted across ozone doses though was relatively constant. In GW, 

the yield ratio of PFHxA on ozonation of 6:2 FTUCA was 48.6±0.8% while yield ratio of PFOA to 

8:2 FTUCA on ozonation was 94.8±4.7%. This indicates that the rate constants are faster for the 

8-C chain reaction mechanism compared to the 6-C chain .On addition of H2O2, the average 

yield ratio of PFHxA/6:2 FTUCA was 40.0±1.9% while the yield ratio of PFOA/8:2 FTUCA was 

79.9±12.3% with O3/H2O2 process. This suggests that the degradation of FTUCAs (and possibly 

any intermediates) is catalyzed faster by molecular ozone compared to hydroxyl radicals in 

water as hydrogen peroxide promotes the faster decomposition of molecular ozone to hydroxyl 

radical leading to less available molecular ozone in the O3/H2O2 process. In SW, average molar 

yield ratio of PFHxA/6:2 FTUCA was 32.6±3.1% and PFOA/8:2 FTUCA was 64.2±1.0% on 

ozonation alone. Thus, lower molar yield ratios were observed in the SW compared to GW for 

both sets of compounds. This is again due to the enhanced scavenging capability of the SW. In 

SW with O3/H2O2 process, the molar yield ratio of PFHxA/6:2 FTUCA was 29.2±0.8% and 

PFOA/8:2 FTUCA was 37.4±7.3%. If the transformation reaction from n:2 FTUCA to n-C PFCA 

was a direct stoichiometric reaction,  when comparing the two water qualities and with and 

without H2O2 conditions, the molar yield ratios would be expected to be constant, This is not the 

case for this experiment, as the molar yields vary in respect of matrix and hydrogen peroxide 
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addition. This observation reaffirms the fact that intermediates are expected to be present in 

the transformation of FTUCA to PFCA in water during ozonation. Interestingly, the increase of 

ozone dose did not have an effect on yields in both water qualities. This could mean that the 

reaction rate of FTUCA and any intermediates is pretty high with molecular ozone even at low 

doses. The lower yield with addition of H2O2 likely indicates that any possible intermediates 

formed are present in greater concentration at the end of this reaction (quenched at 20 min). 

This may be due to the lower availability of molecular ozone and lower reactivity of the 

intermediate with OH radical.  

The molar yield ratio of PFHpA/8:2 FTUCA followed a different trend. In the GW, this ratio was 

1.2±0.1% on ozonation and 6.5±1.2% on O3/H2O2 process. The molar yield ratio in SW was 

4.8±1.0% and 8.1±2.4% with and without H2O2, respectively. The increase in yield on addition of 

hydrogen peroxide could point to a different pathway that is more susceptible to degradation 

by hydroxyl radical. These findings are similar to another study that noticed formation of (n-1)-C 

PFCA during photolytic oxidation of n:2 FTUCA with higher irradiation time (Hori et al., 2007). 

The presence of PFHpA may also be due to trace impurities of other 8-C PFC precursors 

naturally present in the original water sample or matrix. Houtz et al., produced PFHpA on 

persulfate oxidation of 8:2 FtS and 8:2 diPAP in water. This is unlikely though as control 

experiments with both matrices did not yield any PFCA formation on ozonation. Further studies 

on identification of possible intermediates and reaction pathways are required. Also, 

experiments looking at .OH radical consumption in both water matrices with and without 

peroxide will help shed further light on the reactivity of these fluorotelomer compounds with 

regards to oxidation.  
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Figure 6-5. Degradation of 6:2 FTUCA, formation of PFHxA and molar yield ratio 
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Figure 6-6. Degradation of 6:2 FTUCA, formation of PFHxA and molar yield ratio 

6.3.3. UV Photolysis and UV/H2O2 Treatment 

UV photolysis experiments were carried out at four doses by irradiating the sample using a 

collimated beam for the desired time followed by quenching with sodium thiosulfate after 

twenty minutes. Less than 1% degradation of both 6:2 FTUCA and 8:2 FTUCA were observed in 

both water qualities which is in accordance with a previous study from Hori et al. that found 

<7% photo-degradation of 4:2 FTUCA using monochromatic light (254 nm) after 120 minute 

irradiation time (Hori et al., 2007). No PFCA was detected in any UV photolysis experiments in 

either water tested. 
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The 6:2 FTUCA and 8:2 FTUCA showed some degradation on addition of 5 mg/L H2O2 that 

increased with UV dose. The degradation of both 6:2 FTUCA and 8:2 FTUCA were lower than 

those seen in ozone with the highest UV dose producing similar degradation rates to the lowest 

ozone dose at 2 mg/L. The degradation of both FTUCAs was similar in both the GW and SW. For 

the 6:2 FTUCA, degradation was fairly linear as the UV dose was increased while in the case of 

8:2 FTUCA, there was an initial steep degradation rate in the 200 mJ/cm2 dose with a slower 

gradual degradation in other higher doses. This may point to different hydroxyl radical affinities 

for the two precursors. Further studies on the amount of .OH radical available for reaction 

needs to be performed using a probe compound like p-CBA to understand the mechanism 

further. The degradation rates of both precursors at all tested UV doses are presented in Figure 

6-7 and Figure 6-8. 
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Figure 6-7. Degradation of 6:2 FTUCA with UV/hydrogen peroxide. Results are expressed in % of molar 

transformation 

 

Figure 6-8. Degradation of 8:2 FTUCA with UV/hydrogen peroxide. Results are expressed in % of molar 

transformation 

 

The transformation products detected on degradation of 6:2 FTUCA was PFHxA and 

degradation of 8:2 FTUCA led only to PFOA. No PFHpA was detected in the UV samples on 

degradation of 8:2 FTUCA unlike ozone. The molar yield ratio of both the 6:2 FTUCA and 8:2 

FTUCA in GW seem to increase at higher doses. The molar yield ratio of PFHxA/6:2 FTUCA was 

14.1% at 200 mJ/cm2 UV dose and average of 28.9±1.5% at all the higher doses. This could 

indicate that at the lowest dose there was not enough .OH radicals to degrade the 

intermediate(s) formed, hence leading to lesser formation of PFHxA. With increase in UV dose, 

greater .OH radicals are released leading to degradation of the intermediate and formation of 

PFHxA which causes the molar yield ratio to stabilize. The molar yield ratio of PFOA/8:2 FTUCA 



223 
 

was very similar at the two lower doses of 200 and 400 mJ/cm2 (38±0.9%); while it almost 

doubled at 800 and 1600 mJ/cm2 (67±1.3%). This can be explained similar to the previous case 

where greater availability of .OH radicals at higher doses allows the degradation of the 

intermediate to PFOA. Again, the overall molar yields are greater for the 8:2 precursor 

compared to the 6:2 precursor just like ozone which could indicate more susceptibility of the 

longer chain intermediate to oxidation by .OH radicals. Very low molar yield ratios were noticed 

in the SW. The higher scavenging capacity of the SW would lead to this. From this we can 

conclude that the reactivity of intermediate(s) is much lower that organic matter present in 

natural waters. It would also seem that the reaction rate constant with hydroxyl radical of the 

intermediate is lower than the initial precursor because roughly the same amount of 

degradation of precursor is seen in both waters while PFCA formation is significantly lower in 

the SW. The molar yield ratios of the two precursors are shown in Figure 6-9and Figure 6-10. 
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Figure 6-9. Molar yield ratio of PFHxA/6:2 FTUCA by UV/H2O2 
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Figure 6-10. Molar yield ratio of PFOA/8:2 FTUCA by UV/H2O2 

 

6.4. Conclusions 

Both FTUCAs tested in this study were found to undergo degradation on advanced oxidation in 

two water qualities. The major end product formed was PFCA which are known to be persistent 

and bioaccumulative. The n:2 FTUCA dominantly formed the n-C chain PFCA in both water 

qualities on ozonation and UV/H2O2 process. The molar yield ratio of PFHxA/6:2 FTUCA and 

PFOA/8:2 FTUCA were similar with change in ozone dose but varied with UV dose and addition 

of hydrogen peroxide to ozone. The molar yield ratio decreased as 

ozone>ozone/H2O2>UV/H2O2. This may indicate that the FTUCAs tested are more susceptible to 

molecular ozone compared to hydroxyl radical. Lower yields were seen in the water with higher 



226 
 

TOC and greater scavenging capacity. Based on the varying yields in different waters and with 

different treatment processes, the reaction from FTUCA to PFCA is expected to have atleast one 

stable intermediate formed. This study is expected to provide a general overview of oxidation 

of PFC precursors in water treatment. Further work is required to describe possible 

intermediates and pathway mechanisms while studies on molecular ozone and hydroxyl rate 

constants of these precursor compounds is very important.    
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7. Conclusions and Future Research 

With the world’s population expected to exceed eight billion people by 2025 (UNFPA, 2013) 

and over 60% of the world’s population expected to migrate to urban centers by 2030 (UN, 

2005), the strain on existing water resources is like never before. Further, climate change, 

draught and mass anthropogenic pollution of once pristine water sources has increased the 

pressure on water utilities and governing agencies to come up with innovative, cost-effective 

and sustainable technologies to obtain water of high quality (Chowdhury et al., 2013, Delpla et 

al., 2009). With the necessity to find new resources to meet the continuously growing water 

demand of urban areas and ocean discharge of wastewater effluent as well as desalination 

brine becoming a serious issue, water reuse schemes have been propagated throughout the 

world (Florida-Senate, 2009, Gerrity et al., 2013). However, over the last decade, the 

occurrence of trace organic compounds (TOrCs) like pharmaceuticals, pesticides, hormones and 

industrial compounds the environment through wastewater discharge, with some of them even 

passing the downstream drinking water treatment,  has become common knowledge (Kolpin et 

al., 2002a, Focazio et al., 2008, Benotti et al., 2009). Therefore, monitoring and mitigation 

strategies for these contaminants are a great priority to provide safe water, particularly in the 

context of potable water reuse.  

This research aimed to address issues concerning the selection of appropriate indicator TOrCs, 

their occurrence, analytical techniques and attenuation with a view towards water reuse. With 

over 70 million compounds listed on the CAS registry, 82000 registered industrial chemicals and 

3000 pharmaceuticals used in the US alone, it is essential to select the correct compounds to 

monitor in our water systems as looking for ‘everything’ is unfeasible both economically and 
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practically. Chapter 2 detailed different perspectives in selecting an ‘indicator’ list of TOrCs 

while highlighting advantages and limitations of each methodology. However these TOrCs in 

our water systems are often at nanogram per liter level and hence require sensitive, robust and 

reproducible analytical techniques for their monitoring. Chapter 3 illustrated three distinct 

analytical techniques for monitoring a subset of these TOrCs at ng/L levels in several different 

water qualities. The use of each method depends on the final goal that can include desired 

detection limits, sample cleanup and matrix, time of analysis, labor, cost and eco-friendly. A 

comparison of benefits and limitations of each method was also discussed.  

The analysis of these TOrCs, while extremely sensitive can be expensive, time-consuming and 

requires highly skilled operators. With the advent of direct potable water reuse schemes 

around the globe, the need for a real-time screening of process efficacy is critical. Chapter 4 

initially deals with the attenuation of indicator TOrCs by granular activated carbon using rapid 

small-scale column tests in wastewater effluents. Finally, an empirical model is developed using 

bulk organic parameters like UV254 absorbance and total fluorescence as surrogates to estimate 

TOrC removal by a GAC process.  

 Chapter 5 studied the efficacy of five commercially available activated carbon based  point-of-

use devices for attenuation of TOrCs in water. The study showed that these devices are capable 

of attenuating TOrCs, but their efficiency depended on type of treatment technology, water 

quality and amount of water treated. These POUs are a viable option for public concerned with 

presence of emerging organic chemicals in their drinking water quality. The use of oxidation 

processes like ozone and UV-hydrogen peroxide for attenuation of TOrCs in advanced 
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treatment plants with a view towards water reuse is gaining momentum. The final chapter 

looked at the effect of these oxidation techniques on perfluorinated precursor materials used in 

the manufacture of industrial compounds and known to be present in water. It was determined 

that these PFC precursors including fluorotelomer unsaturated carboxylic acids can be 

transformed by oxidation processes into bioaccumulative and persistent perfluorocarboxylic 

acids in natural waters. The reaction pathway suggests that it is possible to form a fair amount 

of PFCAs by employing doses commonly used in most treatment plants. Thus, care must be 

taken in employing oxidation processes in water treatment and potential mitigation strategies 

for transformation by-products like the use of adsorption filters must be considered before full-

scale implementation.  

Based on the work done in this thesis and studies by other investigators working in this field, 

the following recommendations for future research are provided below: 

  The full-scale validation of the empirical models between removal of surrogates like UV254 

absorbance and total fluorescence with TOrC removal by adsorption processes like GAC. 

 The effect of different carbons and EBCT on the empirical models is also another area of 

future research. 

 A mechanistic study of fluorescence removal and its relationship with breakthrough in GAC 

adsorbers is also lacking. 

 A cost-benefit analysis and life-cycle assessment (LCA) to study the true cradle to grave cost 

of employing POU devices for treatment of TOrCs and comparison to full-scale treatment 

utilities. 
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 Further study on the reaction mechanism of PFC precursors like fluorotelomer unstaturated 

carboxylic acids (FTUCAs) and determination of reaction rate constants with ozone and UV-

hydrogen peroxide in water. 

 Identification of unknowns and other transformation products of PFC precursors on 

oxidation in water using time of flight mass spectrometry instrumentation. 

 Study of possible mitigation strategies like adsorption and ion exchange processes for 

FTUCAs and other PFC precursors in water. 
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APPENDIX A. Supporting Information for Chapter 3 
 

A1. Target compounds and use analyzed by conventional SPE-LC-MS/MS 

Compound Use Class 

   

Atrazine Pesticide Pesticide 

Benzophenone UV Blocker Personal Care Product 

Bisphenol A Plasticizer Personal Care Product 

Caffeine Stimulant Personal Care Product 

Carbamazepine Anti-Seizure Pharmaceutical 

N,N-Diethyl-meta-
toluamide (DEET) 

Insect Repellant Personal Care Product 

Dexamethasone Anti-Inflammatory Glucocorticoid 

Diclofenac Anti-arthritic Pharmaceutical 

Diltiazem Antiarrhythmic Pharmaceutical 

Diphenylhydramine Anti-histamine Pharmaceutical 

Fluoxetine Anti-Depressant Pharmaceutical 

Gemfibrozil Anti-Cholesterol Pharmaceutical 

Hydrocortisone (Cortisol) Anti-inflammatory Glucocorticoid 

Ibuprofen Analgesic Pharmaceutical 

Meprobamate Anti-anxiety Pharmaceutical 

Naproxen Analgesic Pharmaceutical 

Norethisterone Contraceptive pill Progestin 

Norgestrel Hormonal Contraceptive Progestin 

Perfluoro butanoic acid 
(PFBA) 

Fluorosurfactant Perfluorinated Compound 

Perfluoro butane 
sulfonate (PFBS) 

Fluorosurfactant Perfluorinated Compound 

Perfluoro decanoic acid 
(PFDA) 

Fluorosurfactant Perfluorinated Compound 

Perfluoro hexadecanoic 
acid (PFHxDA) 

Fluorosurfactant Perfluorinated Compound 

Perfluoro octanoic acid 
(PFOA) 

Fluorosurfactant Perfluorinated Compound 

Perfluoro octane 
sulfonate (PFOS) 

Fluorosurfactant Perfluorinated Compound 

Prednisone Anti-inflammatory Glucocorticoid 

Primidone Anticonvulsant Pharmaceutical 

Simazine Herbicide Pesticide 

Sucralose Artificial Sweetener Personal Care Product 

Sulfamethoxazole Antibiotic Pharmaceutical 

Tris (2-chloroethyl) 
phosphate (TCEP) 

Flame retardant Personal Care Product 

Tris (2-chloropropyl) Flame retardant Personal Care Product 
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phosphate (TCPP) 

Testosterone Androgen Androgen 

Triamcinolone Synthetic corticosteroid Glucocorticoid 

Triclocarban Antibiotic Personal Care Product 

Triclosan Anti-microbial Personal Care Product 

Trimethoprim Antibiotic Pharmaceutical 

 

A2. LC MS/MS target analytes with mass transitions and compound specific parameters 

Compound Precursor 
Ion (m/z) 

Product Ion 
(m/z) 

Fragmentor 
(V) 

Collision 
Energy (V) 

Cell 
Accelerator 
Voltage (V) 

Retention 
Time 
(min) 

ESI Positive 

Caffeine 195.1 138 (110.1) 104 16 (24) 2 3.59 

Caffeine-13C3 198.1 140 104 16 2 3.59 

Trimethoprim 291 261 (230) 75 25 (25) 2 3.73 

Trimethoprim-d3 294 264 75 25 2 3.73 

Sucralose+Na 419 239 (221) 110 15 (15) 2 4.00 

Sucralose-d6 425 243 110 15 2 4.00 

Triamcinolone 395.2 375.1 (225.1) 95 4 (12) 2 4.50 

Primidone 219.3 162.1 (91.1) 70 9 (25) 2 4.25 

Primidone-d5 224 167 70 9 2 4.25 

Sulfamethoxazole 254 156 (92) 80 10 (30) 2 4.66 

Sulfamethoxazole-d6 260 162 80 10 2 4.66 

Meprobamate 219 158 (55) 70 5 (20) 2 4.72 

Meprobamate-d7 226 165 70 5 2 4.72 

Diphenylhydramine 256.2 167.1 (165.1) 60 4 (44) 2 4.88 

Diltiazem 415.2 178 (150) 130 24 (48) 2 4.95 

Hydrocortisone 363.2 327 (120.9) 130 13 (24) 2 5.00 

Prednisone 359.2 171 (147.1) 95 36 (24) 2 4.98 

Simazine 202.1 132 (68.1) 72 16 (36) 2 5.08 

Fluoxetine 310 148 90 5 2 5.17 

Fluoxetine-d5 315 153 90 5 2 5.17 

Carbamazepine 237 194 (179) 120 15 (35) 2 5.17 

Carbamazepine-d10 247 204 120 15 2 5.17 

Dexamethasone 393.2 373.2 (355.2) 87 4 (5) 2 5.22 

TCEP 285 222.8 95 10 2 5.35 

Atrazine 218 176 (174) 140 15 (15) 2 5.49 

Atrazine-d3 221 179 140 15 2 5.49 

DEET 192 119 (91) 110 15 (30) 2 5.53 

DEET-d6 198 119 110 15 2 5.53 

Testosterone 289 109 (97) 115 25 (25) 2 5.68 

Norethistrone 299.2 109.1 (91.1) 104 28 (56) 2 5.75 

TCPP 327 99 (81) 72 16 (70) 2 6.20 

Norgestrel 313.2 91 (77.1) 130 60 (75) 2 6.18 
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Benzophenone 183 105.1 85 10 2 6.38 

       

ESI Negative 

PFOA 412.9 368.9 (169) 86 5 (5) 7 3.03 

PFOA-13C4 416.9 371.9 86 5 7 3.03 

PFDA 512.9 469 102 5 7 3.60 

Gemfibrozil 249.2 121 75 6 7 3.63 

Gemfibrozil-d6 255 121 75 6 7 3.63 

PFOS 498.9 99 (80) 210 50 (50) 7 3.77 

PFOS-13C4 502.9 99 210 50 7 3.77 

Triclocarban 313 160 (126) 110 5 (25) 7 4.67 

Triclocarban-13C6 318.9 159.9 110 5 7 4.67 

Triclosan 289 (287) 37 (35) 75 5 (5) 7 4.70 

PFHxDA 813 769 100 10 7 5.17 

PFBS 298.8 98.9 (80) 133 29 (45) 7 2.42 

PFBA 213 169 60 0 7 0.97 

PFBA-13C4 217 172 50 5 7 0.97 

Ibuprofen 205 161 50 0 7 2.62 

Ibuprofen-d3 208 164 50 0 7 2.62 

Bisphenol A 227 212 (133) 115 11 (19) 7 3.09 

Bisphenol A-13C12 239 224 115 11 7 3.09 

Naproxen 229 170 (169) 55 4 (24) 7 1.83 

Naproxen-13C1d3 233 169 55 24 7 1.83 

Diclofenac 294 250 (214) 75 4 (16) 7 2.52 

Diclofenac-13C6 316 272.1 75 5 7 2.52 

       

()- Qualifier ion 

 

A3. Optimized compound-specific parameters and retention times for LC-MS/MS 

Compound Precursor 
Ion (m/z) 

Product Ion 
(m/z) 

Fragmentor 
(V) 

Collision 
Energy (V) 

Cell 
Accelerator 
Voltage (V) 

Retention 
Time 
(min) 

ESI Positive 

Atenolol 267.1 190.1 (145) 130 15 (20) 2 5.2 

Atenolol-d7 274 190.1 130 15 2 5.2 

Atrazine 218 176 (174) 140 15 (15) 2 7.6 

Atrazine-d3 221 179 140 15 2 7.6 

Benzophenone 183 105.1 85 15 2 8.0 

Benzophenone-d10 183 110 85 15 2 8.0 

Caffeine 195.1 138 (110.1) 104 16 (24) 2 5.7 

Caffeine-13C3 198.1 140 104 16 2 5.7 

Carbamazepine 237 194 (179) 120 15 (35) 2 7.2 
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Carbamazepine-d10 247 204 120 15 2 7.2 

DEET 192 119 (91) 110 15 (30) 2 7.6 

DEET-d6 198 119 110 15 2 7.6 

Diphenylhydramine 256.2 167.1 (165.1) 60 4 (44) 2 7.1 

Diphenylhydramine-d5 261.2 172.1 60 4 2 7.1 

Diltiazem 415.2 178 (150) 130 24 (48) 2 7.0 

Diltiazem-d3 418.2 178 130 24 2 7.0 

Fluoxetine 310 148 90 5 2 7.5 

Fluoxetine-d5 315 153 90 5 2 7.5 

Hydrocortisone 363.2 327 (120.9) 130 13 (24) 2 6.9 

Meprobamate 219 158 (55) 70 5 (20) 2 6.5 

Meprobamate-d7 226 165 70 5 2 6.5 

Norgestrel 313.2 91 (77.1) 130 60 (75) 2 6.2 

Primidone 219.3 162.1 (91.1) 70 9 (25) 2 6.1 

Primidone-d5 224 167 70 9 2 6.1 

Propranolol 260 116 (56) 122 13 (29) 2 6.6 

Simazine 202.1 132 (68.1) 72 16 (36) 2 7.0 

Sulfamethoxazole 254 156 (92) 80 10 (30) 2 6.5 

Sulfamethoxazole-d6 260 162 80 10 2 6.5 

TCEP 285 222.8 95 10 2 7.5 

TCEP-d12 297 232 95 10 2 7.5 

TCPP 327 99 (81) 72 16 (70) 2 8.4 

Testosterone 289 109 (97) 115 25 (25) 2 7.8 

Trimethoprim 291 261 (230) 75 25 (25) 2 5.8 

Trimethoprim-d3 294 264 75 25 2 5.8 

       

ESI Negative 

Benzotriazole 118 90.1 (50) 85 16 (28) 7 6.5 

Benzotriazole-d4 122 94 85 16  7 6.5 

Bisphenol A 227 212 (133) 115 11 (19) 7 7.7 

Bisphenol A-13C12 239 224 115 11 7 7.7 

Clofibric Acid 213 127 80 10 7 7.8 

Diclofenac 294 250 (214) 75 4 (16) 7 8.6 

Diclofenac-13C6 316 272.1 75 5 7 8.6 

Gemfibrozil 249.2 121 75 6 7 9.2 

Gemfibrozil-d6 255 121 75 6 7 9.2 

Hydrochlorothiazide 296 268.9 (204.7) 130 10 (15) 7 5.9 

Ibuprofen 205 161 50 0 7 8.8 

Ibuprofen-d3 208 164 50 0 7 8.8 

Naproxen 229 170 (169) 55 4 (24) 7 8.0 

Naproxen-13C1d3 233 169 55 24 7 8.0 

PFHxA 312.9 268.9  66 5 7 7.4 

PFHxA-13C2 314.9 269.9  66 5 7 7.4 

PFOA 412.9 368.9 (169) 86 5 (5) 7 8.0 

PFOA-13C4 416.9 371.9 86 5 7 8.0 

PFOS 498.9 99 (80) 210 50 (50) 7 9.2 
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PFOS-13C4 502.9 99 210 50 7 9.2 

Propylparaben 179.1 137.1 (92) 80 7 (20) 7 7.7 

Propylparaben-d4 183.1 141.1 80 7  7 7.7 

Triclocarban 313 160 (126) 110 5 (25) 7 9.4 

Triclocarban-13C6 318.9 159.9 110 5 7 9.4 

Triclosan 289 (287) 37 (35) 75 5 (5) 7 9.4 

Triclosan-13C12 299 35 75 5  7 9.4 

       

 

A4. Absolute recoveries of compounds for four different online SPE cartridges tested 

Compound 
SB-Aq (n=5) PLRP-s (n=5) Carbon-X (n=5) 

Phenyl Hexyl 
(n=5) 

Absolute 
Recovery 

(%) 
RSD 
(%) 

Absolute 
Recovery 

(%) 
RSD 
(%) 

Absolute 
Recovery 

(%) 
RSD 
(%) 

Absolute 
Recovery 

(%) 
RSD 
(%) 

Atenolol   8.2 1.2 45.5 2.6 1.3 0.3 12.4 1.2 

Atrazine   91.3 14.1 81.3 7.3 179.4 6.2 67.2 10.5 

Benzophenone   114.5 20 95.9 6.3 41.6 22.5 93.9 20.7 

Benzotriazole   50.7 7.6 111.1 4.3 7.2 1.9 29.6 8.4 

Bisphenol A   74 8.4 73.8 14.9 37.2 17.7 58.3 9.2 

Caffeine   102.4 15.1 87.3 7.6 60.7 18.6 67.2 10.2 

Carbamezapine   85.8 9.4 74.3 3.3 153.9 7.7 96.3 6.5 

Clofibric Acid 92.4 7.3 83.9 4.3 128.5 2.4 75.2 4.1 

DEET   82.9 12.2 72.2 5.4 120.3 5.5 85.9 4.4 

Diclofenac   82.9 1.4 74.5 3.4 26.9 4.4 61.3 3.1 

Diphenhydramine   78.9 9.2 71.9 4.6 19 11.1 70.1 3.7 

Ditiazem   57.7 7.2 56.9 3.6 43 27.9 49 3.5 

Fluoxetine   60.9 12 74.6 1.6 21.6 2.3 29 1.6 

Gemfibrozil   82.8 2 76.8 1.4 46.7 4.6 67.9 4.2 

Hydrocortisone 71.3 1.6 82.9 2.1 52.1 4.5 63 1.9 

Ibuprofen   83.4 7.9 71.4 5.3 63 5.5 62 4.1 

Meprobamate   92.9 16.3 83.4 2.9 158.4 11.4 72.3 11.5 

Naproxen   81.4 5.4 72.3 3.6 18 3.8 63.7 2.5 

Norgestrel 93.4 4.1 90.3 3.4 46.2 7.1 81.9 6.5 

PFHxA 89.4 3.5 82.6 2.2 35 5.7 73.1 7.2 

PFOA   85.4 9.4 80.3 5 15.3 14.6 68 5.7 

PFOS   52.7 3.4 45 1.2 8.6 6.2 38.1 2.2 

Primidone   64.5 5.6 110.3 9 57 39.6 81.8 9.5 

Propylparaben   84.9 2.8 82.5 15.1 18 9.4 64.4 4.6 

Simazine   96.1 8.1 86.8 7.3 166.2 35.6 63.2 4.7 

Sulfamethoxazole   82.1 8.3 79.3 6.7 86.6 12 68.1 12.6 

TCEP   56.5 21.2 78.1 11.6 71.8 8.9 42.5 16.7 

TCPP   121.9 15.4 109.4 9.8 51.4 32.9 91.3 6.4 

Testosterone   96.1 7.7 86.6 4.4 34.9 16.4 85.6 8.6 
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Triclocarban   13 0.2 12.3 0.1 10.5 0.3 12.4 0.3 

Triclosan   10.8 1.3 11.1 0.7 5.5 3.6 7.9 1.1 

Trimethoprim   42.1 7.2 41.6 3.1 54.3 3.9 39.8 3.6 

         

*Hydrochlorothiazide and Propranolol were not analyzed 
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A5. Absolute recoveries of compounds for different loading volume 

Compound 

2 mL (n=4) 2.5 mL (n=4) 3 mL (n=4) 3.5 mL (n=4) 4 mL (n=4) 5 mL (n=4) 
Absolute 
Recovery 

(%) 
RSD 
(%) 

Absolute 
Recovery 

(%) 
RSD 
(%) 

Absolute 
Recovery 

(%) 
RSD 
(%) 

Absolute 
Recovery 

(%) 
RSD 
(%) 

Absolute 
Recovery 

(%) 
RSD 
(%) 

Absolute 
Recovery 

(%) 
RSD 
(%) 

Atenolol  0 0 6.2 0.3 35.2 0.1 49.7 2.2 3.8 0.3 0 0 

Atrazine  16.8 23.5 82.5 5.5 93.1 13.7 95.2 13.7 84.6 7.5 74.5 6.8 

Benzophenone  0.1 0 104.6 8.6 120.5 15.6 122.9 15.4 113 7.2 95.7 20.2 

Benzotriazole  2.2 0.1 0.4 0 13.6 0.8 21.9 1.4 20.7 0.8 0.2 0.1 

Bisphenol A 27.8 5.4 57.7 10.5 68.4 4.4 70.3 5.3 86.4 5.1 66.2 6.4 

Caffeine  4.1 0.1 9.2 0.7 38.2 1.9 69.7 1.2 71.8 1.6 0.1 0 

Carbamezapine  0 0 72.9 3.8 84.3 10.9 83.7 9.6 74.6 5.4 66.1 4.6 

Clofibric Acid 21.1 7.2 64.1 2.2 81.1 8.3 90.3 3.5 82.4 1.5 69.9 3.8 

DEET  0 0 113.1 4.2 128.8 12.8 128.4 12.5 117.9 5.9 108 7.3 

Diclofenac  0.5 0.3 40.5 47.3 86.2 56.7 52.4 64.4 127.8 6.3 118.8 7.1 

Diphenhydramine  25.9 30.6 87 3.6 101.1 13.5 105.7 16.7 92.6 6.9 72.3 16.2 

Ditiazem  0 0 75.2 4.3 82.8 10.5 85.7 11.9 74.6 6.3 54.9 15.8 

Fluoxetine  0.2 0.1 83.3 7.6 80.4 6.1 84 7.3 77.6 12.7 51.9 21.6 

Gemfibrozil  0.6 0.2 86.1 3.5 97.7 11.7 102 13.9 96.2 10 86.2 8 

Hydrocortisone 6.3 1 71.9 3.8 82.3 10.8 83.1 7.9 72.6 6.3 64.5 4.7 

Ibuprofen  0.3 0.2 91.5 11 103.7 16.9 77.2 51.3 92.9 3.7 4.4 2.5 

Meprobamate  0.1 0 5.2 3.4 31.2 1 53.4 1.5 63.5 0.5 61 6.7 

Naproxen  0 0 20.6 1.4 22 3.2 23.1 1.9 22.1 1.3 18.7 2 

Norgestrel 18.6 6.3 80.6 5.6 92.3 7.3 95.2 3.6 86.4 5.7 71.6 8.6 

PFHxA 7.1 0.1 75.7 6.3 83.4 3.6 88.9 6.8 68.2 4.5 56.9 4.1 

PFOA  0.1 0 70.8 3.6 81.7 11.2 80.2 8.6 72.5 5.5 66.4 4.1 

PFOS  7.5 3.2 139.8 15.5 154.8 23.1 141.1 2.7 133.1 2.6 96.3 3.8 

Primidone  30.1 0 0.8 0 31.6 0.9 55.7 4 64.9 2.1 48.4 4.2 

Propylparaben  0.3 0.2 136.9 23 196.8 36.8 197.3 15.8 82 7.3 184.2 15.4 

Simazine  20.4 23.2 78 10.2 58 14.5 30.3 12.6 86.4 5.6 76.8 6.5 

Sulfamethoxazole  16.5 19.7 49.4 6.1 39.5 10.4 21 8.8 72.1 1.8 71.6 9.2 

TCEP  0.3 0.1 145 9.9 159.1 16.8 173.9 8.7 167.2 3.2 170.7 6.6 

TCPP  0.5 0 109.4 36.4 108.7 13.7 108.3 32 128.8 22.4 202.4 39 

Testosterone  0.1 0 80.8 10.5 96.6 14.8 97.5 14.8 90.4 7.2 9.5 3.4 

Triclocarban  0.1 0 106.9 1.1 112.2 2.6 115.7 4.3 120.3 6.1 135.7 19.3 

Triclosan  0.8 0.6 27.7 17.7 32.4 17.6 56.4 19.8 70.2 42.1 82.2 41.1 

Trimethoprim  3 0 8.6 0.3 40.2 2 76.2 3.5 88.5 4.3 47.3 6.3 

             

*Hydrochlorothiazide and Propranolol were not analyzed 
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A5. Absolute recoveries of compounds with different loading flowrate 

Compound 

0.5 mL/min (n=4) 1.0 mL/min (n=4) 1.5 mL/min (n=4) 

Absolute 
Recovery 

(%) 
RSD 
(%) 

Absolute 
Recovery 

(%) 
RSD 
(%) 

Absolute 
Recovery 

(%) 
RSD 
(%) 

Atenolol 20 2.1 2.9 0.1 3.8 0.3 

Atrazine 0.1 0 122.8 17.2 77.6 12.7 

Benzophenone 0.1 0.1 114 2.6 113 7.2 

Benzotriazole 0.3 0.1 23.4 0.8 20.7 0.8 

Bisphenol A 0.1 0 111.3 4.5 121.6 6.3 

Caffeine 7.2 0.6 75.8 5.5 69.8 1.6 

Carbamezapine 0 0 90.5 4.1 74.6 5.4 

Clofibric Acid 0 0 90.1 3.1 108.1 4.8 

DEET 0 0 105.3 5.2 117.9 5.9 

Diclofenac 0.1 0.1 86.1 7.1 127.8 6.3 

Diphenhydramine 0 0 70.6 3.6 92.6 6.9 

Ditiazem 0 0 83.1 5.1 74.6 6.3 

Fluoxetine 0 0 61.1 4 84.6 7.5 

Gemfibrozil 0.1 0 88.1 12.7 83.1 24.7 

Hydrocortisone 0.1 0 89.3 7.9 50.2 4.5 

Ibuprofen 0.4 0.2 85.9 9.1 92.9 3.7 

Meprobamate 0.3 0.1 97.8 6 63.5 0.5 

Naproxen 0.1 0.1 26.1 1.3 22.1 1.3 

Norgestrel 0.2 0 79.2 2.2 31.9 3.4 

PFHxA 0 0 51.3 7 93.2 3.6 

PFOA 0 0 53.8 3.5 72.5 5.5 

PFOS 0 0 37.6 5.1 96.2 10 

Primidone 0.1 0 104.1 3.9 64.9 2.1 

Propylparaben 0.2 0 163.9 6.7 142 7.3 

Simazine 0 0 95.6 4.5 86.4 5.6 

Sulfamethoxazole 0 0 95.9 5.2 72.1 1.8 

TCEP 0.3 0.1 132.9 7.7 127.2 3.2 

TCPP 1.1 0.4 107.9 22 122.8 22.4 

Testosterone 0.1 0 101.9 4.9 90.4 7.2 

Triclocarban 0 0 8.4 1.4 140.3 6.1 

Triclosan 0.3 0 91.4 7 160.2 12.1 

Trimethoprim 9.1 3 77.5 4.1 88.5 4.3 
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APPENDIX B. Supporting Information for Chapter 4 

 
B1. TOrC v UV254 removal 
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B2. TOrC v TF removal 
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APPENDIX C. Supporting Information for Chapter 5 
 

Table 1. Removal of TOrCs by POU devices 

 

Atrazine 

MEL 

(%) 
Brita PUR Zero Water GE Whirlpool 

 
Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 

0 % 
85.6 1.7 95.7 2.3 99.3 0.7 99.6 0.8 99.9 0.1 100.0 0.0 99.9 0.0 100.0 0.0 100.0 0.0 100.0 0.0 

25% 
76.3 3.2 60.8 10.5 95.1 1.4 97.6 0.3 99.8 0.0 98.6 2.0 99.8 0.1 100.0 0.0 100.0 0.0 100.0 0.0 

50% 
65.1 0.9 54.6 1.0 93.4 4.3   90.4 3.3 84.8 3.9 99.9 0.0 100.0 0.0 100.0 0.0 100.0 0.0 

75% 
53.4 3.1 48.1 3.0 85.3 2.3   90.8 4.3 77.4 0.0 99.9 0.0 100.0 0.0 100.0 0.0   

100% 
36.0 3.7 49.7 7.1 71.9 4.0   87.1 8.1 70.7 0.0 99.9 0.0 100.0 0.0 100.0 0.0   

110% 
        86.5 4.7           

125% 
35.5 0.3 42.0 4.9 70.2 8.2       99.9 0.0 97.0 1.8 100.0 0.0   

150% 
31.4 2.3 35.5 2.5         99.9 0.0 96.2 0.8 100.0 0.0   

LIRE 63.3 2.5 61.8 4.8 89.0 2.5 98.6 0.6 93.6 3.2 86.3 1.2 99.9 0.0 100.0 0.0 100.0 0.0 100.0 0.0 
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Sucralose 

MEL 

(%) 
Brita PUR Zero Water GE Whirlpool 

 
Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 

0 % 
70.7 2.7 72.7 3.0 98.2 2.5 97.7 1.8 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 

25% 
59.9 5.4 33.7 10.6 87.7 4.0 91.7 2.7 78.6 5.2 70.1 3.5 100.0 0.0 80.5 1.4 100.0 0.0 83.8 14.7 

50% 
49.5 0.8 28.0 4.1 81.9 9.6   82.8 2.9 52.5 3.4 100.0 0.0 51.9 1.4 100.0 0.0 92.4 10.8 

75% 
35.0 0.3 21.8 1.7 69.7 4.8   84.1 7.0 54.7 0.0 100.0 0.0 48.3 0.0 100.0 0.0   

100% 
28.6 5.6 27.2 1.8 68.9 6.4   79.6 12.1 61.1 1.6 100.0 0.0 34.8 4.7 100.0 0.0   

110% 
        77.1 4.8           

125% 
19.7 1.0 26.3 0.6 65.2 11.6       100.0 0.0 23.6 7.9 100.0 0.0   

150% 
23.1 1.2 0.0 0.0         100.0 0.0 25.4 1.9 100.0 0.0   

LIRE 48.7 3.0 36.7 4.2 81.3 5.5 94.7 2.3 85.0 5.4 67.7 1.7 100.0 0.0 63.1 1.5 100.0 0.0 92.1 8.5 
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Primidone 

MEL 

(%) 
Brita PUR Zero Water GE Whirlpool 

 
Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 

0 % 
67.0 10.2 85.0 2.1 99.1 1.3 97.8 0.5 99.7 0.3 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 

25% 
70.6 2.4 54.6 6.3 91.3 2.5 95.9 0.8 78.5 4.5 63.9 7.3 100.0 0.0 100.0 0.0 100.0 0.0 97.6 4.1 

50% 
60.8 0.7 41.6 1.8 87.4 6.8   83.6 3.6 70.2 2.5 100.0 0.0 88.8 0.4 100.0 0.0 98.9 1.9 

75% 
47.9 3.5 37.0 3.6 78.0 4.7   83.0 9.9 68.4 0.0 100.0 0.0 84.8 0.0 100.0 0.0   

100% 
39.2 2.3 42.5 0.5 77.9 0.3   81.7 12.4 64.3 0.0 100.0 0.0 82.2 1.5 100.0 0.0   

110% 
        79.7 6.7           

125% 
31.9 2.4 35.8 2.3 75.2 9.1       100.0 0.0 63.4 4.0 100.0 0.0   

150% 
33.7 1.3 0.0 0.0         100.0 0.0 60.7 2.7 100.0 0.0   

LIRE 57.1 3.8 52.1 2.9 86.7 3.1 96.9 0.7 85.3 6.1 73.4 2.0 100.0 0.0 91.2 0.4 100.0 0.0 98.8 2.0 
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Trimethoprim 

MEL 

(%) 
Brita PUR Zero Water GE Whirlpool 

 
Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 

0 % 
97.0 0.1 97.0 1.2 97.6 0.2 99.5 0.8 98.5 0.0 99.1 1.3 99.3 0.8 100.0 0.0 99.8 0.0 100.0 0.0 

25% 
95.1 3.1 83.8 6.2 99.8 0.0 98.7 0.2 98.4 0.2 99.2 1.1 100.0 0.0 100.0 0.0 99.8 0.3 100.0 0.0 

50% 
87.6 0.1 78.0 3.8 98.4 1.7   98.0 0.3 97.1 1.9 99.9 0.1 100.0 0.0 99.9 0.2 100.0 0.0 

75% 
77.9 2.1 72.6 0.3 96.4 0.7   96.7 1.4 97.7 0.0 99.7 0.3 100.0 0.0 99.5 0.7   

100% 
66.0 2.3 71.0 3.9 88.5 9.1   96.0 2.6 97.4 1.1 99.7 0.3 100.0 0.0 98.5 2.1   

110% 
        95.8 2.5           

125% 
65.8 1.4 67.3 3.3 86.7 7.0       99.8 0.1 100.0 0.0 99.9 0.2   

150% 
60.6 1.2 57.9 0.2         100.0 0.1 100.0 0.0 100.0 0.1   

LIRE 84.7 1.5 80.5 3.1 96.1 2.3 99.1 0.5 97.5 0.9 98.1 1.1 99.7 0.3 100.0 0.0 99.5 0.7 100.0 0.0 
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DEET 

MEL 

(%) 
Brita PUR Zero Water GE Whirlpool 

 
Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 

0 % 
85.8 0.9 91.0 2.5 96.8 0.4 100.0 0.0 92.5 1.3 98.9 1.5 99.8 0.0 100.0 0.0 100.0 0.0 100.0 0.0 

25% 
82.6 2.3 57.9 6.8 91.4 1.8 98.2 0.2 90.9 2.2 81.8 4.2 99.6 0.2 100.0 0.0 99.9 0.0 99.4 1.0 

50% 
71.6 0.2 48.8 4.1 91.1 2.7   90.1 0.1 75.5 8.0 99.9 0.0 100.0 0.0 100.0 0.0 100.0 0.0 

75% 
57.9 1.3 45.5 0.8 83.3 2.5   91.1 2.2 78.3 0.0 99.9 0.0 100.0 0.0 99.9 0.0   

100% 
41.3 2.4 45.8 5.2 85.2 1.1   89.8 5.3 77.8 0.0 99.9 0.0 100.0 0.0 100.0 0.1   

110% 
        88.3 4.5           

125% 
43.3 0.8 42.0 5.2 84.3 6.0       99.9 0.0 94.0 3.2 99.9 0.2   

150% 
46.5 2.7 37.4 4.2         99.9 0.0 92.8 1.1 100.0 0.0   

LIRE 67.8 1.4 57.8 3.9 89.6 1.7 99.1 0.1 90.9 2.2 82.5 2.7 99.8 0.0 100.0 0.0 100.0 0.0 99.8 0.3 
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PFOA 

MEL 

(%) 
Brita PUR Zero Water GE Whirlpool 

 
Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 

0 % 
66.0 1.6 84.6 1.9 95.6 1.7 92.3 11.8 97.6 0.1 100.0 0.0 99.6 0.1 100.0 0.0 99.7 0.0 100.0 0.0 

25% 
64.8 3.1 64.8 1.0 86.7 1.6 91.0 3.6 97.6 0.0 100.0 0.0 99.6 0.0 55.8 3.4 99.7 0.4 100.0 0.0 

50% 
56.5 2.2 65.1 1.8 81.8 5.9   97.3 0.3 100.0 0.0 99.5 0.1 32.3 2.5 99.0 0.6 100.0 0.0 

75% 
45.5 2.1 64.9 0.5 68.0 3.2   97.3 0.2 100.0 0.0 99.3 0.0 32.8 0.0 98.5 1.6   

100% 
27.4 7.9 62.7 2.2 65.5 3.5   97.8 0.2 100.0 0.0 99.3 0.1 25.8 1.9 97.5 3.1   

110% 
        97.7 0.3           

125% 
27.5 0.6 61.5 1.9 61.7 8.5       99.2 0.0 9.0 1.8 91.1 9.9   

150% 
23.9 0.4 73.1 0.8         98.9 0.0 0.0 0.0 87.2 11.7   

LIRE 52.0 3.4 68.4 1.5 79.5 3.2 91.7 7.7 97.5 0.2 100.0 0.0 99.5 0.1 49.3 1.6 98.9 1.1 100.0 0.0 
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PFOS 

MEL 

(%) 
Brita PUR Zero Water GE Whirlpool 

 
Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 

0 % 
70.0 9.2 82.3 1.3 95.5 1.4 98.6 1.8 96.6 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 

25% 
75.0 5.1 31.1 0.6 92.0 0.7 91.4 7.1 96.3 0.1 100.0 0.0 100.0 0.0 82.1 3.0 100.0 0.1 81.0 13.9 

50% 
61.4 1.9 25.0 8.9 85.8 5.8   96.6 0.1 100.0 0.0 100.0 0.0 55.3 0.9 100.0 0.0 91.2 13.1 

75% 
47.4 5.0 31.1 6.5 75.1 1.9   96.5 0.5 100.0 0.0 100.0 0.1 52.0 0.0 100.0 0.0   

100% 
31.8 0.3 21.1 10.7 75.7 0.1   97.6 0.0 100.0 0.0 99.9 0.1 43.6 2.6 100.0 0.1   

110% 
        96.3 0.2           

125% 
37.0 1.9 17.1 0.3 69.7 12.4       99.9 0.0 27.6 6.4 98.5 2.1   

150% 
30.4 2.9 4.8 5.3         99.9 0.1 24.5 1.7 97.8 3.1   

LIRE 57.1 4.3 38.1 5.6 84.8 2.0 95.0 4.5 96.7 0.1 100.0 0.0 100.0 0.0 66.6 1.3 100.0 0.0 90.7 9.0 
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Estrone 

MEL 

(%) 
Brita PUR Zero Water GE Whirlpool 

 
Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 

0 % 
99.3 1.0 98.2 2.5 100.0 0.0 98.9 0.7 100.0 0.0 100.0 0.0 94.8 1.2 100.0 0.0 99.5 0.3 100.0 0.0 

25% 
97.2 3.7 75.1 8.3 100.0 0.0 99.2 0.9 100.0 0.0 98.4 0.4 96.1 0.6 100.0 0.0 99.9 0.0 100.0 0.0 

50% 
98.5 0.4 68.1 5.6 100.0 0.0   100.0 0.0 97.1 1.5 98.6 0.3 100.0 0.0 99.3 0.9 100.0 0.0 

75% 
84.5 2.5 65.5 0.9 100.0 0.0   100.0 0.0 98.4 0.0 98.5 0.1 100.0 0.0 100.0 0.0   

100% 
68.1 15.1 55.4 5.8 100.0 0.0   100.0 0.0 98.7 0.0 61.3 6.9 100.0 0.0 100.0 0.0   

110% 
        100.0 0.0           

125% 
86.1 9.7 56.4 6.7 100.0 0.0       99.5 0.6 100.0 0.0 99.3 0.9   

150% 
67.7 1.9 51.8 8.5         96.1 0.4 100.0 0.0 99.5 0.7   

LIRE 89.5 4.5 72.5 4.6 100.0 0.0 99.1 0.8 100.0 0.0 98.5 0.4 89.9 1.8 100.0 0.0 99.7 0.2 100.0 0.0 
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Ibuprofen 

MEL 

(%) 
Brita PUR Zero Water GE Whirlpool 

 
Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 

0 % 
82.8 1.4 92.9 2.2 98.9 1.2 100.0 0.0 99.9 0.1   99.5 0.3 100.0 0.0 99.9 0.1 100.0 0.0 

25% 
73.2 3.6 40.6 4.2 92.2 3.8 90.0 0.5 99.9 0.0   99.4 0.2 97.6 1.0 99.8 0.3 90.8 10.4 

50% 
64.2 1.4 36.1 3.5 89.6 6.1   98.6 1.5   99.6 0.1 79.0 0.2 99.8 0.2 96.5 6.1 

75% 
51.7 0.5 33.9 5.6 81.1 3.6   97.4 2.1   99.7 0.1 75.0 0.0 99.8 0.0   

100% 
33.2 3.2 24.7 11.9 77.6 3.4   97.2 1.9   99.7 0.2 72.6 2.8 99.9 0.1   

110% 
        96.7 2.2           

125% 
35.1 0.8 16.5 9.9 76.5 8.1       99.6 0.1 55.1 3.9 99.2 1.1   

150% 
35.8 0.8 8.3 11.7         99.4 0.2 50.8 4.8 98.5 1.4   

LIRE 61.0 2.0 45.6 5.5 87.9 3.6 95.0 0.3 98.6 1.1   99.6 0.2 84.8 0.8 99.8 0.1 95.8 5.5 
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Bisphenol A 

MEL 

(%) 
Brita PUR Zero Water GE Whirlpool 

 
Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 

0 % 
80.6 4.5 91.7 3.4 97.8 3.1 98.6 1.7 95.5 0.3 100.0 0.0 77.2 3.3 100.0 0.0 98.6 0.9 100.0 0.0 

25% 
78.3 6.8 59.2 0.9 96.5 4.9 95.1 1.1 100.0 0.0 98.9 1.5 86.0 7.2 98.7 1.9 96.0 1.7 98.6 1.2 

50% 
71.2 3.8 54.3 2.8 94.6 0.2   100.0 0.0 96.5 0.8 99.2 0.2 100.0 0.0 97.8 0.4 99.3 1.2 

75% 
57.9 0.7 51.3 4.0 87.7 3.7   100.0 0.0 96.9 0.0 98.6 1.8 100.0 0.0 100.0 0.0   

100% 
60.4 21.9 47.5 7.4 86.5 9.4   100.0 0.0 97.1 0.0 95.0 7.0 99.0 1.4 97.2 3.9   

110% 
        100.0 0.0           

125% 
58.8 4.2 44.5 3.4 91.6 11.9       92.4 1.9 98.3 2.4 100.0 0.0   

150% 
28.4 8.1 43.0 8.7         98.0 1.6 96.9 0.2 98.0 1.4   

LIRE 69.7 7.5 60.8 3.7 92.6 4.3 96.9 1.4 99.1 0.1 97.9 0.5 91.2 3.9 99.5 0.7 97.9 1.4 99.3 0.8 

 

  



260 
 

Sulfamethoxazole 

MEL 

(%) 
Brita PUR Zero Water GE Whirlpool 

 
Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 

0 % 
89.0 2.4 88.0 1.1 95.7 0.7 95.6 4.4 99.9 0.2 100.0 0.0 99.8 0.1 100.0 0.0 100.0 0.1 97.9 1.8 

25% 
87.6 5.8 82.1 1.7 93.0 0.7 91.7 3.8 99.8 0.0 100.0 0.0 99.8 0.1 90.7 1.2 99.9 0.0 78.9 15.5 

50% 
68.4 1.9 64.3 0.2 87.6 4.4   88.1 4.1 97.7 3.2 99.8 0.0 63.4 0.8 99.8 0.1 89.4 10.1 

75% 
50.4 1.3 44.1 3.1 78.1 2.4   88.9 5.2 100.0 0.0 99.7 0.1 58.2 0.0 59.4 57.4   

100% 
34.0 6.2 33.0 0.5 74.3 4.6   87.8 7.6 100.0 0.0 99.9 0.1 54.8 2.5 97.3 3.8   

110% 
        87.3 4.5           

125% 
33.0 0.0 26.4 1.3 72.3 11.3       99.6 0.1 39.2 1.1 97.8 1.4   

150% 
28.6 0.4 22.7 3.1         99.5 0.2 34.1 3.6 95.3 6.7   

LIRE 65.9 3.5 62.3 1.3 85.7 2.6 93.7 4.1 92.9 3.4 99.5 0.6 99.8 0.1 73.4 0.9 91.3 12.3 88.7 9.1 
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Fluoxetine 

MEL 

(%) 
Brita PUR Zero Water GE Whirlpool 

 
Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 

0 % 
98.4 0.0 95.8 2.1 99.9 0.1 98.0 1.7 99.8 0.2 100.0 0.0 99.6 0.5 100.0 0.0 99.8 0.3 100.0 0.0 

25% 
94.5 1.3 81.9 6.8 99.2 0.2 96.8 0.3 99.0 0.2 100.0 0.0 99.9 0.1 100.0 0.0 99.8 0.3 100.0 0.0 

50% 
87.7 1.2 72.4 6.1 98.6 0.7   99.5 0.2 97.4 0.7 99.7 0.3 100.0 0.0 100.0 0.0 100.0 0.0 

75% 
75.9 2.5 64.0 2.8 96.3 0.4   99.8 0.1 95.9 0.0 99.6 0.2 100.0 0.0 99.8 0.2   

100% 
63.1 1.9 65.9 6.3 94.9 0.1   99.8 0.3 100.0 0.0 99.7 0.3 100.0 0.0 100.0 0.0   

110% 
        99.7 0.2           

125% 
65.3 0.7 62.6 7.0 94.6 2.2       99.8 0.2 100.0 0.0 99.9 0.1   

150% 
57.4 1.2 58.1 3.6         100.0 0.0 100.0 0.0 100.0 0.1   

LIRE 83.9 1.4 76.0 4.8 97.8 0.3 97.4 1.0 99.6 0.2 98.7 0.1 99.7 0.3 100.0 0.0 99.9 0.2 100.0 0.0 
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Carbamazepine 

MEL 

(%) 
Brita PUR Zero Water GE Whirlpool 

 
Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 

0 % 
93.5 0.2 94.9 2.1 99.6 0.5 100.0 0.0 99.3 0.1 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 

25% 
84.0 2.8 68.6 6.1 97.1 0.8 100.0 0.0 97.2 1.1 93.5 2.8 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 

50% 
74.3 1.8 58.2 6.0 95.8 3.0   94.9 1.2 85.2 2.5 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 

75% 
61.9 2.1 58.4 3.3 90.7 1.7   95.4 1.7 85.8 0.0 100.0 0.0 100.0 0.0 100.0 0.0   

100% 
45.8 3.7 58.2 4.1 88.6 1.9   92.5 4.6 84.8 0.0 100.0 0.0 100.0 0.0 100.0 0.0   

110% 
        92.3 3.8           

125% 
48.7 4.8 51.7 8.8 87.0 5.9       100.0 0.0 100.0 0.0 100.0 0.0   

150% 
41.3 2.4 43.7 5.6         100.0 0.0 100.0 0.0 100.0 0.0   

LIRE 71.9 2.1 67.7 4.3 94.4 1.6 100.0 0.0 95.9 1.7 89.9 1.1 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 
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Nonylphenol 

MEL 

(%) 
Brita PUR Zero Water GE Whirlpool 

 
Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 

0 % 
93.4 9.3 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 

25% 
94.6 1.5 92.3 10.8 91.1 12.1 100.0 0.0 88.0 1.1 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 97.9 3.7 

50% 
97.5 0.0 93.4 9.3 89.1 1.2   90.4 6.1 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 97.3 4.6 

75% 
84.7 3.2 93.1 1.7 96.0 1.3   92.4 0.1 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0   

100% 
88.7 12.8 86.6 6.1 97.7 1.4   95.4 6.4 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0   

110% 
        99.1 1.3           

125% 
86.2 3.6 91.9 1.9 88.3 7.6       100.0 0.0 100.0 0.0 100.0 0.0   

150% 
85.4 1.2 91.7 1.0         100.0 0.0 100.0 0.0 100.0 0.0   

LIRE 91.8 5.4 93.1 5.6 94.8 3.2 100.0 0.0 93.2 2.7 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 98.4 2.8 
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Octylphenol 

MEL 

(%) 
Brita PUR Zero Water GE Whirlpool 

 
Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 

0 % 
96.9 4.4 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 

25% 
100.0 0.0 94.9 7.2 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 99.4 1.0 

50% 
100.0 0.0 94.4 7.9 100.0 0.0   100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 99.3 1.2 

75% 
97.7 3.2 93.5 0.9 94.1 0.3   100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0   

100% 
94.9 7.2 92.9 1.2 100.0 0.0   100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0   

110% 
        100.0 0.0           

125% 
96.5 5.0 88.6 3.6 100.0 0.0       100.0 0.0 100.0 0.0 100.0 0.0   

150% 
82.8 2.1 92.8 3.4         100.0 0.0 100.0 0.0 100.0 0.0   

LIRE 97.9 3.0 95.1 3.4 98.8 0.1 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 99.6 0.7 
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TCEP 

MEL 

(%) 
Brita PUR Zero Water GE Whirlpool 

 
Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 

0 % 
90.1 0.1 86.3 1.3 96.1 0.5 98.6 0.5 95.8 0.1 96.6 4.8 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 

25% 
81.1 2.7 60.9 11.5 93.8 0.8 96.9 0.6 93.9 1.1 77.6 7.3 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 

50% 
71.6 1.8 46.4 5.8 92.4 3.0   91.6 1.1 70.3 7.8 100.0 0.0 96.8 0.1 100.0 0.0 100.0 0.0 

75% 
59.8 2.1 38.7 3.2 87.5 1.6   92.1 1.7 78.4 0.0 100.0 0.1 95.0 0.0 98.8 0.2   

100% 
44.1 3.6 44.8 7.9 84.9 1.8   88.7 4.4 72.0 0.0 99.0 0.2 94.6 0.1 98.6 0.0   

110% 
        88.5 3.7           

125% 
46.9 4.6 37.5 16.3 83.4 5.7       98.8 0.0 79.0 1.0 98.8 1.0   

150% 
39.8 2.3 18.5 4.8         98.4 0.1 90.0 0.0 97.9 0.4   

LIRE 69.3 2.1 55.4 5.9 90.9 1.5 97.8 0.6 92.4 1.7 79.0 4.0 99.8 0.1 97.3 0.0 99.5 0.0 100.0 0.0 
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Table S7.  Overall Removal Efficiency (ORE) and Lifetime Overall Removal Efficiency (LORE) of the filters 

in both water qualities 

MEL 

(%) 
Brita PUR Zero Water GE Whirlpool 

 
Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

Tucson 

GW 
CAP 

 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 
Mean 

SD 

LORE 
70.7 3.2 63.4 4.2 90.6 2.3 38.9 0.6 94.9 1.8 91.6 1.0 98.7 0.4 90.1 1.0 99.2 1.0 59.3 0.2 

0 85.4 3.1 91.6 1.8 98.1 0.9 98.5 1.6 98.4 0.2 99.6 0.4 98.1 0.4 100.0 0.0 99.8 0.1 99.9 0.1 

25 82.2 3.3 64.6 6.5 94.2 2.2 96.0 1.4 94.9 1.0 93.1 1.8 98.8 0.5 94.7 0.7 99.7 0.2 99.7 0.2 

50 74.1 1.2 57.0 4.3 91.7 3.5   93.9 1.6 88.4 2.6 99.8 0.1 86.9 0.4 99.7 0.2 97.1 1.0 

75 61.8 2.2 52.8 2.7 85.5 2.2   94.1 2.3 89.0 0.0 99.7 0.2 85.6 0.0 97.2 3.8   

100 50.2 6.3 51.0 5.6 83.6 2.9   93.2 4.1 87.9 0.2 97.1 1.0 83.4 1.0 99.3 0.8   

110         92.8 2.5           

125 51.1 2.6 46.5 5.3 81.7 7.2       99.3 0.2 75.5 2.2 99.0 1.1   

150 44.8 2.0 39.2 4.5         99.4 0.2 74.5 1.1 98.4 1.6   
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