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Abstract 

The goal of direct potable reuse (DPR) is to ultimately produce compliant water that is suitable for 

drinking purposes in a timely and efficient manor; however, as DPR projects continue to gather 

attention, it raises questions about the monitoring process. With the quickly changing climate, 

water managers and regulators are often left to make decisions based from assumption of risk 

rather than recommendations made from scientific assessments. This dissertation illustrates that 

using a universal bulk organic parameter guideline, like total organic carbon (TOC) measurement, 

is too broad of a surrogate to accurately reflect exposure to small fractions of organics that may be 

harmful or toxic in a given water based upon treatment source and techniques applied. Altogether, 

this dissertation seeks to address the current gaps on evaluating DPR. 

There have been numerous analytical techniques developed throughout the past century to monitor 

the quality of water, with none having the ability to detect and/or quantify the full spectrum and 

composition of organic matter. Therefore, various types of analytical techniques capable of 

illustrating the groups of organic compounds present during and after advanced water treatment 

(AWT) was investigated. Ultimately, the most promising analytical tools investigated were then 

applied in a framework to characterization the organic composition of various DPR trains at 

different locations throughout the world. Data indicates all analytical measurements provide useful 

information about the composition of organic matter, but only certain methods performed proved 

to be effective and timely tools for monitoring water quality of DPR applications. A DPR 

monitoring framework was then proposed based on the data obtain from the DPR trains and local 

drinking water supplies. Briefly, bulk organic parameters are proposed to be analyzed on a 

continuous basis as a surrogate, where the targeted analysis should be applied as an indicator for 
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treatment efficacy. Lastly, non-targeted analysis is proposed as a supplemental tool to illustrate the 

transformation of the water. Of the advanced treatment processes evaluated, which followed 

traditional wastewater treatment, the treatment trains of MF to RO to UVAOP was shown to have 

the greatest reduction of analytical signals for all techniques from the secondary effluent, followed 

by O3 to BAC to GAC treatment trains.  
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Organization 

Chapter 1 provides an overview of the importance of and evolving need for potable reuse and 

the necessity for a timely and effective monitoring framework. 

Chapters 2, 3, 4, and 5 investigated different types of analytical techniques to identify various 

groups of organic compounds throughout advanced treatment of secondary effluent (Bulk, 

Targeted, and Non-Targeted). 

Chapter 6 developed a characterization framework based on chapters 2-5 and applied the 

framework to several DPR trains and proposed a potential monitoring framework. 

Chapter 7 is a post evaluation of the genotoxicity endpoint used in Chapter 6’s characterization 

framework and includes a discussion of different bioassays and the model organisms’ relevance 

to human application. 

Chapter 8 provides a summary of the research conducted, questions it answers, and questions 

that remain. 
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Chapter 1. Introduction  

1.1 Background – Why Potable Reuse 

In modern first-world countries, access to freshwater is an often overlooked human need that 

dictates survival. These water sources support society and are vital for infrastructure, industry, 

and agriculture. Human water demands have had a substantial impact on the availability of 

global freshwater supplies. In water-scarce regions, water demands often exceed available 

surface water resources (Wada, 2016). The World Health Organization approximates that half of 

the world’s population will be under water stressed conditions by 2025 (World Health 

Organization, 2017); and will be negatively impacted by water shortages. Using the ratio of 

withdrawal rates to water supplies, Figure 1-1 illustrates the predicted water stress of countries 

worldwide.  

Additionally, human water consumption has significantly impacted freshwater ecosystems, 

which are among the most endangered ecosystems in the world. As the human population 

expands exponentially and climate change negatively impacts the availability of freshwater, 

finding reliable freshwater resources is imperative (Grant et al., 2012). 
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Figure 1-1. Predicted water stress levels by the World Resource Institute (www.wri.org) 

 One potential method to expanding the human water supply is to look for alternative sources.  

Of the current alternative water supplies available, sources from desalination and potable reuse 

are the most commonly used (Shannon et al., 2008). Traditional desalination is generally a 

process that purifies seawater into drinking water through pressurized reverse osmosis (RO) 

technologies (Shannon et al., 2008). In comparison, potable reuse treats wastewaters to varying 

degrees of quality for many reuse purposes. On average, desalination requires roughly four times 

the amount of energy compared to water reuse processes (Schaum et al., 2015), as shown in 

Figure 1-2. These high energy requirements translate into hefty costs. As noted in a water-energy 

nexus model, energy production also requires water to produce power, further increasing water 

demands (Siddiqi and Anadon, 2011). Additionally, the application of desalination is limited 

geographically; thus, adding costs to import treated seawater to noncoastal locations. The 
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drawbacks of desalination are why potable reuse promises a greater return of alternative 

freshwater supplies.  

 

Figure 1-2. Energy requirements for desalination in comparison to water reuse applications 

– Figure produced based on data from Schaum et al. (2015) 

Modern water reuse involves utilizing wastewater that has gone through a water reclamation 

process. For centuries prior to our modern era of treatment, wastewater had been haphazardly 

treated to remove contaminants to protect both humans and environmental health, but treatment 

efforts varied tremendously. In 1972, the Clean Water Act (CWA) was enacted in the United 

States to regulate water pollutants and the quality of surface waters. Since the CWA, wastewater 

treatment plants (WWTP) are required to achieve a minimum level of water quality for the 

wastewater effluent (WWE) they discharge. However, due to the vastly different sources to most 

WWTPs, there are various grades of effluent produced by WWTPs. Also, the application of 
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WWE differs significantly based on water quality levels, which includes uses for agriculture, 

business, industry, landscape irrigation, recreation, wetland augmentation, and human 

consumption. 

Typically, water reuse treatment applications are defined based on how they are used in respect 

to drinking water and if an environmental component is used; thus, creating two main categories: 

indirect potable reuse (IPR) and direct potable reuse (DPR). IPR incorporates an environmental 

buffer for further purification of WWE before it enters a drinking water treatment plant. The 

main theory behind this method is to allow water to have a contact time on the order of months 

to years with the environment which enables a “natural” purification process (Figure 1-3).  In 

contrast, DPR does not utilize an environmental buffer and instead purifies wastewater into 

drinking water quality that is introduced straight into municipal systems for human consumption. 

Therefore, DPR has a drastically reduced water recycle time, which can take years with IPR in 

comparison to hours or days with DPR. Altogether, both IPR and DPR recycle wastewater into 

EPA compliant water that can be repurposed (Environmental Protection Agency, 2012).

 

Figure 1-3. Flow diagram of a typical indirect potable reuse process 
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1.2 Advanced Treatment Options 

Throughout the development of DPR technology, different types of treatment methods have been 

established and applied at various stages of the purification process. Despite the need of 

advanced technologies to produce DPR water, the primary and secondary treatment for a DPR 

treatment facility is the same as an IPR treatment facility. Thus, advanced technologies can be 

constructed at the end of IPR plants to polish off the water for DPR purposes (Figure 1-4).   

Approximately 32 billion gallons of municipal WWE is produced daily in the United States; 

however, only 7-8 % of that water is currently reclaimed, with 1% being utilized for IPR 

purposes (Bryk, et al., 2011). With such significant variation between wastewater treatment 

plants, including efficacy, mechanism, and cost of different technologies, utilities face 

difficulties when determining which treatment systems are appropriate for producing compliant 

potable water.  In terms of implementing DPR, there are already roughly 15,000 wastewater 

treatment plants in operation in the Unites States producing a steady source for DPR (Seiple et 

al., 2017).    

 

Figure 1-4. Flow diagram of a typical direct potable reuse process 
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Common mechanisms used to purify secondary effluent during DPR are size exclusion, 

oxidation, adsorption, and metabolism (Gerrity et al., 2013). Size exclusion mechanisms include 

techniques like microfiltration (MF), ultrafiltration (UF), and RO, which reject compounds 

greater than their relative pore size. For oxidation techniques, such as ozonation (O3) and UV 

advance oxidation processes (UVAOP), the formation of OH radicals and high energy UV rays 

are relied upon to break the compounds down into smaller structures. Adsorption mechanism like 

granular activated carbon (GAC) retain organic matter through mechanical screening, 

sedimentation, flocculation, interception, and impaction with the carbon resin. Lastly, 

metabolism through biologically activated carbon (BAC) relies on microorganisms suspended on 

carbon media to break down the contaminants. For DPR treatment, MF, RO, UVAOP, O3, GAC, 

and BAC have shown significant promise for treating secondary effluent during DPR treatment 

(Leverenz et al., 2011). 

In addition to the various types of treatment techniques available for DPR, there are also 

numerous ways to arrange these technologies to form an advanced water treatment train 

(AWTT). Some of the most widely applied trains are RO based, consisting of MF to RO to 

UVAOP, and non-RO based trains, usually consisting of O3 to BAC to GAC (Gerrity et al., 

2013). Although the RO based trains have been shown to be more effective at reducing the 

amount of carbon (Gerrity et al., 2013), it is significantly more expensive than the GAC based 

train (Plumlee et al., 2014). Figure 1-5 was published by Plumlee et al. (2014) and demonstrates 

the capitol cost of different water reuse techniques according to desired volume . Altogether, 

both RO and non-RO based trains have been shown to significantly reduce carbon levels by 

degrading or removal through different methods of treatment.   
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Figure 1-5. Evaluation the cost to implement advanced treatment options based on desired 

capacity (Plumlee et al., 2014) 

The biggest disadvantage to using DPR is the absence of a standardized framework to adequately 

monitor the water. Because DPR systems are relatively new, there is no consensus in the 

scientific community about compliant DPR water quality. To screen for organic matter, surface 

waters are analyzed for natural organic matter (NOM), a common bulk parameter to determine 

the quality of water. Although there have been many studies done on the best ways to 

characterize NOM in surface and ground waters, the characterization of wastewater effluent 

organic matter (EfOM) for reclamation/reuse is relatively less studied. This is notable because 

potable reuse utilizes treated wastewater effluent as a source, creating a potentially higher 

concentration of wastewater-derived unregulated organic compounds. Thus, EfOM tends to have 

more diverse characteristics than surface waters, making the effluent more difficult to evaluate. 
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Therefore, traditional monitoring techniques for organic compounds do not fully characterize 

EfOM in water reuse. For example, EfOM can contain soluble microbial products and trace 

organic compounds (TOrCs), such as contaminants of emerging concern (CECs) (Shon et al., 

2006). Thus, an analytical framework for unregulated organic compounds needs to be developed 

to fully gauge the quality of DPR water.   

1.3 Historical Regulations for Potable Reuse  

Many states in the U.S. have established IPR rules; however, the U.S. has no federal regulations 

specific to potable reuse. Despite a lack of regulations, many IPR projects are in operation and 

numerous DPR implementation projects are ongoing. If states are interested in implementing 

potable reuse applications as an alternative water supply, they must develop their own rules and 

guidelines. Although the U.S. does not regulate potable reuse on a federal level, other countries 

have formed their own regulations or follow established regulations. For example, Australia 

created their own guidelines, the Australian Guidelines for Water Recycling, in a two-phase 

effort that started in 2006 (EPA, 2012). Instead of developing their own guidelines, other 

countries, like Singapore, follow the World Health Organization’s Drinking Water Guidelines 

for their potable reuse.  

When monitoring organic composition during potable reuse, many regulators apply bulk organic 

parameters to manage the presence and number of organic contaminants. California, for 

example, uses a limit of 0.5 mg-C/L for direct groundwater injection. Virginia and Georgia have 

chemical oxygen demand (COD) limits of 10 mg/L and 18 mg/L, respectively, for surface water 

augmentation. In the California case, the groundwater recharge TOC requirement is less than 
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TOC concentrations in nearly all drinking water supplies produced by conventional treatment of 

surface waters. In fact, when it was proposed, the value was chosen based on technology 

performance and not based on perceived health effects. Furthermore, regulating to such an 

extremely low TOC level for potable reuse water may necessitate RO treatment without 

necessarily improving the protection of public health since other treatment trains are not capable 

of achieving similar TOC reductions.  

Unregulated organic compounds that are of health concern are generally present at trace levels 

(picogram to nanogram concentrations) in treated wastewater and therefore represent a very 

small fraction of the total organic mass (Escher et al., 2014).  In applying a bulk organic 

measurement like TOC or COD to measure the health risks associated with these trace-level 

organic contaminants, the measurement might represent too broad an array of different 

constituents to accurately reflect the presence and concentration of the trace-level contaminants.  

Research has demonstrated waters with equivalent TOC concentrations having dramatically 

different organic composition and toxicity (Martijn and Kruithof, 2012); therefore, regulating to 

a specific TOC or COD limit may not result in “safer” water, even though being complaint with 

water regulations.  

Currently employed TOC measurement techniques are fallible and potentially misleading when 

standalone. The use of TOC as a measure of the aggregate amount of organic chemical structures 

within water has a long history; however, the intent of TOC measurements has been primarily for 

the quantification of natural organic matter (i.e., humic and fulvic substances) in water and not 

specifically for measuring the organic carbon content of chemical contaminants in water (i.e., 

TOrCs). Thus, there are many questions that remain about regulating potable reuse.  
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1.4 Questions Limiting DPR 

Ultimately, the goal of DPR is to recycle waste water to produce water that is suitable for 

drinking. Thus, purifying wastewater directly into complaint quality water, suitable for drinking 

water or reuse purposes. Three major questions limiting utilities from implementing DPR 

applications are:  

• What parameters are important for regulators to monitor during DPR? 

• Which DPR advanced treatment technologies should be implemented?  

• What constitutes compliant water for DPR purposes?? 

Accordingly, there is a need to investigate if TOC is too broad of a measurement to accurately 

reflect possible exposure to trace amounts of organics that may be harmful or toxic. Moreover, 

use of strict universal TOC limits may drive the use of RO which is problematic due to brine 

disposal issues and costly to implement. Complete characterization of organic compounds, and 

their associated health relevance is not practical, even with the most sophisticated organic matter 

characterization techniques and bioassays. Hence there are, and will remain, a combination of 

known and unknown contaminants in DPR waters. 

1.5 Necessary Tasks for Utilities to Implement DPR 

As more water agencies begin to consider DPR as a local and renewable means to augment water 

supplies, there is a need to identify compliant levels of organics in reuse water. In addition, water 

agencies need methods to identify what surrogates and/or indicators should be employed to 
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demonstrate such safety. An alternative to region-wide TOC limits is to identify readily 

measurable properties of organic matter whose behavior correlates with toxic constituents. 

Below are tasks that water agencies need addressed.   

1. Test scientifically defensible and feasible analytical methods to characterize the organic 

matter. Since source water of DPR applications are more complex than conventional drinking 

water sources, additional characterization is needed to fully understand the organic composition. 

However, methods vary significantly in cost, time, and skill level.  

2. Develop a scientifically defensible and implementable approach to select and monitor 

treatment process combinations to achieve compliant water. DPR trains require combinations 

of processes to produce compliant water. In some cases, one treatment process that effectively 

removes one contaminant may create or increase the concentration of another unfavorable 

compound. Thus, an analytical framework is necessary to determine and monitor DPR 

applications for implementation and regulation.  

3. Provide a sensible definition of compliant potable reuse water. Public perception has always 

been one of the biggest hinderances for DPR to become common practice. Some of that is 

warranted, as the water has been recycled and federal regulations don’t exist. Therefore, it is 

important to demonstrate compliant water based on established supplies to reassure public 

perception.  
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1.6 Goals and Objectives 

This dissertation provides a novel, feasible, and detailed framework to understand how the 

organic composition is attenuated throughout DPR treatment. In this dissertation, analytical and 

biological techniques where investigated and chosen based on their capabilities to contribute to 

the detection of different groups of organic compounds during AWT. Altogether, this 

dissertation investigated how bulk organic parameters serve as a pragmatic operational parameter 

and surrogate to benchmark treatment process performance, targeted analysis serves as an 

indicator to validate operational adjustment, and non-targeted analysis serves as a tool to 

illustrate the transformation of the organic composition throughout AWT. An analytical 

framework was then developed and applied to characterize the organic composition throughout 

DPR treatment trains. Water quality parameters from the DPR effluents were then compared to 

regional drinking water supplies to develop guidelines for a proposed DPR monitoring 

framework. Lastly, bioassays capable of measuring genotoxicity were investigated for their 

relevance to DPR characterizing and monitoring. 

1.7 Potential Impacts of Research 

Chapters 2, 3, 4 and 5 primarily illustrate that each analytical approach offers different 

information about organic composition during AWT. Specifically, Chapter 2 offers data on 

multiple analytical methods capable of monitoring bulk organic parameters to serve as an 

operation parameter for treatment efficacy. These analyses are cheap, fast, and easy to apply as 

an indicator for water quality. Chapter 3 demonstrates two different methods that are capable of 

quantifying known TOrCs and applied multiple bioassays to represent a cellular toxicity 



29 

 

pathway. For Chapter 4, a successful mass balance between the chemical method and the 

bioassay was demonstrated, illustrating their capability of detecting targeted compounds. Chapter 

5 illustrated how unknown compounds within WWEs transform during AWT. Furthermore, 

Chapter 5 shows how waters become statistically different during AWT.  

Chapter 6 characterizes the organic composition of various DPR applications using a developed 

framework. Data collected was used to propose a monitoring framework and to serve as a guide 

for utilities when choosing a treatment train for DPR purposes.  

Chapter 7 illustrates the differences in biological pathways responses to genotoxicity. This 

chapter shows that the p53 pathway may not be sensitive enough to pick up the nitrogenous 

disinfection byproducts formed after UVAOP treatment. Thus, additional research is necessary 

to find the most suitable bioassays for monitoring DPR. 
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Chapter 2. Evaluation of Analytical Techniques to Characterize Bulk Organic 

Parameters during Advanced Water Treatment  

2.1 Abstract 

The most widely applied bulk organic parameters for wastewater include: TOC, dissolved 

organic carbon (DOC), absorption of UV-light, chemical oxygen demand (COD) and 

biochemical oxygen demand (BOD). The purpose of this chapter is to identify which bulk 

organic parameters are the most effective at illustrating the treatment efficacy of AWT. Thus, 

various analytical techniques to measure bulk organic parameters were applied to a RO and a 

non-RO based AWTT. Overall, the results demonstrate the ability of bulk organic parameters to 

act as a surrogate for treatment efficacy, with the RO based train having the greatest reduction in 

responses for all analysis. These methods provided information about the amount of organic 

matter, but do not characterize the organic matter beyond general characteristics. The DOC 

measured for this study showed a consistent trend with the other bulk organic parameters tested. 

The excitation emission matrix (EEM) produced from the fluorescence of various compound 

classes showed the most promise of the techniques since it can distinguish certain organic groups 

from another. Altogether, this study showed the need for more methods to better demonstrate 

specific categories of organic compounds present. Thus, additional analytical techniques may 

provide further insight when analyzing complex water matrices.  

Keywords: Bulk Organic Parameters, Dissolved Organic Carbon, UV Absorbance, Total 

Fluorescence, Excitation Emission Matrix. 
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2.2 Introduction 

2.2.1 Background 

NOM is one of the most widely applied parameter to determine the quality of water. NOM is 

influenced by water type, climate, geology, and topography, creating variability in the 

characteristics and concentration of NOM between different waters  (Fabris et al., 2008; Shi and 

Benjamin, 2008).  Typically, NOM is composed of a wide range of complex organic chemical 

mixtures and is present in all environmental waters. Overall, NOM consists of both hydrophobic 

and hydrophilic compounds, comprised of around 45-55% carbon, 35-45% oxygen, 3-5% 

hydrogen, and 1-4% nitrogen of the total weight, with trace amounts of phosphorus and sulfur 

(Thurman, 1985). The molecular weight of NOM can vary between 200 and 20,000 amu, with 10-

35% of the structure being aromatic (Viessman, et al., 2009).  Briefly, the hydrophobic compounds 

tend to contain aromatic carbons with conjugated double bonds and phenolic structures. Some also 

have carboxylic acid functional groups as well. The hydrophilic compounds tend to contain more 

nitrogenous compounds and aliphatic carbons. For example, hydrophobic compounds tend to 

contain fulvic, humic, alkyl monocarboxylic, and dicarboxylic acids, where hydrophilic 

compounds tend to contain amino acids, carbohydrates, proteins, and sugars. Naturally, 

hydrophilic acids, which can be described as humic substances, account for more than 50% of the 

DOC in water (Jerry A. Leenheer and Jean-Philippe Croue, 2003). Altogether, NOM has been 

demonstrated to be ubiquitous (at different concentrations) in surface waters (Fabris et al., 2008; 

Worrall and Burt, 2007).  
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Bulk organic parameters can provide beneficial information on the general functionality of 

treatment processes and their ongoing performance for removing NOM (Gerrity et al., 2012; Yan 

et al., 2017) . However, performance measures are more complicated than simply measuring the 

TOC; thus, indicators and surrogates have been introduced.  An indicator is “an individual 

chemical occurring at a quantifiable level that represents certain physicochemical and 

biodegradable characteristics of a family of trace organic constituents that are relevant to fate and 

transport during treatment (NWRI, 2012). A surrogate is a quantifiable bulk parameter that can 

measure the performance of a process or operations in removing targeted compounds.  In some 

cases, certain bulk surrogate parameters represent some treatment processes better than others 

(Crook et al. 2013). This chapter will analyze various bulk organic parameters throughout two 

AWTT, choosing fast, cheap and easy to apply practices that won’t require extensive data analysis. 

Thus, this chapter will investigate which bulk organic parameters offers the biggest advantage for 

DPR monitoring purposes.  

2.2.2 Biochemical Oxygen Demand, Chemical Oxygen Demand and Total 

Organic Carbon  

BOD, COD and TOC can characterize the presence or removal of organic compounds by 

quantifying the amount of carbon present. BOD is typically measured by determining the microbial 

oxygen demand for carbon of a sample over 5 days, also known as the BOD5 (Rice, et al., 2017).  

Nitrogenous species are typically not degraded in this timeframe, leaving the analysis to mostly 

quantify the carbonous species.  Briefly, a sample is seeded with bacteria, and the dissolved oxygen 

is measured before and after 5 days of exposure in the dark.  This sample is compared to a blank 

sample to correct for endogenous decay and consumption of oxygen.  Samples are typically diluted 
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as the BOD5 can be greater than 8 mg-O2/L, the saturation point of oxygen in water at 25oC and 

low salt concentration.  The 5-day period is too slow for efficient quantification of carbon in a 

time-dependent DPR system where a response time of hours or minutes are necessary.  In addition, 

as not all compounds are biologically degraded in 5 days, BOD does not account for all the 

carbonaceous species, so the total carbon can be measured through COD or TOC.  Traditionally, 

measuring the COD was determined by measuring the product of an oxidizing agent with the 

organic matter, such as dichromate (Cr2O7
2-) being reduced from chromium VI (Cr6+) to an 

optically active chromium III (Cr3+). With dichromate being a strong oxidizing agent, this 

completely mineralizes all organic carbon species in solution to CO2(g).  As a result, COD does 

not differentiate between biological and inert organic matter, and produces chromium waste, which 

can be difficult to treat. Currently, PeCOD analyzers can measure photocurrent charge from the 

oxidation of organic species to quantify the amount of COD. Since PeCOD analyzers utilize a UV-

activated TiO2 (Titanium dioxide) photo catalyst to oxidize the organic matter, measurements do 

not produce a toxic waste and are non-hazardous.  The TOC, which comprises the sum of the 

particulate and DOC, is typically determined by measuring the amount of carbon dioxide generated 

during oxidation (Drewes et al. 2008). Through acidification to a pH < 2, inorganic carbon can be 

removed by converting all bicarbonate and carbonate ions to carbon dioxide prior to analysis, 

allowing sensitive monitoring of the TOC (Standard Methods 5310 B). In addition, TOC is 

amenable to online monitoring; however, limitations arise because standard TOC procedures, like 

COD, have an inability to differentiate between biologically oxidizable and inert organic matter. 

The TOC will generally be around 10% particulate matter and 90% DOC. Thus, DOC is commonly 

used to represent TOC.  
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2.2.3 Ultraviolet/Visible Spectroscopy and Differential Adsorption  

Some organic compounds, especially ones containing numerous aromatic rings like humic acids 

and fulvic acids, absorb UV light. Figure 2-1 shows UV/Vis spectrum of a humic acid. Using the 

Beer-Lambert Law, the transitions from the ground state to the excited state can be measured, 

allowing for the calculation of specific concentrations. Since chromophores are associated with 

absorbance at different wavelengths, absorption measurements use single and multiple 

wavelengths over an extended spectral range depending on the aims of the study. Usually, a UV 

absorbance of 254 nanometers (nm) (UVA254nm) is applied when predicting aggregate 

concentrations of organic matter; although, any wavelength of 220-280 nm is suitable 

(Bourbonniere, 2009; Chantigny, MH., Angers, DA., Kaiser, K., Kalbitz, 2008). UVA254nm has 

been used as a potential surrogate to measure for DOC despite its tendency to represent only the 

aromatic moieties. In addition, ratios of different wavelengths, such as absorbance at 

254nm/absorbance at 204nm (UVA254nm/UVA204nm), UVA254nm/UVA436nm, UVA250nm/UVA365nm, 

have also been reported to aid NOM characterization. (Chen et al., 1977; Chin et al., 1994; Hur et 

al., 2006; Li et al., 2009; Spencer et al., 2007). For instance, the ratio of UVA253nm/UVA203nm has 

been useful to correlate the potential formation of DBPs (Kim and Yu, 2007). However, there is a 

significant possibility of errors because of the interference at 200 nm by inorganic ions such as 

sulfates or nitrates (Her et al., 2008). Additional information regarding with UVA254nm 

measurement can be found in (Standard Methods 5910 B). 
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Figure 2-1. Example of a UV/vis spectrum for a fulvic acid 

Another well-established method for assessing changes in organic matter composition is specific 

UV absorbance (SUVA). SUVA corrects for carbon present: thus, can be calculated by dividing 

UVA254nm by the DOC concentration and multiplying by 100, as shown below 

    𝑆𝑈𝑉𝐴 = (
UVA254nm

𝐷𝑂𝐶
) ∗ 100                                             EQ (2-2) 

Higher SUVA values indicate the presence of complex organic carbons with aromatic rings. 

Therefore, UV spectra analysis can provide information on organic matter composition and other 

water quality parameters (Bourbonniere, 2009; Weishaar et al., 2003). UV spectra can be applied 

as a surrogate to estimate turbidity and concentrations of TOC, DOC, nitrite, nitrate and ammonia. 

In addition, on-line probes for spectral analysis can be applied for real time monitoring of the 

NOM in water. These optical devices quantify adsorption using a wide-ranging wavelength 
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emission lamp, which passes light through a path length of typically 1, 5, or 10 centimeters (cm) 

before a photodiode array measures the number of photons at each wavelength.  

2.2.4 Fluorescence and Excitation/Emission Matrix Spectroscopy 

In addition to traditional bulk organic parameter measurements, excitation/emission matrix (EEM) 

spectroscopy has emerged as a promising analytical technique to characterize aqueous organic 

constituents. Major benefits of the fluorescence technique include its selectivity and sensitivity. 

Most molecules do not fluoresce; instead, they re-emit the light energy absorbed in the form of 

motion (kinetic energy) or heat (thermal energy). Many naturally-occurring organic compounds 

(humic and fulvic acids, amino acids, proteins, and microorganisms) and anthropogenic organic 

compounds, like TOrCs, will fluoresce.  The total fluorescence (TF) is 10 to 1000 times more 

sensitive than UV spectroscopy (Karoui, 2017). When an excitation spectrum is passed through a 

sample, a fluorescence emission spectrum using a red-shifted peak for high intensity is generated, 

where specific spectral signatures or “fingerprints” of organic matter are represented. Fluorescence 

occurs when a molecule absorbs energy in the form of electromagnetic radiation (in this case 

ultraviolet and visible light) and jumps to the excited state, then re-emitting lower energy light as 

the molecule devolves. Chen et al. (2003) has isolated various excitation/emission regions 

associated with organic compound groups, shown in Figure 2-2.    



37 

 

 

Figure 2-2. Defined excitation and emission wavelength boundaries for five EEM regions 

(Chen, et al. 2003). The fluorescence intensity is proportional to the concentration of 

fluorescent organic matter and the higher the intensity the more fluorescent organic matter 

is present in the samples. 

Water samples are excited at certain wavelengths (200−600 nm), and the fluorescence intensity 

emitted is collected in a certain range (200−650 nm), resulting in a three-dimensional contour plot: 

an excitation, emission, and fluorescence-intensity matrix. By this representation, it is possible to 

localize fluorescence centers related to particular groups of fluorophores, or fingerprints (Baker, 

2001; Belzile et al., 2006; Chen et al., 2003; Sierra et al., 2005; Stedmon and Markager, 2005). In 

a typical river water sample, discrete fingerprints have been identified: tryptophan-like (λEX, 275 

nm; λEM, 350 nm); fulvic-like (λEX, 320–340 nm; λEM, 410–430 nm); and humic-like (λEX, 
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370–390 nm; λEM, 460–480 nm); λEX=excitation wavelengths, λEM=fluorescent emission 

wavelengths  (Baker, 2001). In addition, it is possible to identify different sources, such as sewage 

dominated by tryptophan-like proteins from standard sewage influent (Baker, 2002). Innovative 

mapping procedures for a subset of surrogates or representatives of important chemical classes of 

potential contaminants have been developed based on fluorescence spectroscopy. A 3D EEM 

spectrum can be represented as a contour map just as many topographic maps are, but in these data 

the height of the elevations (intensity of fluorescence) is denoted by variations in color, often 

termed as a contour plot. Figure 3 shows an example of fluorescence from secondary effluent, 

illustrating a high peak in regions II, III and V that yields in a content in aromatic protein, fulvic 

and humic acid-like, respectively. 

 

 

Figure 2-3. Example of an excitation/emission matrix for secondary effluent 
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2.2.5 Objective   

The objective of this chapter is to evaluate various bulk organic parameters to characterize the 

organic composition of water during AWT. Specifically, DOC, UVA254nm, TF, and EEM were 

examined at two different utilities, with each of them having different AWTTs.  

2.3 Experimental 

2.3.1 Utilities and Advanced Water Treatment Trains 

Two different utilities and two different AWTT were investigated in this chapter. The secondary 

effluent at Utility 1 is produced through conventional wastewater treatment processes, relying on 

aerobic biological treatment for nutrient removal. The secondary effluent from Utility 1 goes 

through an AWTT composed of MF, RO, and UVAOP (Figure 2-4). An antiscalent (AWC® A-

110) was added prior to the MF membrane to reduce phosphate scaling and silica fouling (Malki 

and Abbas, 2013). Overall, the AWTT at Utility 1 can produce 2.6 x 105 m3/d (6.8 x 107 GPD), 

which is currently being used for ground water replenishment. 

 

Figure 2-4. Schematic of the AWTT at Utility 1 
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Utility 2 also produces secondary effluent through conventional wastewater treatment processes, 

relying on activated sludge for nutrient removal. The secondary effluent is then fed into a non-

RO based train that utilizes GMF, UF, O3, and BAC (Figure 2-5). Ultimately, this facility 

produces 2.3x105 m3/d (6.0 x 107 GPD) of advanced water for surface water augmentation. The 

first step of the AWTT is UF and GMF to remove most of the pathogens and reduce organic 

matter before it is blended together and ozonated. After O3, the water then passes through BAC 

before going through O3 a second time. Lastly, the water is discharged into a local lake before it 

is processed through one more biofiltration step (BF).   

 

Figure 2-5. Schematic of the AWTT at Utility 2 

2.3.2 Sample Collection and Preparation 

Two grab samples (1L each) were collected in HDPE bottles from the secondary effluents of the 

two WWTPs and from each treatment step in the AWTTs. The samples were collected for 7 

months at Utility 1 and 6 months for Utility 2. Due to diurnal variations of effluents from 

wastewater treatment plant, samples were collected between 8:00 and 10:00 AM for all sampling 

events. Sampling containers were rinsed 3x times with the actual sample before being filled. 

Immediately after filling the bottles, sodium bisulfite was added to each bottle as a quenching 

agent. Samples were placed in an ice-filled cooler and shipped to the laboratory overnight where 
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they were immediately filtered through a glass microfiber filter (GF/F 0.7 μm, Whatman, 

Maidstone, UK) and processed (aliquoted, prepared, and then either extracted or analyzed). 

To measure DOC, inorganic carbon interferences were eliminated by acidifying samples to pH 2 

or less with 160 µL of hydrochloric acid 37%.  

2.3.3 Dissolved Organic Carbon  

The TOC in natural water and wastewater is composed of a variety of different organic compounds 

partitioned in various oxidation states. To determine the quantity of organically bound carbon, the 

organic molecules must be broken down and converted to a single molecule form that can be 

measured quantitatively. TOC can be divided into DOC and suspended organic carbon. DOC is 

the fraction of TOC that passes through a 0.45 µm pore size filter, which normally comprises about 

90% of TOC. Where the fraction retained on the filter is the suspended organic carbon or 

particulate organic carbon. 

DOC measurements of the filtered samples were carried out using a Shimadzu TOC-TN, according 

to the high-temperature combustion method (Standard Method 5310 B). The principle of this 

method homogenizes and dilutes the samples before injection into a heated reaction chamber 

packed with an oxidative catalyst. The water is vaporized, and the organic carbon is oxidized to 

CO2 and H2O. The CO2 from the oxidation of organic and inorganic carbon is transported in ultra-

pure air streams and then measured.  
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2.3.4 UV Absorbance 

Some organic compounds commonly found in natural water and wastewater such as humic 

substances and various aromatic compounds strongly absorb UV light. UV absorption is a useful 

surrogate measurement for selected constituents in water. In particular, UV absorption at a 

wavelength of 254 nm has been associated with the aromaticity and double bonds within organic 

constituents dissolved in water.  

UV absorbance of the filtered samples was measured using a Horiba Aqualog UV-

Vis/Fluorescence spectrophotometer. The UV/Vis spectrum was obtained between 200 to 800 nm 

with an increment of 4 nm, following Standard Method 5910.  

2.3.5 Total Fluorescence and Excitation/Emission Matrix  

Fluorescence spectroscopy is an analytical technique that has been implemented to characterize 

fluorophores of organic constituents in natural water and wastewater (Coble, 1996). Therefore, it 

is a very useful tool to characterize NOM in water. TF is the summation of regionally integrated 

fluorescence intensities within the sample. Recently, TF has been increasingly applied as a 

surrogate parameter, since its reduction has been correlated with TOrCs elimination during various 

physio-chemical water and wastewater treatment processes (Park M, 2018).  
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2.4 Results and Discussion 

2.4.1 Dissolved Organic Carbon 

The DOC concentrations presented in Figure 2-6 denotes the average amount of DOC in mg/L 

entering and exiting the AWTT during sampling campaign. The secondary effluents  are consistent 

with the 6.9 and 9 mg/L averages that Park et al. (2017) recorded at two different WWTPs, and 

the 8 mg/L observed by Saadi et al. (2006). Utility 1 had an average of 2.6 mg/L more DOC in the 

secondary effluent than Utility 2; however, greater DOC removal was achieved in the final effluent 

from Utility 1 (>99%) compared to Utility 2 (82%). Utility 1 had most of the DOC removed after 

RO (Figure 2-7) and Utility 2 had a gradual decrease in DOC after each treatment process (Figure 

2-8). On average, the RO based AWTT at Utility 1 had an average DOC in its final effluent that 

was below detection limits (0.1 mg/L) and the non-RO AWTT at Utility 2 had 0.9 mg/L of DOC 

in its final effluent. As shown in Table A2-1, there was a slight increase in DOC after MF for 

Utility 1, which can be attributed to the addition of anti-scalant before filtration. 
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Figure 2-6. Comparison of DOC (mg/L) levels at the front and end of the AWTTs at Utility 

1 and Utility 2 

 

Figure 2-7. Changes in DOC (mg/L) concentration during AWT at Utility 1 
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Figure 2-8. Changes in DOC (mg/L) concentration during AWT at Utility 2 

2.4.2 UV Absorbance 254nm 

For the UVA254nm measurements, Utility 1 demonstrated higher concentrations of aromatic 

compounds in the secondary effluent, but had a lower concentration in the final effluent (Figure 2-

9). The values observed in the secondary effluent are similar to the 0.14 cm-1 average observed by 

Gerrity et al. (2011). Of the different treatment techniques applied, RO was the most effective step 

(>98%) in removing the organic compounds measured by these techniques (Figure 2-10). A 

reduction of 99% for UV254nm was observed in the final effluent at Utility 1. For Utility 2, O3 was 

the most effective step to reducing the amount of UV254nm by 53% (Figure 2-11). The UV254nm was 

reduced by >94% in the final effluent at Utility 2.  
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Figure 2-9. Comparison of UVA254nm (cm-1) levels at the front and end of the AWTTs at 

Utility 1 and Utility 2 

 

Figure 2-10. Changes in UVA254nm (cm-1) during AWT at Utility 1 
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Figure 2-11. Changes in UVA254nm (cm-1) during AWT at Utility 2 

2.4.3 Total Fluorescence 

The TF measurements at Utility 1 demonstrated higher concentrations of organic matter in the 

secondary effluent, but had a lower concentration in the final effluent (Figure 2-12). Of the 

different treatment techniques applied, RO was the most effective step (>98%) in removing the 

organic compounds measured by this technique (Figure 2-13). A reduction of 99% for TF was 

observed in the final effluent at Utility 1. For Utility 2, O3 was the most effective step to reducing 

the amount of TF by 67% (Figure 2-14) and saw a total removal of >98% after the AWTT.  
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Figure 2-12. Comparison of TF (R.U.nm2) levels at the front and end of the AWTTs at 

Utility 1 and Utility 2  

 

Figure 2-13. Changes in TF (R.U.nm2) during AWT at Utility 1 
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Figure 2-14. Changes in TF (R.U.nm2) during AWT at Utility 2 

2.4.4 Excitation/Emission Matrix 

EEMs can help further characterize the fluorescent signature by identifying different regions of 

dissolved organic matter present at the different sample locations (Byrne, et al. 2000). The results 

can be interpreted using Figure 2-2, which illustrates the excitation and emissions boundaries 

(dashed lines) developed by Chen et al. for five EEM regions (Chen, et al., 2003). For this study, 

EEMs were scaled based on maximum fluorescence intensity measured in the secondary effluents 

of each site. For Utility 1 (Figure 2-15) and Utility 2 (Figure 2-16), the secondary effluents showed 

a strong peak in Regions II, III and V. These correspond to a high content of aromatic fulvic acid-

like and humic acid-like organic matter, respectively. The subsequent MF effluent showed little 
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removal in Regions II and V, but RO significantly rejected organic matter representative of all 

regions, resulting in substantial decrease in fluorescence over the entire wavelength ranges scanned 

for Utility 1. For Utility 2, a small amount of fluorescence removal is seen in Region II after GMF, 

with some decrease observed in Region V after UF. However, most of the removal is seen after 

O3 at Utility 2, with BAC contributing to the removal of fulvic-acid like organic matter. The full 

set of EEM data are presented in Appendix A. 

 

Figure 2-15. EEMs from the April 2017 sampling event at Utility 1 
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Figure 2-16. EEMs from the April 2017 sampling event at Utility 2 

2.4.5 Comparison of Bulk Organic Parameters  

DOC has been one of the most common bulk organic parameter measured and recorded for 

monitoring purposes for the past several decades. As discussed in the introduction, various 

guidelines incorporate DOC for monitoring in the U.S., but there is not a standardized guideline 

to monitor DOC for DPR applications. Of the other bulk organic parameters investigated, 

UVA254nm was the most correlated with DOC removal throughout the AWTTs with a R2 = .93, 

where TF only had a R2 = .75 (Figure 2-17). TF was shown to be more correlated with UVA254nm 

than it was with DOC R2 = .84. For all bulk organic parameters, the RO based train had a higher 

correlation between analysis compared to the non-RO train.  
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Figure 2-17. Correlation of bulk organic parameters throughout both AWTT. A: DOC vs 

UVA254nm, B:DOC vs. TF, and C- UVA254nm vs TF. The blue scatter plot on the left 

represents both treatment trains, were the green and orange on the right represents just 

Utility 1 and Utility 2, respectively.  
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2.5 Conclusion  

As sensitivity and selectivity of analytical methods continue to improve over various techniques, 

they are capable of better characterizing the elemental composition and structural features of NOM. 

Techniques such as pyrolysis gas chromatography-mass spectrometry, nuclear magnetic resonance, 

fourier transform infrared spectroscopy, and fourier transform ion cyclotron resonance mass 

spectrometry can provide valuable data which complement various other NOM characterization 

techniques to further understand the behavior of NOM between wastewater and water treatment 

steps. However, these analytical methods used to gain insight into the composition of NOM are 

historically complex, expensive and time consuming. 

 For monitoring purposes, bulk organic parameters have been historically successful at 

characterizing many different types of water applications. Based on how cheap, easy, and fast it is 

to measure the bulk organic parameters, they are an ideal surrogate to represent treatment efficacy 

of organic compounds present.  This chapter assessed how DOC, UVA254nm, TF, and EEM’s can 

be used to evaluate and demonstrate the efficacy of AWT. Altogether, each analytical method 

provides promise for their ability to monitor DPR processes. The DOC measurements were the 

most prevalent throughout treatment, suggesting it could be the most ideal surrogate for treatment 

efficacy. When compared to the other analytical methods, DOC concentrations during AWT were 

more correlated to the UVA254nm (R2 = .93) than they were to TF (R2 = .75). In addition, TF was 

more correlated to UVA254nm (R2 = .84) than it was to DOC. Since polymers don’t absorb UV254nm 

or fluoresce, DOC was the only analysis that was able to pick up the anti-scalent added before MF.  
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To remove bulk organic parameters for DPR purposes, RO was the most effective treatment 

technique investigated. Altogether, the RO AWTT at Utility 1 reduced more analytical response 

for the different bulk organic parameters did than the non-RO AWTT at Utility 2. The most 

effective technique at removing the bulk organic parameter measurements at Utility 2 was O3; 

however, unlike Utility 1, there is a gradual decrease in bulk organics throughout the non-RO 

based AWTT. Altogether, the analytical signals were reduced at Utility 1 by 93.7%, 98.2%, and 

98.7% for DOC, UVA254nm, and TF, respectively. For Utility 2, DOC, UVA254nm, and TF were 

reduced at Utility 1 by 84.8%, 94.5%, and 98.9%, respectively.  
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Chapter 3. Evaluation of Analytical Techniques to Characterize Targeted 

Organic Compounds during Advanced Water Treatment 

3.1 Abstract 

Within wastewaters, TOrCs, also commonly known as CECs, are composed of a wide range of 

structures and are found in the parts per billion and parts per trillion (ppb-ppt) range in 

wastewater and wastewater influenced systems. At environmentally relevant concentrations, 

adverse effects on wildlife and human health can be observed; thus, TOrCs must be monitored to 

prevent any unwanted health effects. Several different analytical techniques have been developed 

for the monitoring of TOrCs and this chapter aims to asses which types of targeted analysis are 

the most effective at quantifying targeted TOrCs during AWT. Altogether, two different high-

performance liquid chromatography tandem mass spectrometry methods and 5 bioassays were 

applied to characterize the treatment efficacy of two different AWTTs from two different 

utilities. The RO based train was the most effective at reducing the targeted compounds and 

bioactivity detected in its source, but the non-RO train also significantly reduced the number and 

concentrations of TOrCs. The TOrCs concentrations showed a similar trend to the bulk organic 

parameters, with RO and O3 being the most effect steps in the RO and non-RO based trains, 

respectively. Although these methods provided information about the occurrence and 

concentration of targeted TOrCs and their respective bioactivity, they not give any indication of 

the unknown compounds present.  

Keywords: Liquid Chromatography, Triple Quadrupole, Online -Solid Phase Extraction, 

Bioassays, Cellular toxicity pathway.  
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3.2 Introduction  

3.2.1 Background  

Although most organic matter in wastewater comes from NOM, a significant and environmentally 

relevant amounts of TOrCs such as pharmaceuticals, personal care products, and pesticides are 

present in WWE (Tixier et al., 2003). These anthropogenic compounds have also been found in 

potable water sources like rivers and lakes, and also in ground waters through the application of 

WWE for lake/aquifer recharge (Heberer, 2002; Westerhoff et al., 2005). At environmentally 

relevant concentrations, TOrCs in WWE can have adverse effects on wildlife and human health 

(Daughton and Ternes, 1999; Kortenkamp, 2007; vom Saal and Hughes, 2006); thus, there is a 

need to characterize which TOrCs are present in DPR sources and supplies.  

Several different analytical techniques have been developed for the monitoring of selected TOrCs, 

with most consisting of three steps: extraction, separation, and detection. According to Richardson 

and Trent 2012, the most popular techniques used for each analytical step for analyzing aqueous 

samples are solid phase extraction (SPE) for extraction, liquid chromatography (LC) for separation, 

and tandem mass spectrometry for analysis.  In addition to chemical analysis, bioassays have been 

gaining attention for their ability to quantify the presence of TOrC mixtures and matrix effects 

based on biological responses – something targeted analytical measures cannot do.  

3.2.2 Extraction Methods 

Most TOrCs in environmental waters are often at trace concentrations (sub-µg/L or sub-ppb), 

making them difficult to quantify. Many analytical instruments do not have the ability to 
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quantify chemicals at that low of a concentration directly, requiring an enrichment procedure 

prior to analysis. In addition to TOrCs being found at low concentrations, matrix effects from 

environmental samples can often limit ionization due to competition between non-targeted and 

targeted compounds to becoming charged in the analytical instrumentation. The quantification 

process from the LC to mass spectrometer requires that all relevant compound become charged 

through various ionization processes.  When non-targeted compounds are present at greater 

concentrations and/or have a greater affinity for becoming charged compared to the targeted 

compound, the available charge could become exhausted, leaving targeted compounds 

uncharged. In particular, bulk NOM in solution is often at concentrations of mg/L, a level from 

1,000 – 1,000,000 times more concentrated than some TOrCs.  If this is not addressed, matrix 

effects could result in improper data interpretation since the effects can vary substantially 

between matrices, leading to artificially decreased concentrations. Therefore, additional clean up 

steps might be necessary when analyzing pharmaceuticals in the environment.  

Recently, strides have been taken to eliminate the need for conventional solid phase extraction 

(SPE). Since conventional SPE is off-line, it requires the conditioning, loading, drying, and 

eluting steps to be done manually or semi-automatically before the sample is ready to be 

evaporated down and raised in the necessary solvent before instrument injection. This is a high 

work load and often time-consuming; however, only a small fraction of the final extract is 

necessary for analysis. The dominant methods that are likely to replace conventional SPE is on-

line SPE or direct injection, where the extraction is incorporated into the instrument or greater 

volumes are injected to negate the need of extraction, respectively (Anumol et al., 2015; Anumol 

and Snyder, 2014). Another important trend over the past two decades, particularly in 

environmental analysis, is the development of microscale approaches in sample preparation, 
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especially as detection limits and sensitivity are improving dramatically (Richardson and Ternes, 

2014).  

Conventional Solid Phase Extraction 

SPE is by far the most commonly applied technique for enrichment of environmental water 

samples. An SPE cartridge is packed with a sorbent that has a high affinity for the compounds of 

interest. Typically, after conditioning, the sorbent binds the target compounds (often highly 

organic in nature) as the filtered aqueous sample is passed through the cartridge. The sorbent can 

then be washed with an aqueous solution and/or weak organic solvents to remove unwanted 

interferences that have also been retained by the sorbent. Subsequently, the sorbent is dried with 

nitrogen and target compounds are then eluted from the sorbent using strong organic solvents. The 

solvents are chosen to ensure the target compounds have a greater affinity for the solvent than for 

the SPE sorbent by orders of magnitude. The resulting extract is generally concentrated by 

evaporation to a volume of one milliliter or less before analysis.  

Many different SPE sorbents have been manufactured to extract organic compounds using a 

variety of physio-chemical properties. The most commonly used sorbents for environmental 

analysis include standard C18, Oasis Hydrophilic-Lithophilic Balance (HLB), Isolut ENV+, 

Lichrolut EN, and Strata-X. Petrovic (Petrovi et al., 2005) and Hao (Hao et al., 2007) reviewed the 

development of sample preparation and analytical instrumentation for the quantification of 

pharmaceuticals in environmental waters over the past decade, and Hernandez (Hernández et al., 

2007) and Diaz-Cruz (Silvia and Damià Barceló, 2006) also summarized the analytical method of 

quantifying antibiotics from water. Overall, Oasis HLB (hydrophilic–lipophilic balanced, Waters) 
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has been the preferred cartridge since the cartridge can simultaneously extract acidic, neutral and 

basic polar analytes at a wide range of pH values, and can run dry without adversely affecting 

extraction efficiency (Wong and MacLeod, 2009). These properties increase its application to 

extract various classes of pharmaceuticals from environmental waters, including wastewater and 

drinking water (Cahill et al., 2004; Gros et al., 2006; Renew and Huang, 2004; Vanderford et al., 

2003; Yang et al., 2004; Ye et al., 2007).  

In addition to HLB, there have been a few other mixed sorbents with similar ion exchange and 

reversed-phase adsorption properties like mixed mode, strong cation exchange (MCX) and mixed 

mode, strong anion exchange (MAX) cartridges, which have been used to analyze pharmaceuticals 

in water (Kasprzyk-Hordern et al., 2007; Kolpin and Meyer, 2002). Batt et al. reported that MCX 

cartridge recoveries for the majority of their targeted pharmaceuticals ranged between 80% and 

125% (Batt et al., 2008). Unfortunately, the adsorption capabilities of these cartridges are often 

limited by the types of compounds able to be absorbed when compared to the HLB cartridge; thus, 

they might not be efficient enough for large volumes of water or complex environmental matrices. 

Despite which cartridges are used for aquatic sample enrichment, additional steps including 

chromatography for separation and the further mass quantification has the potential to increase the 

quality of the data.  

Many environmental water analyses include the simultaneous detection of a broad range of 

compounds encompassing many different classes and structures. These matrices induce varying 

degrees of suppression and enhancement (Vanderford and Snyder, 2006); thus, matrix effects 

cannot be completely avoided. Different calibration techniques have been applied to compensate 

for the signal suppression or enhancement. Standard addition and isotope dilution appear to be 
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the most two promising methods to correct for matrix effects. Standard addition directly spikes 

in a known quantity of standard into the sample to compare to a matrix-influenced calibration 

curve; however, this is often time-consuming. Isotope dilution spikes in isotopically labelled 

standards (deuterated or 13C-labeled) has become the most preferred method to compensate for 

signal suppression or enhancement, if they are available. These isotopically labelled standards 

behave in essentially an identical manner as their unlabeled forms, with matrix components 

affecting the isotopically labelled chemicals similarly to their unlabeled form. Thus, isotope 

dilution can give an accurate correction for signal suppression/enhancement from matrix type, 

pre-treatment loss, and analysis (Wong and MacLeod, 2009). Currently, most pharmaceutical 

analysis uses isotopically labelled standards for compensation. Each analyte should have an 

isotopically labelled standard for correction; however, isotopically labelled standards are not 

always regularly available for each analyte and are costly, making it more ideal to use one 

labelled standard for a small group of similar compounds. For example, Anumol et al. (2013) 

used two isotopically labelled perfluorinated compounds (PFCs) standards for a group of six 

targeted PFCs. In this situation, standard addition might still be needed (Kloepfer et al., 2005; 

Lindsey et al., 2001). The removal of co-elute components and compensation for matrix effects 

are important issues for analysis of environmental samples and will continue to need further 

advancement to better quantify pharmaceuticals in environmental waters.  

Complexed Solid Phase Extraction 

Matrix effects mainly occur from co-eluting components from SPE procedures. Hernando 

reported that up to 60% of signal suppression occurred for beta-blockers and lipid-regulating 

agents in wastewater using SPE and HPLC-ESI-MS/MS (Hernando et al., 2004). Practically, this 
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could mean that the reported concentration of a particular compound could be underreported by 

40%, placing different interpretations of water quality.  Matrix effects do not only occur in 

complicated water matrices like wastewater samples but have been shown to be just as severe in 

drinking water samples. Ye et al. found up to 74% ion suppression when analyzing four classes 

of antibiotics in chlorinated drinking water extracted with HLB cartridges and injected onto a 

HPLC-ESI-MS/MS, with some chemicals like tylosin experiencing signal enhancement (132%) 

from isotopically labelled standards ionizing differently than the standard (Ye et al., 2007) .  

Various approaches have been applied over the years to try and reduce the impact of matrix 

effects. A fundamental approach is to remove the matrix components responsible for the 

interference prior to MS analysis (Reemtsma, 2003). One way to remove the matrix compounds 

responsible for interference is to apply a two-step extraction to further clean up the sample 

during extraction. For example, Silica or MAX cartridges can be used after HLB cartridges to 

reduce the matrix effect when analyzing antibiotics (Hernando et al., 2004; Jia et al., 2009) and 

glucocorticoids (Jia et al., 2016). For estrogens, florisil cartridges have been used after HLB 

cartridges to enhance the analysis of estrogens (Ingrand et al., 2003). Recently, molecularly 

imprinted polymers (MIP), which are highly specific, were applied as a cleanup step (Zorita et 

al., 2008). In addition to clean up steps with SPE, other matrix effects can be correlated to poor 

chromatographic separation (Kloepfer et al., 2005). Ultra-high performance liquid 

chromatography (UHPLC) can reduce some matrix effects that are observed during HPLC by 

narrowing elution bands (Wong and MacLeod, 2009). Two-dimensional chromatography, such 

as GC×GC, has been applied where the sample underwent two chromatographic separations 

(Pascoe et al., 2001), resulting in detection limits (LOD) comparable to HPLC-MS/MS 

(Matamoros et al., 2010). Diluting the sample can reduce matrix effects; however, it would also 
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increase detection limits and make accurately and precisely quantifying compounds much more 

difficult (Hernando et al., 2004).  

Miniaturized Solid Phase Extraction 

Apart from SPE, the research community’s attention has been drawn towards other sample 

preparation techniques aimed at making the analysis of pharmaceuticals in environmental samples 

more efficient and convenient. For example, reducing the scale of analytical operations as well as 

that of extraction devices, i.e., miniaturization. Many novel microextraction approaches have been 

developed to overcome the disadvantages of conventional liquid-liquid extraction and SPE such 

as the consumption of moderate to large amounts of solvents and reagents, multi-step operations 

and being labour intensive. Among them, the most well received procedures include hollow fiber 

protected liquid-phase microextraction (HF-LPME), dispersive liquid-liquid microextraction 

(DLLME), solid phase microextraction (SPME), and magnetic solid-phase extraction (MSPE). 

3.2.3 Chemical Analysis Techniques 

Separation  

Chromatography is the most widespread technique applied for the separation of pharmaceuticals 

in environmental samples prior to detection. It utilizes two different phases, mobile and 

stationary, to physically separate compounds. Of the different mobile phases, gas and liquid are 

the most applied for environmental water analysis. The early stages of analysing pharmaceuticals 

in environmental samples began with gas chromatography coupled with mass spectrometry (GC-

MS) as the main analytical method (Stan and Herberer, 1994; Stump et al., 1996). This happens 
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to be coincidental with the developmental trends of environmental analytical research at the time. 

It was not until significant strides in the advancement of liquid chromatography, especially 

coupled to a mass spectrometer (MS) with atmospheric pressure ionization (API), that the study 

of pharmaceuticals in environment waters became widely investigated. Altogether, liquid and 

gas chromatography remain the dominant applications for separation.  In general, gas 

chromatography is good for quantifying volatile and some semi-volatile compounds, while liquid 

chromatography is excellent for quantifying semi-volatile and non-volatile compounds. 

Gas Chromatography  

Overall, GC is amenable to most non-polar, thermally stable, and volatile organic compounds – 

allowing quantification of classical persistent organic pollutants (POPs), including compounds 

like polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs) and 

dichlorodiphenyltrichloroethane (DDT) (Liao et al., 2012). Therefore, GC-MS became a 

standard technique applied to measure many environmental pollutants during the 1900’s. Most 

pharmaceuticals are poorly volatilized, typically due to the size and presence of polar groups in 

their structure, which often requires derivatization steps for the quantification by a GC-MS. 

Typically, pharmaceuticals are derivatized through silylation, acylation, or alkylation (Bisceglia 

et al., 2010). The derivatization process allows for compounds to become much more volatile 

through the addition of a trimethylsylil group.  Even today, there are proposed analytical 

methods for pharmaceuticals in water samples using GC combined with MS (/MS), like clofibric 

acid and ibuprofen (Gómez et al., 2007; Samaras et al., 2011). Unfortunately, highly polar 

pharmaceuticals do not work in GC-MS since they do not get fully derivatized (Ternes, 2001). 
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Therefore, the application of GC is limited for quantification of pharmaceuticals since 

pharmaceuticals tend to be polar. 

Liquid Chromatography  

Since most physical and chemical properties largely vary depending on pharmaceutical classes, 

liquid chromatography (LC) has established itself as the primary method for simultaneous 

analysis of polar pharmaceuticals with various structures. The main advancement allowing for 

the analysis of water was the evolution of electron-spray ionization (ESI).  The application of 

LC-MS analysis for pharmaceuticals in environmental waters predominately began during the 

late 1990s. One of the early applications of LC-MS for environmental waters was when Hirsch et 

al (Hirsch et al., 1998) and Ternes et al (Ternes et al., 1998) identified the occurrence of various 

antibiotics in surface waters. As method development to analyse a variety of compounds in 

wastewater and surface water increased during the last couple of decades, the associated 

increases in sensitivity and accuracy has allowed for a wide range of pharmaceutical residues in 

environmental samples to be investigated with LC-MS(/MS) (Hilton and Thomas, 2003). This 

has led to a rapid increase in the number of studies analysing pharmaceuticals in environmental 

waters during the 21st century. Altogether, LC has shown to be a more universal application than 

GC-MS (Buchberger, 2007). 

Complete chromatographic separation is ideal for maximum performance of MS analyzers, 

lowering detection limits and reducing the co-eluted matrix. The most commonly applied column 

for chromatographic separation during high performance liquid chromatography is a C18 column 

(3-5 μm) (Petrovi et al., 2005). In recent years, ultra-high performance liquid chromatography 

(UHPLC) is being rapidly developed. Waters Corp. was the first to develop an UHPLC, with 
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other companies now offering similar systems. Briefly, UHPLC columns use smaller diameter 

particles (1.7 μm) in the stationary phase, allowing for more interactions with target compounds 

and creating very narrow peaks. This allows for greater sensitivity and provides significant 

resolution improvements. Typically, the run time for UHPLC methods can be less than 10 min, 

which is dramatically shorter than the conventional HPLC (30-50 min) (Jia et al., 2009). Thus, 

UHPLC systems can reduce analysis time, volume of carrier solvent, and achieve better 

chromatographic resolution, as well as peak sensitivity.  

The application of UHPLC to environmental samples has dramatically increased in the past 

decade. Batt et al. (Batt et al., 2008) was able to use an UHPLC-MS/MS to analyze 48 

pharmaceuticals and 6 metabolites in wastewater, with the longest retained analyte time less than 

15 min. Petrovic et al. (Petrovic et al., 2006) combined an UHPLC with Q-TOF-MS to screen 29 

pharmaceuticals in wastewater. All the target compounds had good separation within 10 min. 

The sensitivity of an UHPLC was shown to be equal to or greater than conventional HPLC, thus 

it is very efficient for a wide range investigation and high throughput screenings.  

Detectors 

There are various analytical detectors capable of quantifying pharmaceuticals; however, many 

are limited when analysing a complex matrix. Mass spectrometry has become the preferred 

detector for pharmaceutical analysis since the 1970s, when a LC-MS was used to study 

pharmaceutical residues in blood (Henion, 1978). However, it wasn’t until the 21st century, 

when MS, particularly tandem MS combined with HPLC, became the most common instruments 

in the analysis of pharmaceuticals in the environment at trace concentrations (John N. 

Richardson and Aubrey l. Dyer, 2002).  
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Non-Selective 

For certain classes of pharmaceuticals, non-selective detectors, like UV (Himmelsbach and 

Buchberger, 2005; Oka et al., 2000), and diode array/fluorescence (Golet et al., 2001; Santos et 

al., 2005), have been coupled with chromatography to determine the concentration of 

pharmaceuticals in the environment. However, due to the low concentrations of pharmaceuticals 

in the environment (sub-ppb levels), it is difficult for non-selective detectors to be sensitive 

enough for environmental analysis. In addition, the complexity of environmental samples often 

brings large background noise, which greatly interferes with the separation and identification of 

target compounds, resulting in lessened sensitivity (Hernández et al., 2007). Currently, MS is the 

most dominant detector applied for the determination of emerging chemicals in the environment, 

including: pharmaceuticals, personal care products, endocrine disruptors, among others.  

Quadrupoles 

Typical MS detectors are based on quadrupole technology, which consists of four parallel rods 

equally spaced around a central axis. Ion separation is achieved through quadrupole mass 

spectrometers applying an oscillating electric field created by radio frequencies and direct 

current voltages. Thus, at a certain radio frequencies and voltages, only ions of a desired mass to 

charge ratio (m/z) can pass through the quadrupoles to the detector (Figure 3-1) as the other 

compounds have a non-ideal flight path and are removed by the vacuum pump. Quadrupole 

based instruments are considered durable and have relatively large linear calibration ranges; 

however, they are generally low-resolution instruments. Single quadrupole instruments have 

excellent sensitivity but are limited by selectivity since co-eluting compounds are difficult to 
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differentiate within complex environmental matrices, even after they are hyphenated through 

chromatography. When applied to environmental surface waters, Hernandez et al. summarized 

the antibiotic residue levels (Hernández et al., 2007), and Cahill et al.(Cahill et al., 2004) 

evaluated 22 pharmaceuticals with method detection limits averaging 22 ng/L. Overall, the 

sensitivity and selectivity of a single quadrupole brought more uncertainty on the qualification to 

determine target chemicals from environmental matrices since it is only capable of quantifying a 

single mass fragment of information. This ultimately led to invention of a triple quadrupole mass 

spectrometer. 

 

Figure 3-1. Diagram of a typical quadrupole used in mass spectrometry (www.bris.ac.uk) 

Triple-quadrupole mass spectrometers (MS/MS, QQQ or TQP) offer more advantages when 

combined with HPLC or GC in environmental analysis, though they are more costly than single 

quadrupole systems. The QQQ system consists of three main quadrupoles: an initial scanning 

quadrupole (Q1), followed by a radio frequency (RF) collision chamber (Q2), and a final scanning 

quadrupole (Q3). Therefore, the mass spectrometer can be used for a variety of different scan 

modes, including precursor, product and neutral loss scans (Figure 3-2). In terms of environmental 
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analysis of target analytes, the most often used technique is selected reaction monitoring (SRM). 

This mode allows a precursor ion to be selected in Q1, fragmented in Q2, and product ions (charged 

precursor ion fragment) to be selected in Q3. In comparison to a single quadrupole, QQQ 

instruments can help avoid false positive results if at least two ion transitions are used. Due to their 

excellent sensitivity and selectivity, triple quadrupole mass spectrometers are rapidly becoming 

the targeted quantitative technique of choice as the detectors for environmental contaminants. For 

example, LC-MS/MS has been applied to determine the corresponding environmental levels for 

nearly all classes of pharmaceuticals, including analgesics (Gros et al., 2006; Yang et al., 2004; 

Ye et al., 2007), antibiotics (Lindberg et al., 2005; Miao et al., 2004; Vieno et al., 2006), beta-

blockers (Castiglioni et al., 2005; Gros et al., 2006; Nikolai et al., 2006), lipid regulators (Gros et 

al., 2006; Kasprzyk-Hordern et al., 2008), anti-convulsant (Conley et al., 2008; Reemtsma et al., 

2006), X-ray contrast media (Seitz et al., 2006; Vanderford et al., 2003). In December 2007, the 

EPA also published a LC-MS/MS method for 74 pharmaceuticals and personal care products in 

wastewater and sludge samples (method 1694) (Epa, 2007). 

 

Figure 3-2. Diagram of a typical triple quadrupole mass spectrometer 

(www.researchgate.net) 
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Online- Solid Phase Extraction  

The development of on-line SPE has made it possible to process samples in a very short time, 

increasing sample throughput. For on-line technology, the SPE cartridge is installed in the 

injection valve instead of the injection loop; therefore, the pre-concentrated analytes are directly 

eluted onto the analytical column (Buchberger, 2007). By coupling SPE to the LC system with 

column-switch technology, all the traditional evaporation and reconstitution steps can be 

reduced. Rodriguez-Mozaz et al. gave a review on the advantages and limitations of on-line SPE, 

as well as their application for emerging contaminants (Rodriguez-Mozaz et al., 2007). Some of 

the advantages of on-line SPE compared to traditional SPE include smaller required sample 

volumes, reusable cartridges, decreased volume of solvents, decreased time commitment; all 

leading to an overall lower cost for sample processing. Recently, fully automated SPE 

procedures with multi-use cartridges are commercially available, such as the PROSPEKT 

technology with Symbiosis model (Spark). These units are fully automated and are capable of 

running large sample sets (Rodriguez-Mozaz et al., 2007) and have been used for analyzing 

antibiotic residues in wastewater samples (Choi et al., 2007). 

To date, several on-line SPE analytical methods on pharmaceuticals have been published. Galera 

et.al developed a method using on-line SPE and LC-FLD to analyse 5 β-blocker drugs in 

groundwater (Galera et al., 2011), and Pozo et al. utilized on-line SPE-LC-MS/MS to analyses 

16 antibiotics in water by injecting small water samples (9.8 mL) directly onto the system. The 

detection limits were as low as 0.4-4.3 ng/L, with no impact from matrix effects. (Pozo et al., 

2006). Viglino et al. also used online SPE-LC/MS/MS to quantify pharmaceuticals, pesticides, 

and some metabolites in wastewater, drinking water, and surface water. The injection of only 1 

mL was required, with a total analysis time of 20 min and method detection limits ranging from 
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2 to 24 ng/L. At least 200 samples could be analyzed without affecting the performance of the 

pre-concentration column (Viglino et al., 2008). Similar research was conducted by Stoob et al. 

to simultaneously investigate sulfonamide antibiotics and pesticides with surface water samples 

of only 18 mL(Stoob et al., 2005). On-line SPE with renewable sorbents has been described by 

Quintana et al. (Quintana et al., 2006). Recently, Garcia-Ac et al. used Strata-X on-line SPE and 

TOF confirmation to analyze 14 pharmaceuticals in water, with method detection limits (MDLs) 

for all target chemicals between 0.6 to 6 ng/L and 0.4 to 3 ng/L in surface water and drinking 

water, respectively (Garcia-Ac et al., 2009). A new trend in environmental analytical chemistry 

with the development of modern analytical technology is to simultaneously determine various 

classes of chemicals by early-warning or on-site monitoring. On-line SPE methodology will play 

an important role for trace analysis of pharmaceuticals in the future. 

Direct Water Injection  

Conventional injection volumes for LC-MS and GC-MS are usually below 5μL due to the limit 

of volume expansion into the liner (GC) and matrix effect or peak quality for LC-MS. 

Conventional sample preparation usually involves a very large enrichment (e.g. 100-2000 fold) 

due to the low concentration (ng/L) levels of most target compounds in environmental waters. 

Large volume injection has certainly shortened part of the sample preparation procedure, which 

has led to an increase in the instrument sensitivity, lowered detection limits, along with a 

decrease in the investment of time, labour and cost. For GC systems, large volume injection can 

be achieved by using programmable temperature vaporization and retention gap, or solvent re-

condensation to process the expanded solvents. The GC injection volume can be increased from 

1-2μL to 20μL (Carpinteiro et al., 2012; Schmarr et al., 2011; Walorczyk, 2011). For LC, simple 
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large volume injection can be achieved by inserting a larger sample loop, as well as optimizing 

the solvent composition of the injection sample extracts to be similar to the initial mobile phase. 

Large volume LC injections can range from 100 to 200μL of sample being directly injected onto 

the column, compared to conventional MeOH injections of less than 5μL. This increase in 

injection volume can increase the ion sensitivity by 20-100 fold (Kowal et al., 2012; 

Medvedovici et al., 2011). As discussed previously, on-line SPE is another powerful way to 

achieve large volume injection, since the samples can be directly injected into the LC-MS/MS 

(Busetti et al., 2012; Regueiro et al., 2011). Therefore, samples go through two-coupled 

“column” separations, on- line SPE cartridge as the first column and LC analytical column as the 

second column. Target compounds of varying polarity, as well as the sample matrix, can achieve 

good separation during the flow of the mobile phase, saving time and money compared to from 

off-line, while avoiding matrix effects. 

3.2.4 Bioassays Applications  

Although there are numerous advantages for using chemical analysis to detect pharmaceuticals in 

aquatic samples, there have been limitations when considering the full range of pharmaceuticals 

that might occur in some environmental waters. First, it is not feasible for analytical chemistry 

methods to look for all the pharmaceuticals that might be present in an environmental water 

sample based on the number and ever growing number of compounds (Snyder, 2014). Second, 

analytical techniques cannot account for the mixture or synergistic effects of compounds within 

the same sample. Last, there are difficulties with the detection of all the potential bioactive 

transformation products formed from pharmaceuticals (Keiter et al., 2006). Thus, bioassays have 
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been adopted to determine the presence of classes of pharmaceuticals in environmental samples 

by measuring biological endpoints specific to the said classes of pharmaceuticals.  

Typically, bioassays are separated into two categories based on the test subject being exposed, in 

vivo, which exposes whole organisms, and in vitro, which exposes cells/tissue in a laboratory 

setting. Both bioassays have been used to screen for endocrine active pharmaceuticals in 

environmental samples (Hemming et al., 2001; Kunz et al., 2015). Some studies have shown 

great correlation between bioassays and chemical analysis when looking at certain biological 

endpoints and mixture effects that pharmaceuticals exhibit (Jia et al., 2016; Leusch et al., 2009). 

Historically, in vivo bioassays were predominately used to monitor environmental toxicity; 

however, in vitro bioassays are the most common biological technique used today for 

environmental toxicity testing (Collins et al., 2008).  

In vivo Bioassays  

For the past several decades, in vivo bioassays have been used to test environmental samples for 

potential toxicity (Fernández-Alba et al., 2002; Hoeger et al., 2004; Hooftman and Vink, 1981; 

Klekowski and Levin, 1979; Rizzo, 2011). Morphological measurements of model organisms, 

such as fish (Hoeger et al., 2004; Rizzo, 2011), frogs (Shuman-Goodier et al., 2017), 

salamanders(Park et al., 2016), among others (Hemming et al., 2001), were the primary 

endpoints for assessing environmental toxicity. These endpoints are still being measured to this 

day, such as the gonadal-somatic index being applied to analyze estrogenic pharmaceuticals in 

environmental waters (Norris et al., 2017). Many in vivo bioassays have been used to determine 

the toxicity associated with common pharmaceuticals found in WWEs (Farré and Barceló, 2003). 

In particular, many of the contaminants of concern in wastewater have been shown to be 
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endocrine disrupting compounds (EDCs) (Shon et al., 2006; Snyder et al., 2001), which are 

known to affect hormonal pathways and developmental processes (Liney et al., 2006). In 

addition, several in vivo studies have reported the disruption of development (Searcy et al., 

2012), reproduction (Alan et al., 2008), and immune function (Hoeger et al., 2004) from 

exposure to WWE, with the feminization of male fish following exposure being a common 

outcome (Alan et al., 2008; Vajda et al., 2011). Altogether, in vivo exposure studies have 

advanced the scientific communities understanding of the pharmaceuticals and other EDCs that 

occur in environmental waters. 

Although endpoints from exposure are observed at the tissue, organism and population level are 

very important, current research is also investigating endpoints that can be observed at the 

molecular level to predict morphological and population level effects. Though these can be 

conducted in an in vivo setting, they can also be tested by exposing only cells or tissues as the 

effects initiate at the cellular level. By conducting these tests in an in vitro setting, more 

compounds and concentrations can be tested in a shorter time frame without sacrificing 

sensitivity (Kunz et al., 2015). Unlike in vitro bioassays, which take a couple of days, in vivo 

studies can take up to months, if not longer to conduct certain experiments. In 2008, over 10,000 

in-vitro bioassays were conducted each day, compared to 100-10,000 per year for in vivo lab 

tests, and 1-3 human tests per year (Collins et al., 2008). Altogether, in vivo bioassays have long 

contributed to the analysis of pharmaceuticals in environmental samples and still have their place 

in environmental testing, but in vitro bioassays offer more potential and are now more commonly 

applied for initial screening. 
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In vitro Bioassays  

Recently, in vitro bioassays are being extensively applied to screen environmental water samples 

for mutagenicity, genotoxicity, cytotoxicity, and interaction with various nuclear receptors 

(Escher et al., 2014). The Salmonella AMES test (Shen et al., 2003; Umbuzeiro et al., 2001), 

SOS/umu test (Giuliani et al., 1996; Hartmann et al., 1999), single cell gel electrophoresis 

(comet assay) (Frenzilli et al., 2009; Plewa et al., 2002), and micronucleus assay (Binelli et al., 

2012; Fagundes Soares Garcia et al., 2011; Klobučar et al., 2003), etc. are often used to screen 

for mutagenicity/genotoxicity to assess water quality or treatment efficiency. The AMES test and 

micronucleus assay have been reported as two of the most used assays to test for mutagenicity in 

surface water since the 1990s (Ohe et al., 2004). However, since many pharmaceuticals express 

specific endpoints, the application of receptor-mediated bioassays directly related to growth, 

reproduction, and development are increasing. For example, the estrogen receptor (ER), 

androgen receptor (AR), glucocorticoid receptor (GR), progesterone receptor (PR), thyroid 

hormone receptor (TR), retinoid acid receptor (RAR), retinoid X receptor (RXR), among 

others, are all capable of detecting pharmaceuticals in water samples by measuring ligand or 

species-specificity of pharmaceuticals binding to a specific receptor (Allinson et al., 2011; 

Macova et al., 2011; Van Der Linden et al., 2008).  

Common reporter detection methods include use of fluorescence resonance energy transfer 

(FRET) or bioluminescence-based technology, which can detect the type and degree of 

interaction with a particular receptor or pathway. The GeneBLAzer bioassays which utilize 

FRET, use genetically modified cells with a β-lactamase gene as the reporter gene that is inserted 

downstream of the gene of interest. When the gene of interest is expressed as part of the 

receptor-mediated signaling pathway, the β-lactamase enzyme is transcribed and translated. A 
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substrate that is known to fluoresce after it is cleaved by β-lactamase can be used to quantify the 

amount of enzyme produced as a result of an interaction with the receptor-mediated signaling 

pathway of interest. The greater amount of enzyme translated will result in greater fluorescence. 

Biodetection Systems (BDS) Chemical Activated Luciferase gene expression (CALUX) assays 

function in a very similar way to the GeneBLAzer bioassays. The primary difference between 

the two technologies is that the CALUX assay use luciferase as the reporter gene, which would 

emit light through bioluminescence. Since CALUX bioassays utilize luciferase enzymes, they 

measure the bioluminescence emitted as luciferase breaks the chemical bond in luciferin. The 

light is emitted in the form of a flash, which has to be read immediately. The light emitted by the 

GeneBLAzer β-lactamase is in the form of a glow, which emits light for a longer period of time. 

Despite the differences of these two technologies, the modes of action are very similar. 

Most in vitro bioassay data is reported as toxic equivalents (TEQs) by comparing to a 

standard compound that has a well-documented toxicity; for example, data can be reported 

as estradiol equivalents (Kusk et al., 2011; Swart et al., 2010), TCDD equivalents (Mahjoub et 

al., 2009), or all-trans-RA equivalents (Zhen et al., 2009). TEQs are used because bioassays are a 

form of non-targeted analysis, thus cannot distinguish which specific compounds of a complex 

mixture are responsible for a response. The strength of in vitro bioassays involves getting the 

overall response of a sample in the form of a toxic equivalence to a known standard, which 

addresses how all compounds in a sample would act together within a biological system. Using 

TEQ values allows for data to be compared among different samples and, most importantly, to 

chemical analytical results. If the bioassay analysis - equivalents (Bio-EQ) equals the chemical 

analysis - equivalents (Chem-EQ), then there could be a chemical additive effect; if Bio-EQ is 

lesser than Chemi-EQ, then there could be an antagonist present; while if Bio-EQ is greater than 
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Chemi-EQ, then there could be unknown bio-active compounds or synergism occurring. 

Therefore, converting bioassay data to TEQs is a very useful screening tool to find similarly 

structured, or even unknown contaminants in the environmental sample that have a known 

biological response. One of the most well documented cases where in vitro bioassays were used 

to identify the responsible compounds for biological effect involves the use of screening for 

estrogen-like compounds in river water that was causing intersex in fish. To determine the which 

compounds in environmental waters were responsible for the effects seen, natural and synthetic 

estrogens, as well as other suspect drugs/chemicals like nonyl phenol, octyl phenol, bisphenol A, 

etc, in addition to the water samples, were tested with bioassays and chemical analysis methods 

to isolate which compounds could be responsible for the observed effects (Hashimoto et al., 

2005; Houtman et al., 2004; Jobling et al., 2006; Katsu et al., 2007; Snyder et al., 2001). 

Recently, Jia et al mapped the glucocorticoid bioactivity in a WWE stream using Bio-EQ and 

Chem-EQ to assess the mass balance. The major disadvantage of bioassays is their lack of ability 

to give accurate information regarding chemical structures as results reflect the mixture as a 

whole. Bioassays are generally able to provide estimations of classes of compounds, but nothing 

more specific.  Thus, bioassay combined with instrument analysis will be a complementary 

solution.  

3.2.5 Objective  

The objective of this chapter is to investigate targeted analytical methods to quantify the 

concentration of individual targeted organic compounds, as well as targeted mixtures, throughout 

AWT. Specifically, multiple liquid chromatography tandem mass spectrometry methods and five 

in vitro bioassays were applied to two AWTTs.  
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3.3 Experimental   

3.3.1 Utilities and Advanced Water Treatment Trains 

For this study, two different utilities and two different AWTTs were investigated. The secondary 

effluent at Utility 1 is produced through conventional wastewater treatment processes, relying on 

aerobic biological treatment for nutrient removal. The secondary effluent from Utility 1 goes 

through an AWTT composed of MF, RO, and AOP (Figure 2-4). Overall, this AWTT can 

produce 2.6 x 105 m3/d (6.8 x 107 GPD), which is currently being used for ground water 

replenishment. 

Utility 2 also produces secondary effluent through conventional wastewater treatment processes, 

relying on activated sludge for nutrient removal. The secondary effluent is then fed into a non-

RO based train that uses GMF, UF, O3, and BAC (Figure 2-5). Ultimately, this facility produces 

2.3x105 m3/d (6.0 x 107 GPD) of advanced water for surface water augmentation. The first step of 

the AWTT utilizes UF and GMF to remove most of the pathogens and reduce organic matter 

before it is blended together and ozonated. After O3, the water will then go through a BAC 

before going through O3 a second time. Lastly, the water will be discharged into a local lake 

before it is processed through one more BF step.   

3.3.2 Sample Collection and Preparation 

Two grab samples (1L each) were collected in HDPE bottles from the secondary effluents of the 

two WWTPs and from each step in the AWTTs. The samples were collected for 7 months at 

Utility1 and 6 months for Utility2. Due to diurnal variations of effluents from wastewater treatment 
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plant, samples were collected between 8:00 and 10:00 AM for all sampling events. Sampling 

containers were rinsed 3x times with the actual sample before being filled. Immediately after filling 

the bottles, sodium bisulfite was added to each bottle as a quenching agent. Samples were placed 

in an ice-filled cooler and shipped to the laboratory overnight where they were immediately filtered 

through a glass microfiber filter (GF/F 0.7 μm, Whatman, Maidstone, UK) and processed 

(aliquoted, prepared, and then either extracted or analyzed). 

For the bioassays, samples were enriched using an Oasis Hydrophilic-Lipophilic Balance (HLB, 

500 mg/6cc) cartridge (Waters Corporation, Milford, MA), which was preconditioned with 5 mL 

of MTBE, 5 mL of methanol, and 5 mL of ultrapure water. The samples were loaded onto the 

cartridges at 10 mL/min, rinsed with 10 mL of ultrapure water, and then dried with a stream of 

nitrogen for up to one hour. The dry cartridges were eluted with 5 mL of methanol followed by 5 

mL of 10/90 (v/v) methanol/MTBE into a 15 mL glass conical vial. The extracts were then 

concentrated under a gentle stream of nitrogen to an approximate volume of 0.2 mL and brought 

to a final volume of 1.0 mL using methanol. The methanol extracts went through solvent-

exchanged to DMSO at 5000X fold enrichment 

3.3.3 Analytical Chemicals and Reagents 

All analytical standards used in this study had a purity of >97% and were purchased from Sigma 

Aldrich (St. Louis, MO), Alfa Aesar (Ward Hill, MA), or US Pharmacopeia (Washington, DC). 

The isotopically labeled surrogate standards were procured from Cambridge Isotope Laboratories 

(Andover, MA) except meprobamate-d3, triclocarban-13C6 and diclofenac-13C6, which were 

procured from Toronto Research Chemicals (Ontario, Canada); iopromidol-d3 from Santa Cruz 
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Biotechnology (Dallas, TX); gemfibrozil-d6, and diphenhydramine-d5 from C/D/N Isotopes 

(Quebec, Canada). Acetonitrile (ACN; HPLC grade), methanol (HPLC grade), acetic acid (ACS 

grade), were purchased from Fisher Scientific (Fair Lawn, NJ, USA), while HPLC grade water 

was produced using a Millipore system from Sigma.  

3.3.4 In vitro Bioassays Chemicals and Reagents 

Solvents used for sample extraction and preparation including methanol, acetonitrile, methyl tert-

butyl ether, and dimethyl sulfoxide (DMSO) were purchased from Fisher Scientific Co. (Fair 

Lawn, NJ, USA). The p-53, ER, and GR in-vitro bioassays required the LiveBLAzer™-FRET 

B/G Loading Kit with CCF4-AM, which was purchased from Life Technologies. The AhR assay 

reagents including luciferase assay lysis buffer and luciferase substrate were purchased from 

Biodetection Systems, Netherlands. 17β-estradiol (E2) and Dexamethasone (Dex) were 

purchased from Sigma-Aldrich. Finally, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) was 

purchased from AccuStandard (New Haven, CT, USA) and mitomycin was purchased from 

Calbiochem (Darmstadt, Germany).  

All cell culture media and supplements were purchased from Invitrogen. Alpha-MEM cell 

culture media was used for the AhR assay, DMEM cell culture media for the GR and ER 

bioassays, DMEM cell culture media for the cytotoxicity assay and McCoy’s 5A cell culture 

media for the p53 bioassay. Additives included Fetal Bovine Serum (FBS), dialyzed FBS, 

charcoal-stripped FBS, Penicillin-Streptomycin, Sodium Pyruvate, blasticidin antibiotic, PBS, 

HEPES, and NEAA. Additional assay media included phenol red-free DMEM for GR and ER 

bioassays, and Opti-MEM for the p53 bioassay.  
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3.3.5 Liquid Chromatography Triple Quadrupole Mass Spectrometry  

Chemical indicators include a diversity of organic chemical structure, treatability, and bioactivity 

measures that have been selected based on their occurrence, concentration, frequency, etc. 

Chemical indicators will be measured using proven analytical techniques with an LC-

MS/MS(Anumol et al., 2013; Vanderford et al., 2014). Indicator compounds have been selected 

based on physio-chemical parameters to represent a wider family of chemicals that are relevant 

to water treatment process unit performance. More than 30 indicator compounds have been 

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. The list can be seen in Figure 3-3, which groups the compounds based on concentrations 

found in wastewaters. Additionally, the list includes 4 additional perfluorinated compounds that 

may serve as potential toxicity drivers, and acesulfame-K and sucralose, both of which can be 

employed as a measure of the degree of wastewater impact of a water.  
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Figure 3-3. Selection of indicators for water reuse process evaluation (Anumol et al. 2013). 

The percentages in front of compound names represent the surrogate recover.  

The most common method to measure TOrCs at ppt levels in water samples is by LC-MS/MS. 

Due to their excellent sensitivity and selectivity, triple quadrupole mass spectrometers are rapidly 

becoming the technique of choice as the detectors for environmental contaminants. For example, 

LC-MS/MS has been applied to determine the corresponding environmental levels for nearly all 

classes of pharmaceuticals, including but not limited to analgesics (Gros et al., 2006; Yang et al., 

2004; Ye et al., 2007), antibiotics (Lindberg et al., 2005; Miao et al., 2004; Vieno et al., 2006), 
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beta-blockers (Castiglioni et al., 2005; Gros et al., 2006; Nikolai et al., 2006), lipid regulators (Gros 

et al., 2006; Kasprzyk-Hordern et al., 2008), anti-convulsant (Conley et al., 2008; Reemtsma et al., 

2006), X-ray contrast media (Seitz et al., 2006; Vanderford et al., 2003).  

Since there are more than 15,000 new compounds being produced or discovered daily (Snyder, 

2014), it is important to choose the appropriate indicator compounds to monitor that represents the 

trace organic compounds present. For this study, 44 different TOrCs (6 household chemicals, 5 

industrial compounds, 8 personal care products, 2 steroid hormones, 1 pesticide, 6 perfluorinated 

compounds, and 16 pharmaceuticals) were chosen based on the science advisor board panel on 

monitoring strategies of TOrCs in recycled water. Two different methods, direct water injection 

(DWI) and online-solid phase extraction (O-SPE), were performed to quantify the concentrations 

of the targeted TOrCs. Both methods use liquid chromatography-tandem mass spectrometers from 

Agilent Technologies. 

The DWI method used an Agilent ZORBAX Eclipse Plus 95Å C8 (2.1 x 100 mm, 1.8 µm) column 

attached to a 1290 Agilent LC for chromatographic separation of analytes and an Agilent 6490 

triple quadrupole mass spectrometer for quantification. Instrumental parameters were adopted 

from a previously published method (Anumol et al., 2015b). The O-SPE method used an Agilent 

Poroshell 120 EC C-18 (2.1x50 mm, 2.7 µm) column attached to a 1290 Agilent LC for 

chromatographic separation of analytes and an Agilent 6460 triple quadrupole mass spectrometer 

for quantification. Instrumental parameters were adopted from a previously published method 

(Anumol and Snyder, 2014). Both methods use dynamic multiple reaction monitoring (DMRM) 

mode with varying delta retention times for each compound to achieve the greatest sensitivity.  
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3.3.6 In vitro Bioassays 

While chemical monitoring provides quantitative assessment of contaminants in a water sample, 

effect-based monitoring complements chemical analysis, particularly for exploring unknown 

compounds and mixture effects. Chosen endpoints have been used to display significant 

bioactivity in water samples, and reliability from multiple laboratories (Escher et al., 2014). 

Endpoints were chosen to represent the cellular toxicity pathway, which is composed of 

metabolism, interaction with a target, defense, and cell death (Figure 3-4).   

(1) Non-specific Toxicity: Cytotoxicity: Measures the reduction in cell growth compared to an 

untreated control. Cytotoxicity captures the widest array of toxic modes of action. 

(2) Specific (Receptor-mediated) Toxicity: Glucocorticoid Receptor (GR) and Estrogen Receptor 

(ER): Estrogens and glucocorticoids have been reported to occur widely in WWTP effluents 

(Escher et al., 2014; Snyder et al., 2001; Stavreva et al., 2012). This bioassay measures responses 

to chemicals mimicking estrogens and glucocorticoids. 

(3) Xenobiotic Metabolism: Aryl Hydrocarbon Receptor (AhR): Measures cellular response to 

chemicals similar to dioxins and PCBs. 

(4) Genotoxicity p53 reporter gene: The p53 protein is known for its major role in the prevention 

of cancer. It acts as a tumor suppressant, recognizing damaged DNA and triggering DNA repair. 

This bioassay provides a sensitive measure of damage to the genome (genotoxicity). This mode 

of action is particularly relevant to DBPs.  
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Figure 3-4. The cellular toxicity pathway using in vitro bioassays (Leusch and Snyder, 2015). 

The toxicity pathway is composed of metabolism, interaction, defense, and cell death. Each 

pathway has numerous associated bioassays capable of measuring each type of toxicity. 

Although there are numerous advantages for using chemical analysis to detect TOrCs in aquatic 

samples, there have been limitations when considering the full range of compounds that might 

occur in some environmental waters. First, it is not feasible for analytical chemical methods to 

look for all the TOrCs that might be present in an environmental water sample based on the ever 

growing number of compounds (Snyder, 2014). Second, analytical techniques cannot account for 

mixture or synergistic effects of compounds within the same sample (Snyder, 2014). Last, there 

are difficulties with the detection of all the potential bioactive transformation products formed 

from TOrCs (Keiter et al., 2006). Thus, bioassays have been adopted to determine the presence of 
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classes of TOrCs in environmental samples by measuring biological endpoints specific to the said 

classes of pharmaceuticals.  

A variety of different types of bioassays were applied for this experiment. Life Technologies (LT) 

GeneBLAzer bioassays were applied for the ER, GR, and p53 endpoints. Biodetection Systems 

(BDS) Chemical Activated Luciferase gene expression (CALUX) bioassay was applied for the 

AhR endpoint, and ATCC HepG2 cells (#HB-8065) were used to measure the general cytotoxicity 

of the samples. Cells were cultured according to the manufacturer’s guidelines. Briefly, cells were 

cultured at 37°C, 5% CO2 and 95% relative humidity. Cells were passed at least twice a week and 

maintained between 5% and 95% confluency.  

For the GeneBLAzer technologies, fluorescence was read using an excitation at 409 nm with a 

bottom-reading plate reader, the FlexStation 3 (Molecular Devices, CA, USA) at an emission of 

460 and 530 nm. Background fluorescence, determined from cell-free control wells, was 

subtracted from all samples. The β-lactamase expression ratio was calculated by dividing the green 

net fluorescence by blue net fluorescence (460 nm/530 nm). For the CALUX technologies, 

bioluminescence was read from the top of the well using the Flexstation 3. Background light from 

cell-free control wells was subtracted from all samples. For the cytotoxicity assay, absorbance 

(490 nm) was read from the top of the well using a Flexstation 3. Background absorbance from 

cell-free control wells was subtracted from all samples. 

The final data is illustrated as positive control equivalence for the ER, GR, p53, and AhR bioassays. 

Briefly, a standard curve on every 96-well plate was used to calculate the concentration 

equivalence for each sample based on the responses from the fluorescence or luminescence 



86 

 

analysis. All samples were tested at a concentration factor of 12.5x which has been considered for 

the calculation of the final value in the sample.  

Cytotoxicity was calculated according to Equation 3-1 as there is a linear relationship between the 

number of viable cells and absorbance. A significant effect on cytotoxicity was given if the 

difference compared to control was greater than 15%.  

                                          𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 (%) = (
𝑂𝐷490𝑠𝑎𝑚𝑝𝑙𝑒

𝑂𝐷490𝑐𝑜𝑛𝑡𝑟𝑜𝑙
) 𝑥 100            EQ (3-1) 

3.4 Results and Discussion  

3.4.1 Occurrence and Removal of TOrCs during Advanced Water Treatment 

At Utility 1, 35 of the 44 TOrCs were observed in the secondary WWE and their summed 

concentrations throughout the RO based treatment train can be found in Figure 3-5. This is 

consistent with what other studies have detected (Anumol and Snyder, 2014). The most prevalent 

compounds (>1 ug/L) in the secondary effluent, shown in Figure 3-6, were acesulfame, 

benzotriazole, hydrochlorothiazide, iohexol, iopamidol, iopromide, sucralose, sulfamethoxazole, 

and TCPP. The averages of all the other compounds detected at Utility 1 are illustrated in Figure 

3-7. The compounds that were not detected at Utility1 include: atrazine, bisphenol A, clofibric 

acid, hydrocortisone, PFBS, PFHpA, prednisone, propylparaben, and testosterone. The AWTT at 

Utility 1 removed all TOrCs that were detected in the secondary effluent. MF, the first process in 

the train, did not adequately remove the TOrCs; however, RO was able to remove all compounds 

except for benzotriazole. This observation has also been reported by Loi et al (2013). Therefore, 
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the only measured compound introduced to the UVAOP system was benzotriazole, which was 

reduced to below detection limits after UVAOP. Overall, the AWTT at Utility 1 removed all 

targeted TOrCs to below detection limits, with RO being the main method for removal.  

 

Figure 3-5. Total TOrCs (ug/L) found at Utility1 and their respective concentration after 

each unit process 
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Figure 3-6. Most prevalent TOrCs (ug/L) found at Utility1 and their respective concentrations during AWT
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Figure 3-7. All other TOrCs detected at Utility1 and their respective concentrations during AWT 
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In the secondary effluent of Utility 2, 32 of the 44 TOrCs were detected and their summed 

concentrations throughout the non-RO based treatment are shown in Figure 3-8. This is consistent 

with what other studies have found (Anumol et al., 2013)The most prevalent compounds were 

benzotriazole, hydrochlorothiazide, iohexol, iopamidol, sucralose, and TCPP (Figure 3-9). The 

compounds that were not detected include: atrazine, bisphenol A, clofibric acid, hydrocortisone, 

naproxen, PFHpA, PFOS, simazine, testosterone and triclocarban. All other TOrCs detected can 

be found in Figure 3-10. The UF and GMF removed few TOrCs, but the O3 processes were 

effective. Altogether, this AWTT was capable of removing most of the TOrCs. The TOrCs that 

were detected in the final AWTT effluent at trace concentrations were acesulfame, iopamidol, and 

sucralose.   

 

Figure 3-8. Total TOrCs (ug/L) found at Utility 2 and their respective concentration at 

each unit process 
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Figure 3-9. Most prevalent TOrCs found at Utility2 and their respective concentrations during AWT 
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Figure 3-10. All other TOrCs detected at Utility2 and their respective concentrations during AWT 
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The two sites displayed many similarities in TOrCs composition (Table 3-1). Of the total number 

of compounds detected, 29 were detected in the secondary effluents at both sites. In addition, the 

most prevalent compounds found in the secondary effluent at Utility 2 were also found in 

secondary effluent at Utility 1. However, Utility 1 also had acesulfame, iopromide, and 

sulfamethoxazole present in the secondary effluent at concentration >1 ug/L. Table 3-2 shows a 

comparison of the secondary and AWTT effluents from both utilities. The TOrCs removal 

displayed a similar trend to the bulk organic parameters measured with TOC, UV254nm and TF. 

Most compounds were removed after RO at Utility 1, while a gradual decrease in TOrCs was 

observed after each treatment step within the non-RO based train at Utility 2, with O3 contributing 

to most of the removal.  

Of the TOrCs targeted, atrazine, bisphenol A, clofibric acid, hydrocortisone, PFBS, PFHpA, and 

testosterone were not detected in either of the secondary effluents at both utilities. In addition, 

benzophenone occurred in samples collected at Utility 1 and Utility 2, but it was also detected in 

all field blanks at greater or equal concentrations to the samples; thus, these data points are not 

reported. Benzophenone is a common component in sunscreen and the team assumes that 

contamination during sampling occurred.  
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Table 3-1. TOrCs (ng/L) detected in the secondary effluent at Utility 1 and Utility 2 

 

 

n/N Mean  ± SD Min-Max n/N Mean   ± SD Min-Max

Acesulfame 8/8 1818  ± 558 1100-2700 6/6 188  ± 145 49-450

Atenolol 8/8 306  ± 71 250-460 2/6 26  ± 9 19-32

Atrazine 0/8 - - - 0/6 - - -

Benzotriazole 8/8 14379  ± 16292 3400-5400 6/6 1058  ± 698 259-2100

Bisphenol A 0/8 - - - 0/6 - - -

Caffeine 8/8 499  ± 210 170-875 2/6 56  ± 2 54-57

Carbamezapine 7/8 190  ± 58 149-320 6/6 130  ± 67 20-240

Clofibric Acid 0/8 - - - 0/6 - - -

DEET 6/8 249  ± 96 140-380 2/6 75  ± 50 39-110

Dexamethasone 3/8 270  ± 197 110-490 1/6 210  ± - -

Diclofenac 4/8 209  ± 43 150-251 3/6 200  ± 88 110-319

Diphenhydramine 8/8 339  ± 148 130-620 1/6 41 - -

Ditiazem 4/8 154  ± 96 34-260 3/6 55  ± 21 31-68

Fluoxetine 4/8 71  ± 47 39-140 3/6 23  ± 3 19-24

Gemfibrozil 8/8 203  ± 66 92-310 0/6 - - -

Hydrochlorothiazide 8/8 1099  ± 658 200-2000 6/6 1414  ± 798 801-2800

Hydrocortisone 0/8 - - - 0/6 - - -

Ibuprofen 6/8 189  ± 74 90-301 2/6 30  ± 14 20-40

Iohexol 7/8 7704  ± 5431 60-14000 5/6 1832  ± 3281 240-7700

Iopamidol 8/8 7298  ± 5290 3600-19 x 103
5/6 9400  ± 3687 6800-11 x 103

Iopromide 4/8 4101  ± 3531 105-8500 1/6 190 - -

Meprobamate 7/8 307  ± 99 230-490 6/6 145  ± 69 60-260

Naproxen 8/8 316  ± 131 169-580 0/6 - - -

PFBA 3/8 570  ± 367 150-830 1/6 51 - -

PFBS 0/8 - - - 0/6 - - -

PFHpA 0/8 - - - 0/6 - - -

PFHxA 4/8 108  ± 63 60-200 4/6 79  ± 31 45-110

PFOA 1/8 26  ± - - 2/6 12  ± 6 7-16

PFOS 1/8 49  ± - - 0/6 - - -

PFpeA 3/8 60  ± 27 35-88 3/6 180  ± 130 93-330

Prednisone 0/8 - - - 1/6 10  ± - -

Primidone 5/8 428  ± 693 100-1666 5/6 129  ± 45 87-123

Propranolol 6/8 46  ± 18 31-77 4/6 47  ± 30 26-92

Propylparaben 0/8 - - - 1/6 28 - -

Simazine 3/8 10  ± 2 8-12 0/6 - - -

Sucralose 8/8 48.5 x 10
3

 ± 13.4 x 10
3

34 x 10
3
-77 x 10

3
6/6 48 x 10

3
 ± 22259 16 x 10

3
-80 x 10

3

Sulfamethoxazole 8/8 1642  ± 600 1194-2700 6/6 871  ± 481 289-1700

TCEP 8/8 288  ± 99 170-470 5/6 389  ± 221 104-720

TCPP 8/8 2105  ± 748 1471-3100 6/6 1799  ± 1114 655-3700

Testosterone 0/8 - - - 0/6 - - -

Triclocarban 4/8 76  ± 39 27-120 0/6 - - -

Triclosan 8/8 51  ± 16 30-69 4/6 45  ± 20 16-59

Trimethoprim 7/8 163  ± 74 80-302 6/6 84  ± 57 39-197

Utility 2
Compounds

Utility 1
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Table 3-2. TOrCs (ng/L) detected in the AWTT effluent for Utility 1 and Utility 2  

 

n/N Mean ± SD Min-Max n/N Mean   ± SD Min-Max

Acesulfame 0/8 - - - 1/6 14 - -

Atenolol 0/8 - - - 0/6 - - -

Atrazine 0/8 - - - 0/6 - - -

Benzotriazole 0/8 - - - 0/6 - - -

Bisphenol A 0/8 - - - 0/6 - - -

Caffeine 0/8 - - - 0/6 - - -

Carbamezapine 0/8 - - - 0/6 - - -

Clofibric Acid 0/8 - - - 0/6 - - -

DEET 0/8 - - - 0/6 - - -

Dexamethasone 0/8 - - - 0/6 - - -

Diclofenac 0/8 - - - 0/6 - - -

Diphenhydramine 0/8 - - - 0/6 - - -

Ditiazem 0/8 - - - 0/6 - - -

Fluoxetine 0/8 - - - 0/6 - - -

Gemfibrozil 0/8 - - - 0/6 - - -

Hydrochlorothiazide 0/8 - - - 0/6 - - -

Hydrocortisone 0/8 - - - 0/6 - - -

Ibuprofen 0/8 - - - 0/6 - - -

Iohexol 0/8 - - - 0/6 - - -

Iopamidol 0/8 - - - 1/6 11.9 - -

Iopromide 0/8 - - - 0/6 - - -

Meprobamate 0/8 - - - 0/6 - - -

Naproxen 0/8 - - - 0/6 - - -

PFBA 0/8 - - - 0/6 - - -

PFBS 0/8 - - - 0/6 - - -

PFHpA 0/8 - - - 0/6 - - -

PFHxA 0/8 - - - 0/6 - - -

PFOA 0/8 - - - 0/6 - - -

PFOS 0/8 - - - 0/6 - - -

PFpeA 0/8 - - - 0/6 - - -

Prednisone 0/8 - - - 0/6 - - -

Primidone 0/8 - - - 0/6 - - -

Propranolol 0/8 - - - 0/6 - - -

Propylparaben 0/8 - - - 0/6 - - -

Simazine 0/8 - - - 0/6 - - -

Sucralose 0/8 - - - 2/6 190  ± 70 140-240

Sulfamethoxazole 0/8 - - - 0/6 - - -

TCEP 0/8 - - - 0/6 - - -

TCPP 0/8 - - - 0/6 - - -

Testosterone 0/8 - - - 0/6 - - -

Triclocarban 0/8 - - - 0/6 - - -

Triclosan 0/8 - - - 0/6 - - -

Trimethoprim 0/8 - - - 0/6 - - -

Utility 2
Compounds

Utility 1
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3.4.2 Comparison of Reporting Limits during Advanced Water Treatment  

A summary of the detection limits for the two different LC-QQQ methods applied to quantify the 

TOrCs are shown in Table 3-3 and Table 3-4. Overall, the two methods offer similar results for 

the secondary effluents and AWTT effluents. In addition, they both followed the same trend of 

increasing method reporting limits (MRLs) throughout treatment, demonstrating the interference 

that complex matrices have on detection limits. The DWI method was able to quantify more 

compounds, allowing for a larger set of compounds to be targeted in a single run. These 

additional compounds include artificial sugars, ICMs, and PFCs. However, the O-SPE method 

offered lower detection limits for some compounds compared to the DWI injection method. 

Since the compounds the DWI method includes are occurring at such high concentrations in 

secondary effluents, as well as sucralose being detected twice in the final effluent of Utility 2, it 

offers more potential when characterizing secondary effluent than the lower detection limits with 

O-SPE.  Overall, this demonstrates the need for isotope dilution for quality assurance and quality 

control of matrix effects.  
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Table 3-3. Method reporting limits (ng/L) of DWI and OSPE methods for Utility 1 

DWI OSPE DWI OSPE DWI DWI OSPE DWI OSPE

Atenolol 86 110 78 120 79 100 17 9.7 16 11

Atrazine 11 27 10 27 10 25 8.8 3.1 9.4 3.4

Benzotriazole 800 130 790 130 760 100 340 8.1 320 8.4

Bisphenol A 600 320 530 370 370 250 140 84 150 89

Caffeine 60 44 55 40 51 41 17 5.5 18 6

Carbamezapine 120 31 130 32 130 32 26 3.7 27 4

Clofibric Acid 45 59 45 58 45 57 25 8 24 8.7

DEET 100 77 100 76 88 74 31 9.1 34 9.6

Dexamethasone 35 110 35 110 34 80 18 130 19 13

Diclofenac 110 31 110 31 110 35 95 8.3 92 8.8

Diphenhydramine 280 63 270 76 250 71 80 11 83 13

Ditiazem 100 120 88 180 86 140 22 27 22 58

Fluoxetine 82 2300 78 1000 70 790 25 93 0 93

Gemfibrozil 100 19 100 19 26 20 31 4 29 4

Hydrochlorothiazide 110 60 110 54 120 46 35 4.4 33 4

Hydrocortisone 64 250 63 320 55 210 22 11 23 10

Ibuprofen 230 67 220 66 180 64 55 12 56 12

Meprobamate 110 69 99 73 110 70 29 5.8 29 5.8

Prednisone 250 87 260 120 140 66 23 5.8 25 5.7

Primidone 48 110 48 130 46 110 9 11 8.5 9.4

Propranolol 21 180 21 250 20 130 6.9 7.4 6.5 8.2

Propylparaben 220 33 200 32 140 31 39 3.9 39 3.6

Simazine 17 34 16 36 15 38 4.5 6.5 4.8 7.3

Sulfamethoxazole 51 54 49 56 44 92 15 5.5 16 5.7

TCEP 98 210 98 290 99 180 21 12 22 17

TCPP 290 720 280 720 260 600 200 57 200 71

Triclocarban 48 290 47 250 46 350 22 73 23 67

Triclosan 11 110 10 80 9.9 34 3.9 31 3.8 18

Trimethoprim 28 350 21 390 23 230 6.2 71 5.9 57

UVAOP
Compounds

Secondary MF Inf MF Eff RO Eff
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Table 3-4. Method reporting (ng/L) limits of DWI and OSPE methods for Utility 2 

DWI OSPE DWI OSPE DWI OSPE DWI OSPE DWI OSPE DWI OSPE DWI OSPE DWI OSPE DWI OSPE

Atenolol 39 100 38 89 40 110 37 120 18 51 19 25 19 31 7.4 18 7.9 19

Atrazine 96 11 65 11 70 12 61 13 24 5.4 21 4.1 21 3.6 16 2.8 17 2.1

Benzotriazole 640 150 550 110 620 150 660 230 240 86 200 43 180 54 120 43 130 33

Bisphenol A 550 450 350 420 460 580 510 460 220 270 200 200 210 130 140 100 150 88

Caffeine 47 63 39 46 40 56 41 69 14 26 12 17 13 22 11 13 11 6.8

Carbamezapine 110 20 86 20 100 21 89 22 24 12 22 9.9 23 10 19 3.5 21 3.2

Clofibric Acid 40 51 29 48 32 49 33 58 11 27 12 21 10 23 7.9 11 8.4 8.9

DEET 87 37 73 34 93 40 70 36 25 17 24 12 22 15 18 6.9 20 5.9

Dexamethasone 28 55 23 70 32 59 24 440 9.9 34 9.7 24 8.1 33 7.4 15 7.7 11

Diclofenac 79 32 65 35 65 38 60 30 18 26 18 26 18 33 15 5.3 18 12

Diphenhydramine 200 110 170 66 190 76 180 85 52 60 49 45 49 44 15 31 15 50

Ditiazem 72 44 59 37 70 45 54 40 18 26 15 17 15 21 13 21 12 14

Fluoxetine 83 1100 52 660 81 1100 60 870 22 510 21 560 20 400 15 170 15 230

Gemfibrozil 140 25 36 25 86 27 92 27 83 16 74 16 41 16 25 6.2 44 5.5

Hydrochlorothiazide 98 100 90 86 97 99 95 190 36 42 32 27 29 36 24 36 23 14

Hydrocortisone 69 90 53 90 77 110 59 97 24 69 21 40 17 37 15 16 15 13

Ibuprofen 320 45 220 45 230 49 240 47 88 33 76 30 71 28 57 8.4 68 7.8

Meprobamate 74 37 62 34 69 41 58 52 18 26 16 17 17 18 13 8 12 5.8

Prednisone 180 57 90 56 160 62 180 91 90 34 92 24 56 26 32 10 32 6.8

Primidone 37 66 29 58 32 63 30 71 11 41 9.8 31 10 31 6.7 13 7.7 8.1

Propranolol 37 27 23 27 26 31 22 37 12 18 8.2 10 8 10 6.8 5.2 10 4

Propylparaben 140 47 140 41 100 45 130 46 29 21 30 17 27 14 22 11 23 6

Simazine 26 73 470 29 610 39 400 38 92 26 96 25 100 21 84 8.8 83 8.9

Sulfamethoxazole 38 51 31 48 36 52 31 65 11 28 10 18 10 18 9 11 9.1 8.2

TCEP 95 430 84 540 100 740 78 600 25 310 31 140 34 240 28 100 27 67

TCPP 150 610 140 740 170 1100 130 980 35 400 31 190 33 340 29 180 29 120

Triclocarban 77 260 50 310 56 280 48 270 24 210 18 200 18 190 16 60 24 63

Triclosan 29 47 17 52 18 43 24 57 8.1 20 7.2 23 7.2 19 6.3 9.5 7.9 10

Trimethoprim 24 67 21 51 20 74 18 82 5 150 5.8 17 5.7 17 4.8 7 5.8 18

BAC O3 Lake BAC
Compounds

Secondary GMF UF GMF/UF O3 
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3.4.3 Occurrence and Removal of Bioactivity during Advanced Water 

Treatment 

None of the samples from any of the sites exhibited cytotoxicity at a final concentration of 12.5x 

the original sample (all samples were below the limit of quantification), which is consistent with 

many studies (Hendricks and Pool, 2012). Similarly, none of the samples showed any response in 

the p53 bioassay or showed any interaction within this pathway. Despite many other studies also 

observing a lack of bioactivity with the p53 pathway in secondary effluent, there have been some 

studies that have recorded genotoxicity using bioassays with different pathways (Wu et al., 2012). 

Therefore, it is interesting that none of the utilities did not pick up a response.   

During all sampling campaigns at Utility 1 and Utility 2, similar GR and ER responses were 

measured in the secondary effluent. For Utility 1, the GR, ER, AhR responses were fully attenuated 

after RO treatment. The average concentration observed within the secondary effluent for the GR 

(Figure 3-11) and ER (Figure 3-13) bioactivity was 58 ng/L dexamethasone equivalents (DEQ) 

and 6.6 ng/L estradiol equivalents (EEQ), respectively. For Utility 2, the GR bioactivity had an 

average response of 63 ng/L DEQ (Figure 3-12) and 0.6 ng/L EEQ for ER bioactivity (Figure 3-

14). The response decreased significantly with O3 at Utility 2 and was fully attenuated by BAC 

treatment. The observed average responses for the AhR bioassay ranged from 0.62 ng/L TCDDEQ 

at Utility 2 (Figure 3-15) and 0.96 ng/L TCDDEQ at Utility 1 (Figure 3-16). At Utility 2, AhR 

responses were detected after the first O3 stage at 2 of 3 sampling campaigns. While O3 was 

effective in reducing the AhR response, subsequent steps, such as BAC, were needed to further 

reduce the response to below limits of quantification. Altogether, the concentrations detected in 

the secondary effluents were similar to the 39-151 ng/L DEQ, 0.08-7.9 ng/L EEQ, and 0.59-0.98 
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ng/L TCDDEQ ranges detected by Jia et al., (2016), (Drewes et al., 2005), and Reungoat et al. 

(2010), respectively. Overall, for both utilities, all bioactivity was removed by the AWTTs.  

 

Figure 3-11. Glucocorticoid bioactivity (expressed as DEQ, ng/L) at Utility1 and its 

reduction during AWT

 

Figure 3-12. Glucocorticoid bioactivity (expressed as DEQ, ng/L) at Utility2 and its 

reduction during AWT 



101 

 

 

Figure 3-13. Estrogen bioactivity (expressed as EEQ, ng/L) at Utility1 and its reduction 

during AWT 

 

Figure 3-14. Estrogen bioactivity (expressed as EEQ, ng/L) at Utility2 and its reduction 

during AWT 



102 

 

 

Figure 3-15. AhR bioactivity (expressed as TCDDEQ, pM) at Utility1 and its reduction 

during AWT 

 

Figure 3-16. AhR bioactivity (expressed as TCDDEQ, pM) at Utility2 and its reduction 

during AWT 
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3.5 Conclusion  

The purpose of this chapter was to assess the ability for analytical methods, both chemical and 

biological, to measure the TOrCs throughout AWT. Altogether, both liquid chromatography 

tandem mass spectrometry and bioassays were shown to be capable of characterize targeted 

compounds. However, for monitoring purposes, these methods are more expensive and require 

additional skills to perform than the bulk organic parameters; thus, are not at likely being applied 

on a continuous basis. Of the two mass spectrometry methods applied, both showed advantages 

and disadvantages. For example, the DWI method was able to quantify a larger range of 

compounds. Although the O-SPE method had a more limited target list, it was more sensitive for 

some compounds, especially in cleaner matrices. For the bioassays, the ER, GR, and AhR 

bioactivity agreed with the total TOrC removal. Each of these targeted endpoints were detected 

in the secondary effluents and the removal throughout treatment was demonstrated. The TOrCs 

measurements were more prevalent throughout treatment than observed bioactivity 

measurements.  

To remove TOrCs and bioactivity from secondary effluent, RO was the most effective treatment 

technique investigated. Altogether, both trains were effective at reducing the TOrCs and 

bioactivity. For Utility 2, the most effective technique at removing the TOrCs and bioactivity was 

ozonation; however, unlike Utility 1, there is a gradual decrease throughout treatment. Altogether, 

the TOrCs and bioactivity was reduced at Utility 1 to below detection limits. At Utility 2, the 

AWTT removed the all bioactivity to below limits of quantification and a TOrC was only detected 

4 times at low concentrations, with 3 of the 4 times being artificial sugars.  
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Analytical technology to quantify known contaminants has evolved significantly over the last 

several decades. Triple-quadrupole tandem mass spectrometers have been widely employed for 

targeted analysis because of their excellent sensitivity and selectivity, but they can only be applied 

for known, targeted chemicals. When applied in conjunction with bioassays, they are capable of 

characterizing known individual concentrations and assessing mixture concentrations of known 

endpoints. Despite showing how the application of these methods are viable for AWT, this chapter 

does not show the correlation between the chemical and bioanalytical techniques. Thus, Chapter 4 

will investigate how these two analytical methods can complement each other for monitoring 

purposes. 
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Chapter 4. Comparison of Chemical and Biological Analytical Responses in a 

Wastewater Effluent-Dominated River 

4.1 Abstract  

Surface waters are becoming increasingly influenced by WWEs due to drought conditions, 

growing populations, and urbanization. These effluents contain mixtures of trace organic 

compounds (TOrCs) and potentially bioactive constituents, which are not fully attenuated by 

conventional wastewater treatment systems. This study investigated the occurrence of 

glucocorticoid receptor (GR), aryl hydrocarbon receptor (AhR), and estrogen receptor (ER) 

bioactivity, as well as the overall toxicity to bacteria (BLT-Screen), in the effluent of two 

wastewater reclamation facilities (WRF) and downstream of the Lower Santa Cruz River, Pima 

County, Arizona, which is dominated by the WRF effluents. The GR, AhR, and ER activities and 

toxicity to bacteria were determined by in vitro bioassays during four seasons. Bioassay results 

showed the highest activities at the wastewater outfalls, with activities decreasing downstream of 

the river. Biological equivalent concentrations ranged from 9 to 170 ng/L dexamethasone-

equivalents (DexEQ), 0.1 to 0.8 ng/L 2,3,7,8-tetrachlorodibenzo-p-dioxin-equivalents 

(TCDDEQ), and <0.005 to 0.8 ng/L estradiol equivalents (EEQ) for GR-, AhR- and ER-

mediated bioactivity, respectively. This level of bioactivity at times exceeded the relevant 

effects-based trigger value for environmental effects, indicating a potential risk to the receiving 

environment. Toxicity to bacteria was low at all sites, well below the trigger value of 1.0 TUIC20, 

which represents an undiluted water sample causing 20% toxicity in the assay. The potential 

inducing glucocorticoid agonists were further analyzed by liquid chromatography coupled to 

tandem mass spectrometry. Analytical results reveal triamcinolone acetonide as the most 
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abundant glucocorticoid with concentrations up to 38 ng/L. Similar results for DexEQ 

concentrations calculated from both chemical and bioassay data indicate a successful mass 

balance for glucocorticoids. This mass balance illustrated lower DexEQ during summer months, 

which could be due to an increase in photodegradation.  

 

Keywords: AhR, BLT-Screen, estrogenic, glucocorticoid, in vitro bioassay, seasonal variation.  
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4.2 Introduction   

4.2.1 Background  

Many surface waters in the USA are influenced by WWE (Rice et al., 2013) and are becoming 

increasingly impacted since the volume of waste streams entering surface waters continues to 

rise with increasing drinking water use. In 2013, the United States had nearly 15,000 municipal 

wastewater treatment plants producing over 32,000 million gallons per day (Electric Power 

Research Institute, 2013). Of those facilities, 85% of the effluents were directly discharged into 

surface waters. The ecosystem in surface waters receiving these effluents can experience 

detrimental effects as a result of exposure, not only from potential chemical effects but also 

thermal discharge effect, resulting in such adverse effects as  reduced aquatic diversity (Boyle 

and Fraleigh, 2003; Paul and Meyer, 2001). This trend in ecosystem disruption can be linked to 

effluents containing mixtures of trace organic contaminants (TOrCs) such as pharmaceuticals, 

personal care products, natural hormones and industrial/commercial compounds, which may 

persist throughout treatment processes (Westerhoff et al., 2005). Treatment technologies that 

address TOrCs vary in cost and removal efficacy, making treatment challenging and requiring 

site-specific planning based on local TOrC mixtures in order to achieve desired reductions of 

respective compounds (Snyder et al., 2003).  

4.2.2 Glucocorticoid Bioactivity   

The glucocorticoid receptor (GR) is a nuclear receptor that functions as a part of the endocrine 

system, responsible for subsequent regulation of glucocorticoid-related gene expression, which 
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modulates metabolism, stress adaption, and immune system response in vertebrate animals. GR 

agonists include endogenous glucocorticoids (e.g. cortisone), as well as synthetic compounds 

manufactured to treat various health conditions including asthma, rheumatic diseases, and other 

inflammatory problems. As such, glucocorticoids can act as endocrine disrupting compounds 

(EDCs) since they interfere with hormone receptor signalling involved in maintenance of natural 

homeostasis.  

Glucocorticoids are partially attenuated by conventional wastewater treatment when they enter 

municipal waste streams. Glucocorticoid concentrations in WWEs have been reported to range 

from tens to thousands of nanograms per liter (ng/L), while receiving surface waters range from 

below the limits of detection (<LOD; 0.5-8 ng/L) to low hundreds of ng/L (Ammann et al., 2014; 

Chang et al., 2009; Li et al., 2007). Using in vitro bioassays, glucocorticoid bioactivity in treated 

WWEs has been reported in the tens to hundreds of ng/L dexamethasone equivalents (DexEQ) 

(van der Linden et al., 2008; Leusch et al., 2014; Jia et al., 2016). In the US, glucocorticoid 

bioactivity was detected in 27% (n=115) of surface water samples collected in 14 states 

(Stavreva et al., 2012).  According to Jia et al. (2016), RO and monochromatic UV sufficiently 

removed glucocorticoid bioactivity from a secondary effluents, while chlorination, O3, and MF 

were less effective. Additionally, wastewater influence may not be the only source of GR 

bioactivity in the environment. For example, surface waters that are influenced by agricultural 

effluents and not WWTP effluents were also observed to elicit GR response (Macikova et al., 

2014). 

At environmentally relevant concentrations, glucocorticoids can induce negative health impacts 

on aquatic organisms (Kugathas and Sumpter, 2011; Macikova et al., 2014; Guiloski et al., 
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2015). There is a high health risk to aquatic inhabitants when exposed to as little as tens of ng/L 

of glucocorticoids, according to fish plasma models (Macikova et al., 2014). An effect based 

trigger (EBT) value of 100 ng/L DexEQ has been proposed for environmental surface waters 

(van der Oost et al., 2017), while an EBT value of 150 ng/L DexEQ has been proposed for 

drinking water (Escher et al., 2015). Only a handful of studies have measured anti-glucocorticoid 

bioactivity in waste and surface waters, and no anti-glucocorticoid bioactivity has so far been 

detected (<15 ng/L mifepristone equivalents MifEQ; Leusch et al., 2017). There is currently no 

EBT for anti-glucocorticoid bioactivity in water. 

4.2.3 AhR Bioactivity   

The aryl hydrocarbon receptor (AhR) is a well-known example of a xenobiotic receptor, which 

initiates xenobiotic metabolism in response to exposure to dioxin-like chemicals. The AhR assay 

has been commonly used to gauge remediation of PCBs and dioxins in environmental spill 

scenarios (Hilscherová et al., 2000). Some of the most potent AhR agonists are dioxins, such as 

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), polychlorinated dibenzodioxins (PCDDs), and 

dioxin-like chemicals including polychlorinated dibenzofurans (PCDFs) and polychlorinated 

biphenyls (PCBs). Dioxins originate from various sources, including industrial manufacturing 

and combustion of natural products (Kulkarni et al., 2008). Many AhR agonists accumulate in 

the environment and animal tissues (Whyte et al., 2004), posing a significant environmental 

challenge because of the serious health risks associated with unnatural activation of the AhR by 

agonists. Numerous health risk studies have linked TCDD exposure to cancer in humans 

(Bertazzi et al., 2001; Mandal, 2005). Dioxin-like PCB exposures may also be a factor that 

causes endometriosis in humans, further providing a link to endocrine disruption (Louis et al., 
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2005). As such, the United States Environmental Protection Agency (USEPA) set the maximum 

contaminant level (MCL) at 0.03 ng/L in drinking water for TCDD – one of the most potent 

dioxins(USEPA, 1998); however, there is currently no EBT for AhR bioactivity in drinking 

water.  

After wastewater treatment processes, dioxins are typically found at low concentrations in the 

dissolved aqueous phase, and they tend to concentrate in sludge due to low water solubility 

(Rodriguez et al., 2008). Therefore, tertiary-filtration wastewater treatment systems, which 

remove suspended solids, have better removal efficiencies for dioxins and dioxin-like 

compounds than conventional secondary treatment systems (Dagnino et al., 2010; Rodriguez et 

al., 2008). Surface water samples collected downstream of a pulp mill effluent were shown to 

have between 0.12 to 2.67 ng/L TCDDEQ (Parrott and Tillitt, 1997), which exceeds the EBT of 

0.05 ng/L TCDDEQ proposed for environmental waters (van der Oost et al., 2017). Given the 

high potency of dioxins, even small concentrations in the environment are of great concern and 

challenging to manage. 

4.2.4 Estrogenic Bioactivity   

Estrogenic bioactivity is one of the most studied endpoints of endocrine disruption in wastewater 

(Leusch et al., 2017). Natural (e.g. 17β-estradiol and estrone) and synthetic (e.g. 17α-

ethinylestradiol) hormones are potent estrogenic compounds frequently detected at the low ng/L 

range in treated WWEs, alongside less potent but often higher concentrations of xenoestrogens 

such as bisphenol A, nonylphenol, phthalates, metals, personal care products and pesticides 

(Bolong et al., 2009). These estrogenic compounds have been linked to feminisation of wild fish 
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in streams receiving wastewater (Tyler and Filby, 2011). Removal of estrogenic compounds 

during wastewater treatment varies significantly with treatment technology and chemical 

properties (Luo et al., 2014; Melvin and Leusch, 2016; Wang and Wang, 2016; Westerhoff et al., 

2005), ranging from 40 to >99%. The estrogenic bioactivity in treated wastewater usually ranges 

from below detection limit (approximately 0.01 ng/L) to 10-100 ng/L estradiol equivalents 

(EEQ) depending on the assay, with concentrations in surface waters usually ranging from below 

detection limit to 1-20 ng/L (Leusch et al., 2017). These concentrations are of concern when 

compared with EBTs ranging from 0.1-0.5 ng/L EEQ for chronic ecological effects (Jarošová et 

al., 2014; van der Oost et al., 2017) and 0.2-3.8 ng/L EEQ for drinking water (Brand et al., 2013; 

Escher et al., 2015), depending on the assay. There is significantly less work on anti-estrogenic 

bioactivity in water, and the available studies suggest anti-estrogenic bioactivity tends to be 

below detection limits, <500 ng/L tamoxifen equivalents TMXEQ (Leusch et al., 2017). There is 

currently no EBT for anti-estrogenic bioactivity.  

4.2.5 Toxicity to Bacteria (Baseline Toxicity) 

In addition to measuring xenobiotic metabolism (such as AhR) and specific modes of action 

(such as ER and GR), it is also important to understand the non-specific baseline toxicity of a 

water body receiving wastewater effluent. Recent non-targeted analytical methods indicate that 

there can be thousands of anthropogenic compounds present in wastewater effluent, with a wide 

range in modes of action (Singer et al., 2016; Blum et al., 2017). These highly variable chemical 

mixtures in wastewater effluent suggest that non-specific toxicity bioassays that can assess the 

overall toxicity of a water sample are an important tool for assessing the impacts of effluent in 

receiving environments. 
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Bacterial luminescence assays, such as Microtox and the Bacterial Luminescence Toxicity 

Screen (BLT-Screen), are commonly used for assessing the basal toxicity of water samples 

(Escher et al., 2014; Nguyen et al., 2016). In these assays, naturally luminescent bacteria are 

exposed to water samples or water extracts and non-specific toxicity is measured by quantifying 

inhibition of bacterial luminescence (van de Merwe & Leusch, 2015). Response in non-specific 

assays such as the BLT-Screen can be due to the presence of a small number of TOrCs that are 

highly toxic to bacteria (e.g. anti-bacterial agents) and/or complex mixtures of many compounds 

that are less toxic to bacteria (van de Merwe and Leusch, 2015). Therefore, these assays allow 

for rapid assessment of the basal toxicity of WWEs and receiving waterways, providing 

information on relative toxicity over time and space.  

Basal toxicity can be high in wastewater samples, with toxic units (TUs) often >1 (Leusch et al., 

2014; van de Merwe and Leusch, 2015), indicating that the mixture of chemicals in undiluted 

effluent can cause toxicity to bacteria. However, due to rapid dilution following discharge into 

receiving waterways, basal toxicity is generally much lower in surface water samples, with TU 

values generally <1 and often <0.1 (Macova et al., 2011; Escher et al., 2014; Leusch et al., 

2014). 

4.2.6 Objective  

The purpose of this study was to characterize the trends of GR, AhR, and ER agonists as well as 

baseline toxicity to bacteria in a wastewater effluent-dependent surface flow of the Santa Cruz 

River (SCR) using in vitro bioassays. In addition, chemical analysis was performed to identify 

known GR agonists and provide a mass balance. 
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4.3 Experimental   

4.3.1 Chemicals and Reagents 

In vitro AhR assay media components were: alpha-MEM Cell Culture Media (Invitrogen, 12000-

063), Premium Fetal Bovine Serum (Atlanta Biologicals, S11150), phenol red-free DMEM 

(Gibco, 21063-045), charcoal-stripped FBS (Corning, 35-072-CV), Penicillin-Streptomycin 

(Gibco, 15140-122), Sodium Pyruvate (Gibco, 1136-070), and NEAA (Gibco, 11140-050). AhR 

assay reagents, Luciferase Assay Lysis Buffer (PR-E1531) and Promega Luciferase Assay 

System (PR-E1501) were purchased from Fisher Scientific, USA.  

For GR assay, the LiveBLAzer™-FRET B/G Loading Kit with CCF4-AM was purchased from 

Life Technologies (K1095), and PBS (pH 7.4) was purchased from Gibco (10010049). HPLC 

grade water, methanol, acetonitrile, methyl tert-butyl ether, and acetic acid were purchased from 

Fisher Scientific Co. (Fair Lawn, NJ, USA). Twenty-eight glucocorticoid standards (Table A4-1) 

were obtained from Sigma-Aldrich (St. Louis, MO, USA). Hydrocortisone-d2, prednisone-d8 and 

6α-methylprednisolone-d2 were purchased from C/D/N Isotopes Inc. (Pointe-Claire, Canada). 

Corticosterone-d8, cortisone-d8, fluticasone propionate-d5, triamcinolone-13C3 were all purchased 

from Toronto Research Chemicals Inc. (Ontario, Canada). 2,3,7,8-Tetrachlorodibenzo-p-dioxin 

was purchased from AccuStandard (D-404N).  

For the ER assay, GeneBLAzer ERα-UAS-bla GripTite™ cells, LiveBLAzer™-FRET B/G 

Loading Kit, beta-lactamase loading solutions and Dulbecco’s Modified Eagle Medium for cell 

culturing were purchased from Life Technologies (Carlsbad, CA). PBS, 17β-estradiol (agonist 
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standard) and tamoxifen (antagonist standard) were purchased form Sigma-Aldrich. Poly-D-

Lysine Cellware 384-well plates were purchased from Beckton Dickinson Labware (Bedford, 

MA). 

For the BLT-Screen, Photobacterium leiognathi stock (ATCC® 33469™) was purchased from 

the American Type Culture Collection (ATCC; Manassas, VA). Ingredients for the bacterial 

growth and assay media (KH2PO4, bacto-peptone, yeast extract, NaCl, MgSO4.7H2O, 

MgCl2.6H2O, CaCl2.2H2O and KCl), the pentachlorophenol standard and white flat bottom 96-

well plates were purchased from Sigma-Aldrich. 

4.3.2 Sampling and Storage 

The Lower Santa Cruz River (SCR) is a wastewater effluent-dominated stream in Pima County, 

Arizona. For the past century, the river has been ephemeral, only flowing during large rain 

events as groundwater withdraws have lowered the water table since the early 1900s. Pima 

County discharges wastewater effluent from two water reclamation facilities (WRFs) into the 

SCR, Agua Nueva WRF (ANWRF) outfalls and Tres Ríos WRF (TRWRF) outfalls, which flows 

for approximately 20 to 40 km before it infiltrates below the surface. The WRF furthest upstream 

of the SCR is the ANWRF (sampling site SCR-01), and the effluent from the TRWRF enters 

approximately 7.6 km downstream (sampling site SCR-04; Figure 4-1). ANWRF has a 32 

million gallon per day (MGD) limit using headworks, flocculation/grit removal, dissolved air 

flotation clarification, 5 stage Bardenpho, tertiary filtration, and chloramine disinfection.  The 

TRWRF has a 72 MGD limit and is composed of flocculation/sedimentation and activated 

sludge with subsequent disinfection with hypochlorite.  For most of the year, the water flowing 
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in the SCR channel is almost exclusively composed of WRF effluent; therefore, it is an 

exceptional site to investigate how WWEs and their constituents behave in and interact with the 

environment in the absence of dilution and influence from perennial surface water flow.  

 

Figure 4-1. Schematic of the Santa Cruz River and sampling sites for this study. 

Wastewater discharge outlets (SCR-01 and SCR-04) are highlighted by filled diamonds. All 

other river sites are indicated by open circles. Samples SCR-07 and SCR-11 were field and 

laboratory blanks, respectively. 

The SCR was sampled at nine sites on four different dates over the course of a year: May 12, 

2014; September 22, 2014; December 1, 2014; and February 12, 2015. Sampling events 

collected 4 L grab samples and were conducted from an upstream to downstream manner 

beginning with the ANWRF outfall (SCR-01) in the absence of precipitation-induced surface 

flow. Sampling sites are presented in the schematic in Figure 4-1, and sampling details are listed 

in the Supplemental Information (Table A4-2). SCR-01 and SCR-04 (stream km 0.0 and 7.6) are 

located at the base of the ANWRF and TRWRF outfalls, respectively. Reach 1 of this study 

flows from the ANWRF outfall to the downstream-most site before the TRWRF outfall, SCR-03 

(stream km 6.4) or SCR-02 (stream km 1.3) if dry. Reach 2 of this study flows from SCR-05 
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(stream km 9.7), the mixing zone of both WRF waters, to the farthest downstream site SCR-10 

(stream km 28.8) or SCR08 (stream km 17.0) if dry.  

WRF effluent was the sole source of flow in the SCR during sampling events; surface flow 

upstream of the ANWRF was absent. In September and December, channel SCR-03 was dry, 

preventing samples from being collected at this site. This was also the case for the channel at 

SCR-09 (steam km 24.0) and SCR-10, in February. During the February event, the channel was 

stagnant at SCR03, but a sample was still collected. 

Water samples were collected in 1 L glass amber bottles by directly filling the bottle in the river 

or using a polypropylene bucket at inaccessible locations to collect the sample and then pour into 

the 1 L glass amber glass. Before collecting the sample at each site, all equipment was rinsed 

three times with the respective water. During each sampling event, a field blank, using Milli-Q 

water, and a true triplicate sample was collected at each of the sites. Samples were transported in 

coolers with ice back to the lab, where they were stored in 4ºC for up to 48 h prior to extraction. 

Historical data of quarterly river campaigns were extracted from Living River Reports 

(Zugmeyer, et al., 2016). The river campaign data corresponding with this study’s sample 

collections are presented in the supplementary information (Table A4-3). 

4.3.3 Sample Preparation 

Samples were filtered with a 47 mm, 0.7 µm GF/F fiberglass filters (GF/F 0.7 μm, Whatman, 

Maidstone, UK) and solid phase extraction (SPE) was performed using a previously published 

method (Mehinto et al. 2015; Jia et al. 2016). Briefly, a Dionex Autotrace 280 SPE instrument 

was used with a Hydrophilic-Lipophilic Balance (HLB, 500 mg/6cc) cartridge (Waters 
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Corporation, Milford, MA), which was pre-conditioned with 5 mL of methyl tert-butyl ether 

(MTBE), 5 mL methanol, and 5 mL of ultra-pure water. Samples were then loaded onto the 

cartridge, rinsed with 10 mL of ultrapure water, dried for at least an hour with nitrogen, and 

eluted with 5 mL of methanol followed by 5 mL of a 10/90 (v/v) methanol/MTBE mix. After 

elution, samples were evaporated and raised to a final volume of 1 mL, which was divided into 

two aliquots for bioassays and chemical analysis. The aliquot for bioassay was then re-

evaporated and reconstituted in DMSO at a 4,000 X enrichment, where the aliquot for chemical 

analysis went through an additional clean up step (Jia et al., 2016). Briefly, a silica cartridge (500 

mg/6cc, Waters), pre-conditioned with 4 mL of water-saturated ethyl acetate and 4 mL of a 

90/10 (v/v) hexane/ethyl acetate was used. After the samples were loaded, they were then rinsed 

with 3 mL of 90/10 (v/v) hexane/ethyl acetate, dried with nitrogen, and eluted with 3 mL of 

38/62 (v/v) hexane/ethyl acetate. Last, the samples were evaporated and reconstituted in 1 mL of 

methanol, resulting in a 2,000 X enrichment. An ultrapure water sample was extracted in parallel 

to the samples, and no bioactivity or chemicals were detected in this laboratory blank with any of 

the assays tested. 

4.3.4 Glucocorticoid Bioactivity  

To quantify GR bioactivity, the GR-GeneBLAzer assay, a commercially available stable human 

embryonic kidney cell line with a beta-lactamase reporter gene (GR-UAS-bla HEK 293T, Life 

Technologies Corporation, Grand Island NY) was used. Briefly, 6.25×105 cells/mL were added 

to black wall, clear bottom 96-well plates (Greiner Bio One, 655090) and incubated for 16 h with 

SCR extracts in triplicates and a 1×10-7 to 1×10-11 M dexamethasone positive control dose curve 

in duplicates (Mehinto et al., 2015), with an EC50 of 2.9×10-9 M. Then the LiveBLAzer™-FRET 
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B/G substrate mixture (CCF4-AM) was added for 4 h before fluorescence was measured in a 

FlexStation 3 Multimode Plate Reader (Molecular Devices, Sunnyvill CA). Negative controls 

included cells exposed to 1% DMSO, 0% DMSO, and a cell-free blank containing 1% DMSO. 

The excitation wavelength was 409/20 nm, with emission at 460/40 nm and 530/30 nm for green 

and blue wavelengths, respectively.  

To evaluate a potential laboratory bias, an interlaboratory parallel analysis for GR bioactivity 

was completed on samples from two different sampling events. Aliquots from May and February 

extracts were analysed by Griffith University, Southport, Queensland using GR-UAS-bla HEK 

293T cells in agonist and antagonist modes (Mehinto et al., 2015). Fluorescence was measured in 

a FLUOstar plate reader (BMG Labtech, Germany) at 460 and 520 nm after excitation at 410 

nm, and the data expressed as the ratio of fluorescence at 460 divided by 520. Dexamethasone 

was used as the agonist reference compound (EC50 = 2.0×10-9 M), while mifepristone was used 

as the antagonist reference compound (EC50 = 1.8×10-9 M) in the presence of a competing 

dexamethasone EC80 concentration, as recommended for antagonist analysis in Neale and Leusch 

(2015). The limits of detections based on the EC10 and IC20 were 5 ng/L DexEQ and 5 ng/L 

mifepristone equivalents (MifEQ), respectively. 

4.3.5 Glucocorticoid Chemical Analysis  

The concentration of the 28 targeted glucocorticoids were determined using a previously 

published method (Jia et al., 2016). Briefly, a UHPLC-MS/MS (6490 Agilent Technologies, 

Santa Clara, CA) equipped with a ZORBAX Eclipse Plus C8 RRHT column (100 mm × 2.1 mm, 

1.8 μm; Agilent Technologies, Santa Clara, CA) was applied. Glucocorticoid concentrations 
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were converted to chemical dexamethasone equivalent (cDexEQ) concentrations by multiplying 

the concentration by the relative potencies (REPs) listed in Table A4-3 (Jia et al. 2016).  

4.3.6 AhR Bioactivity  

A chemical-activated luciferase gene expression (CALUX) AhR in vitro bioassay was used to 

quantify dioxins and other compounds that induce the bioactivity of the CYP1A1 gene as a part 

of a cellular toxic response mechanism(Garrison et al., 1996). Methods described in He et al. 

(2014) were followed with slight modifications using a H4L1.1c2 rat hepatoma cell line. 

Triplicate wells at 7.5×105 cells/mL were exposed to extracts and a 1×10-7 to 1×10-12 M 2,3,7,8-

TCDD positive control dose curve. Negative controls included cells exposed to 1% DMSO, 0% 

DMSO, and a cell-free blank containing 1% DMSO. A Beckman Coulter Biomek FX liquid 

handling workstation performed serial dilutions on a working plate (Thomas Scientific, 

1223T96). Lysed cells were shaken in a LiCONiC STX44-HRSA. A BioTek Synergy 2 plate 

reader auto-added 50 microliters (µL) luciferase reagent to each well and measured 

luminescence.   

4.3.7 Estrogenic Bioactivity  

GeneBLAzer ERα-UAS-bla GripTite cells were used to quantify ER-mediated gene activation, 

following methods described in Escher et al. (2014) and the manufacturers protocols, with slight 

modifications. The assay was run in both agonist and antagonist modes, and a serial dilution of 

each sample was tested on at least two separate occasions. Fluorescence was measured in a 

FLUOstar plate reader (BMG Labtech, Germany) at 460 and 520 nm after excitation at 410 nm, 
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and the data expressed as the ratio of fluorescence at 460 divided by 520. 17β-estradiol (EC50 = 

1.4×10-11 M) and tamoxifen (EC50 = 1.5×10-6 M, in the presence of an EC80 concentration of 

17β-estradiol) were used as the agonist and antagonist reference compounds, respectively. The 

sample results were expressed as 17β-estradiol (EEQ; agonist) and tamoxifen (TMXEQ; 

antagonist) equivalent concentrations. The limits of detection based on the EC10 and IC20 were 

0.005 ng/L EEQ and 5 μg/L TMXEQ, respectively. 

4.3.8 Toxicity to Bacteria (Baseline Toxicity) 

Baseline toxicity to bacteria was measured using the bacterial luminescence toxicity screen 

(BLT-Screen) assay described by (van de Merwe and Leusch, 2015) . Briefly, sample extracts 

were serially diluted in PBS in a 96-well plate. A cryopreserved aliquot of the luminescent 

bacteria, Photobacterium leiognathi, was then added to each well, and following 30 min of 

exposure, the luminescence was measured in a FLUOstar plate reader (BMG Labtech, 

Germany). The inhibition of luminescence in each well was calculated relative to controls, using 

the equation: 

                                          % Inhibition = [1 − (
lumsample

lumcontrol
)]  × 100                                EQ (4-1) 

where % inhibition was plotted against the relative enrichment factor (REF) of each sample. The 

IC20(REF), the REF that causes 20% inhibition of bacterial luminescence was calculated for each 

sample using the linear section of the dose-response curve (<40% inhibition). The toxicity of 

each sample was finally expressed as a Toxic Unit (TU), the reciprocal of the IC20(REF) value. The 
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limit of detection was 0.03 TU (i.e., REF of >33). Pentachlorophenol (EC50 = 0.17 µM) was used 

as the reference compound.  

4.3.9 Bioassay Data Analysis  

The average response of the blank wells from each plate were subtracted from the GR and ER 

raw fluorescence and AhR raw luminescence values for each well. For the GeneBLAzer data 

(GR and ER assays), the effect was then expressed as the ratio of 460/520 (or 530). The effect 

(fluorescence ratio or luminescence, depending on the assay) was then converted to a % effect 

using equation (4-1):  

% effect = (signalsample – signalnegative control)/(signalmax – signalnegative control))*100  EQ (4-2) 

 where signalsample is the bioassay response with the sample, signalnegative control is the 

response with a solvent negative control, and signalmax is the highest response produced with the 

reference compound.  

The 10% effective concentration (EC10) in agonist mode and the 20% inhibitory concentration 

(IC20) in antagonist mode (Escher et al., 2014) were calculated for each sample concentration-

effect curve data from equation (4-2): 

                                  logECx = logEC50 + 1/s * log[x / (100-x)]                            EQ (4-3) 

where s is the slope of the concentration-effect curve of the reference compound 
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Equivalent concentrations (DexEQ and MifEQ for GR, EEQ and TMXEQ for ER and TCDDEQ 

for AhR) were determined using equation (3): 

Equivalent Concentration = PODpositive control / PODsample * MW                             EQ (4-4) 

where POD is the point of departure (i.e., EC10 in agonist mode and IC20 in antagonist mode) and 

MW is the molecular weight of the reference compound in g/mol. 

DexEQ and calculated DexEQ (cDexEQ) concentrations were compared in a mass balance to 

identify if the limited analyte set measured in chemical analysis captured the magnitude of 

agonist-induced GR bioactivity (Jia et al., 2016). 

4.4 Results and Discussion  

4.4.1 Glucocorticoids   

GR Bioactivity in the Santa Cruz River  

The GR agonist bioactivity (determined by the US laboratory) of the SCR ranged from 9 to 170 

ng/L DexEQ over the four sampling events (Figure 4-2). These results are consistent with 

previous results for this same stream, ranging from 39 to 155 ng/L DexEQ (Jia et al., 2016). 

Eleven of those samples exceeded the glucocorticoid EBT of 100 ng/L for environmental waters 

(van der Oost et al., 2017). Across all sampling events, concentrations decreased downstream 

from the WRF outfalls (km 0.0 and km 7.6). Reach 1 showed a 42% to 68% reduction in 

concentration with the exception of the December sampling event (8% reduction). In December, 
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the surface water had fully infiltrated upstream from km 6.4, the downstream-most site of Reach 

1. The Reach 1 downstream concentration reduction ranged from 8 to 41 ng/L/km. The Reach 2 

downstream concentration reduction ranged from 48% to 89% (3.9 to 8.2 ng/L/km). Antagonism 

(anti-GR bioactivity) was measured in the May 2014 and February 2015 samples and was below 

detection limit for all samples (< 5 ng/L MifEQ), and thus not contributing to the bioassay-

derived DexEQ concentrations in the mass balance.  

 

Figure 4-2. Glucocorticoid bioactivity (expressed as DexEQ, ng/L) in the SCR. The dashed 

red line EBT(Env) at 100 ng/L DexEQ is the lowest-effect based trigger (EBT) value 

proposed by van der Oost et al. (2017) for environmental waters, while the full red line 

EBT (DW) at 150 ng/L DexEQ is the GR-GeneBLAzer EBT proposed by Escher et al. 

(2015) for drinking water. 
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The replicate inter-laboratory analysis for GR bioactivity produced comparable results (Table 

A4-4). The mean relative standard deviation (RSD) for the DexEQ results between labs was 

18.4% with the May 2014 samples and 15.6% with the February 2015 samples, similar to a 

published interlaboratory parallel analysis on a GR bioassay calibration study using 

environmental samples (Mehinto et al., 2015). Both analyses showed the same trend of the 

highest bioactivity being measured at the WRF outfalls and decreased bioactivity going 

downstream (Figure 4-3). 

Downstream concentration reduction may be influenced by the biodegradation or 

photodegradation of GR agonist compounds. Another study looking at glucocorticoid 

concentrations in biological wastewater treatment showed that concentrations were below or 

very close to reporting limits after exposure to both aerobic and anaerobic sludge (Liu et al., 

2011). GR bioactivity is associated with hydrophilic extract fractions, so decreasing downstream 

concentrations are not likely to be highly influenced by sorption to organic matter and sediments 

(Macikova et al., 2014). There is also a high possibility that GR agonists in the SCR are 

degraded in photolysis reactions. When exposed to 80 mJ/cm2 ultraviolet light, complete GR 

agonist attenuation in a wastewater matrix was achieved in a bench scale study (Jia et al., 2016). 

In the SCR, effluents flow for hours to days, allowing sufficient exposure for photodegradation 

of TOrCs (Quanrud et al., 2004).  

Occurrence of GR agonist in the Santa Cruz River  

Analytes were not detected in the field and laboratory blanks with the exception of the May and 

December field blanks containing 0.10 and 0.14 ng/L methylprednisolone (MPL), respectively. 
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Therefore, MPL concentrations at or below these values were excluded (all December samples 

and two May samples: km 1.3 and km 17.0). Nine of the 28 glucocorticoid analysed were 

detectable in each SCR sampling event, with a total concentration ranging from 3.5 to 44.9 ng/L, 

with the highest concentrations at the WRF outfalls (km 0.0 and km 7.6; Figure 4-3). 

Concentrations consistently decreased downstream from the WRF outfalls in all sampling events, 

which agrees with the GR results. The December sampling event had the greatest concentrations 

of glucocorticoids, where May had the lowest concentrations with about half that of December. 

The GR agonist with the highest concentration was triamcinolone acetonide (TCA), which 

accounted for between 39% to 87% (1.4 to 38 ng/L) of total glucocorticoids. This is consistent 

with the findings from Jia et al. (2016) in which TCA accounted for 49% to 77% of total 

glucocorticoid concentration from 4 different WWTPs. Triamcinolone acetonide along with 

prednisolone (PNL) was present in all of the SCR samples. Cortisone (COR), betamethasone 

(BET), fluocinolone acetonide (FCA), hydrocortisone (HCT), clobetasol proprionate CBP), and 

fluticasone propionate (FTP) were present in >80% of samples.  
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Figure 4-3. Concentrations of target glucocorticoids (expressed in ng/L) in the SCR. The red dashed line is the represents the 

second reach (ie TRWRF). The glucocorticoids detected were Triamcinolone acetonide (TCA), Prednisolone (PNL), 

Methylprednisolone (MPL), Hydrocortisone (HCT), Fluticasone propionate (FTP), Fluocinolone acetonide (FCA), Cortisone 

(COR), Clobetasol propionate (CBP), and Betamethasone (BET). These concentrations were then concerted to cDexEQ based 

on Jia et al. (2016) and expressed as the black dashed line. The black solid line is the DexEQ collected from the GR bioassay. 
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Glucocorticoid Mass Balance  

DexEQ and cDexEQ concentrations for all samples are presented in Figure 4-4 (full and dashed 

line, respectively), and specifically for the WRF outfalls at km 0.0 and 7.6 (SCR-01 and SCR-04, 

respectively). Overall, the 9 glucocorticoids identified and quantified in the WRF effluent 

(ANWRF and TRWRF) had a summed cDexEQ which was in good agreement with the DexEQ 

obtained from the bioassay data, indicating a successful mass balance. The cDexEQ 

concentrations were slightly higher than the DexEQ concentrations for all WRF outlet samples, 

except for the February and May results at km 7.6. This has also been documented and 

respectively attributed to the presence of antagonists (Macikova et al., 2014); however, the anti-

GR bioassay results for May and February samples were below detection limit (<5 ng/L MifEQ), 

suggesting that this was not the case here. In addition, cDexEQ also showed the same trend of 

higher concentrations in the winter months compared to those collected during the summer.  

Analytical detection of individual glucocorticoid compounds is capable of predicting 

bioanalytical response in complex mixtures such as reclaimed water (Schriks et al., 2010; Jia et 

al., 2016). The present study provides another example of a successful mass balance of 

glucocorticoid receptor bioactivity in an environmental system. The sum of TCA, FCA, CBP, 

and FTP contributions to cDexEQ in WRF effluents accounts for 99.5% to 99.8%, similar to 

those reported by Jia et al. (2016) of 97.7% to 99.8% in secondary effluents. 
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Figure 4-4. DexEQ vs. cDexEQ bioactivity in ANWRF (A) and TRWRF (B) effluents 

(sampling sites SCR-01 and SCR-04, respectively). 

4.4.2 AhR Bioactivity in the Santa Cruz River  

The average TCDDEQ concentrations ranged between 0.1 and 1.0 ng/L (Figure 4-5) and every 

sample was above the EBT of 0.05 ng/ L for environmental waters. In addition, these values 

were one to two orders of magnitude above the drinking water guideline value of 0.03 ng/L set 

for TCDD. The amount of TCDDEQ is comparable to what was found by Dagnino et al. (2010), 

who reported 2.1±1.1 ng/L TCDDEQ after a lagoon-based water treatment facility (WTF). The 

overall trend of TCDDEQ for the SCR in this study showed the highest concentrations at the 

outfalls, with decreasing concentrations downstream. Reach 1 showed a 23% to 53% reduction 

in concentration with the exception of the December sampling event (4% reduction). However, 

there was no flow at km 6.4 (SCR-03) on that date. Reach 2 showed 11% to 74% downstream 

concentration reduction (0.003 to .02 ng/L/km). Possible causes of the downstream concentration 

reduction include photodegradation and sediment sorption and deposition. Kim & O’Keefe 
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(2000) reported that dioxins and dioxin-like compounds can photodegrade in sunlight with half-

lives on the order of several hours to a day. The SCR water flows down the channel from the 

ANWRF (SCR-01) for a few days before infiltration (Quanrud et al. 2004), which is a sufficient 

amount of time for photodegradation to occur. Dagnino et al. (2010) showed that AhR response 

was highest in wastewater suspended particles compared to the dissolved phase, making 

suspended particles a more-likely source of environmental contamination. Therefore, the affinity 

of AhR agonists to organic matter may lead to deposition in the sediments, which should be 

assessed as a potential sink in the SCR. The presence of AhR bioactivity in the aqueous phase 

could be influenced by binding to DOC or the presence of more-polar, dioxin-like compounds 

(Dagnino et al. 2010). 
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Figure 4-5. AhR bioactivity (expressed as TCDDEQ, ng/L) in the SCR. The dashed red line 

EBT(Env) at 0.05 ng/L TCDDEQ is the lowest effect-based trigger (EBT) value proposed 

by van der Oost et al. (2017)for environmental waters, while the full orange line Guideline 

(DW) at 0.03 ng/L TCDDEQ is the guideline value proposed by the USEPA (1998) for 

TCDD in drinking water. 

4.4.3 Estrogenic Bioactivity in the Santa Cruz River  

 (Anti)-Estrogenic bioactivity was only measured in May 2014 and Feb 2015. Estrogenic 

bioactivity was generally low, with <1 ng/L EEQ in WRF effluents and the river samples. Only 

the two most up-stream samples in May 2014 were (slightly) above the lowest EBT of 0.1 ng/L 

EEQ proposed by Jarošová et al. (2014), and all other samples were below (Figure ). A small 
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decrease of 0.011 ng/L/km EEQ was apparent in Reach 1, but there was no attenuation of the 

low bioactivity in Reach 2. The Feb 2015 samples were 2-25× higher than the May 2014 

samples, but the bioactivity decreased rapidly by 75-79% in both reaches (a reduction of 0.07 to 

0.13 ng/L/km EEQ). Antagonism (anti-ER bioactivity) was not detected in any of the samples (< 

5 μg/L TMXEQ), except in SCR-01 and SCR-02 which were weakly antagonistic, just above the 

assay detection limit at 6 μg/L TMXEQ. 

 

Figure 4-6. Estrogenic bioactivity (expressed as EEQ, ng/L) in the SCR. The dashed red 

line EBT(Env) at 0.1 ng/L EEQ is the lowest effect-based trigger (EBT) value proposed by 

Jarošová et al. (2014) for environmental waters, while the full red line EBT(DW) at 1.8 

ng/L EEQ is the ER-GeneBLAzer EBT proposed by Escher et al. (2015) for drinking 

water. 
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The estrogenic bioactivity detected in the current study (<0.005 – 0.8 ng/L EEQ) is comparable 

to concentrations previously reported and predicted for wastewater-receiving surface waters 

elsewhere (Anderson et al., 2012; Scott et al., 2014; Van Der Linden et al., 2008). Estrogenic 

bioactivity in wastewater-receiving surface waters is most likely driven by low ng/L 

concentrations of natural and synthetic hormones (Leusch et al., 2010), near or below their 

typical chemical analysis method detection limit of 1-5 ng/L. The natural hormones (such as 

17β-estradiol and estrone) are usually efficiently removed during wastewater treatment with 

removal ranging from 74.8 to >99%, but can still frequently be detected in WWEs as high as 80 

ng/L (reviewed in Luo et al., 2014). Natural hormones, however, degrade rapidly in rivers due to 

microbial bioactivity and photodegradation, with average half-lives of 1-2 d in UK rivers 

(Jurgens et al., 2002). The EEQ concentrations and trends detected in the river in the Feb 2015 

sampling would be typical of an input of natural estrogens such as estradiol and estrone, with a 

moderately high EEQ and a rapid decrease in the river. On the other hand, the synthetic hormone 

17α-ethinylestradiol, the active ingredient of the birth control pill, is only moderately removed 

by conventional wastewater treatment (ranging from 43.8 to >99%, reviewed in Luo et al., 

2014), is comparatively more persistent in surface water of 10-17d (Jurgens et al., 2002) and is 

one of the most potent estrogenic compounds both in in vitro test systems and whole animals 

(Leusch et al., 2009). Trace concentrations of 17α-ethinylestradiol remaining in the treated 

wastewater would therefore persist in the river for some time, and the response in May 2014 

sampling (and the baseline values in the Feb 2015) is typical of such a background 

contamination (Scott et al., 2014). The estrogenic bioactivity detected here was always below the 

drinking water EBT of 1.8 ng/L (Escher et al., 2015), and was below the environmental EBT of 

0.1-0.4 ng/L EEQ for long-term exposure (Jarošová et al., 2014) in May 2014, but above it in the 
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Feb 2015 samples. Interestingly, while most of the Feb 2015 samples were above the long-term 

exposure EBT, they were at the bottom end of the window for short-term exposure (EBT ranging 

from 0.5-2.0 ng/L EEQ; Jarošová et al., 2014)). Considering the large difference between the two 

sampling events, further monitoring is necessary to determine if the higher values detected in 

Feb 2015 are uncommon (in which case the risk of estrogenic endocrine disruption may be 

minimal) or representative of the typical concentrations in this river system. 

4.4.4 Toxicity to Bacteria (Baseline Toxicity) 

As with estrogenic bioactivity, basal toxicity was only measured in May 2014 and Feb 2015. The 

SCR samples were not particularly toxic to bacteria (Figure 4-7)., and the TUIC20(REF) values (0.1 

- 0.3) were comparable to those reported  for other surface water samples around the world 

(Macova et al., 2011; Escher et al., 2014; Leusch et al., 2014). All samples were well below the 

trigger value of 1.0 TUIC20, which represents an undiluted water sample causing 20% toxicity in 

the assay. This indicates that although these SCR water samples may contain complex mixtures 

of TOrCs, the concentrations were generally low, particularly for compounds that are highly 

toxic to bacteria, and water samples had to be SPE-concentrated to produce a noticeable toxic 

effect.  

In the May 2014 samples, toxic unit values were relatively constant across all sites (TUIC20(REF) 

between 0.1 and 0.2). The toxic unit values of the Feb 2015 samples were generally higher than 

the May 2014 samples, and effluent from the second WRF (at km 7.6) increased the basal 

toxicity of the water slightly, to 0.25 TUIC20(REF), with a lag increase further downstream (at the 

9.7 km site) to 0.28 toxic units. However, toxicity did decrease rapidly after that, returning to 
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baseline values within 10 km downstream of the second WRF. The higher basal toxicity in Feb 

2015 compared to May 2014 was consistent to the AhR, ER and GR results, indicating higher 

overall toxicity in the SCR during the latter sampling period. Similarly, the lag increases in basal 

toxicity downstream of the second WRF was also observed for AhR (Dec 2014 and Jun 2015) 

and ER at both sampling times. 

 

Figure 4-7. Toxicity to bacteria (measured by BLT-Screen) in the SCR. The red line 

denotes a reasonable trigger value based on reaching 20% toxicity in the assay with an 

undiluted sample. 
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4.5 Conclusion 

Glucocorticoid, estrogen and aryl hydrocarbon receptor bioactivity (GR, ER and AhR) have been 

detected in the wastewater effluent-dominated flow of the SCR, often above available 

environmental effect-based trigger values. Overall, the bioactivity decreased downstream from 

the WRFs, with up to 89%, 74%. 74 %, and 43% removal seen for the GR, AhR, ER, and 

bacteria toxicity, respectively. These activities seem to be influenced by seasonal variations. 

Chemical analysis of known glucocorticoid compounds was also performed, detecting 9 out of 

28 glucocorticoids analysed, with triamcinolone acetonide (1.4 to 38 ng/L) found at the highest 

concentrations. When converting the chemical analysis data to cDexEQ, a successful mass 

balance was demonstrated with the DexEQ obtained from the bioassay data, and interlaboratory 

comparison of bioassay result showed good agreement between laboratories, thus demonstrating 

the ability and reliability of bioassays to accurately monitor water quality.  

For DPR monitoring, this chapter illustrated the effectives of bioassays to complement targeted 

chemical analysis. However, with so many compounds being produced daily (Snyder, 2014), it is 

not feasible to look for all compounds and compound groups. Thus, running bioassays in tandem 

with chemical targeted analysis, offers more information about the water. The bioassays are 

capable of detecting the effects of the entire mixtures, while the targeted analysis reveals the 

presence of indicator compounds. Altogether, there is a need to identify unknown compounds 

when monitoring DPR processes. 
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Chapter 5. Evaluation of Non-targeted Analysis to Characterize Unknown 

Compounds during Advanced Water Treatment 

5.1 Abstract  

Recently, time of flight (TOF) instruments are becoming more popular for non-target analysis of 

unknown compounds in water samples, especially quadrupole-time of flight (QTOF) technology. 

Since the source water for direct potable reuse has a complex matrix compared to conventional 

drinking water sources, characterizing the water is important to determine how the water changes 

throughout the AWTT. In addition to the complexity of wastewater, transformation products 

formed during oxidation, metabolism, etc. also increase the complexity of the matrix. The purpose 

of this study is to use a QTOF instrument with a non-targeted search employed, collecting ion 

information within one full TOF MS scan at high resolution and sensitivity to determine the 

transformation of molecular features during AWT. A non-targeted analysis was applied to multiple 

AWTT and their secondary effluent feed. The results demonstrated significant transformation 

differences with a RO based and a non-RO based AWTTs. RO treatment physically removed most 

of the unknowns, while the non-RO AWTT tended to degrade or chemically attenuate the unknown 

compounds. Altogether, 3 sampling campaigns were collected and analyzed for both utilities. The 

molecular features produced during analysis demonstrated the possibility to vastly purify 

wastewater effluent through AWT applications. Overall, the final products of both AWTT showed 

no correlation to the respective secondary effluents. 

Keywords: Unknown compounds, non-targeted analysis, correlation analysis, cluster analysis, 

principal component analysis. 
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5.2 Introduction  

5.2.1 Background 

Is the water “safe”? That has been, and still is, a question that has been asked for centuries. 

Despite this question being asked for so long, what makes the water unsafe progresses as our 

understanding of the complexities around water increases. It wasn’t until the 1800’s when John 

Snow connected the deaths within a community to their drinking water source, which was 

contaminated with a pathogen. Until then, we did not understand that pathogens made the water 

acutely unsafe. In the late 1970’s, reports surfaced on the presence of TOrCs in waters within the 

United States, specifically pharmaceuticals in WWEs (Hignite and Azarnoff, 1977). These 

contaminants drew additional attention once reports of fish being affected by steroid hormones in 

waters were reported (Snyder et al., 2001), followed by additional reports of pharmaceuticals 

occurring in tap water (Benotti et al., 2009). Now these compounds are being monitored for 

water quality and have been proposed to be used as indicators; however, we did not know the 

pharmaceuticals posed dangerous threats to health until we were able to detect them. In 

summary, understanding which compounds should be monitored is dependent on analytical 

capabilities.   

Due to the vast amount of known and unknown chemicals, it is not even feasible to monitor all 

of them, despite the analytical capabilities. It is estimated by the Chemical Abstracts Services 

that more than 88 million organic and inorganic chemicals have been registered and more than 

two thirds of those are available commercially (www.cas.org). In addition, it is approximated 

that more than 15,000 new compounds are acknowledged each day (Snyder, 2014). With all 



138 

 

these compounds that already exist and with the sheer number being documented each day, it is 

logistically and financially infeasible to monitor all of them. Thus, there is a detrimental need to 

analyse all the unknown compounds within the water.  

Although bioassays give a comprehensive view of chemical mixtures that exert bioactivity of 

known endpoints, they do not give information about unknown compounds. Thus, high 

resolution mass spectrometry (HRMS) has been increasingly applied and significant 

advancement have been achieved in the last couple decades to analyse unknown contaminants 

(Ferrer and Thurman, 2012). For water research, HRMS is capable of identifying and quantifying 

transformation products during water treatment (Mawhinney et al., 2012). The data acquired 

from a full spectrum scan can be mined for co-occurring species, unknown chemical 

identification, and compared to library data base searches from previous samples. With statistical 

spectral software, occurrence patterns can be identified and illustrate the data as a fingerprint for 

each sample. For example, Merel and Snyder (2014) applied this approach to map the TOrCs in 

water before and after ozonation, with more than 1000 co-occurring chemicals. Thus, HRMS 

technology is a promising technique for monitoring water quality as it gives a complete screen of 

organic compounds and is capable illustrating the change in composition throughout treatment.  

Various instruments that allow for HRMS are QTOF, Orbitrap, FTIR, etc.   

5.2.2 Time of Flight  

In general, the single quadrupole and triple quadrupole mass spectrometers are known for having 

very high mass sensitivity, while time of flight (TOF) instrumentations have very high selectivity 

and mass accuracy. A high sensitivity allows for a broad linear dynamic range and low limits of 
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detection and quantification. A high selectivity and mass accuracy allows for the correct 

measurement of a compound’s exact mass. Recently TOF mass spectrometry instruments, 

especially quadrupole-TOF (QTOF), are becoming more popular for the confirmation of 

compounds when comparing the time taken for difference compounds to pass through a similar 

flight path. A TOF instrument uses a flight tube in which ions are accelerated with an electric field 

(Figure 5-1). This acceleration results in the separation of the ions based on mass since the m/z 

ratio is proportional to the travel time in the flight tube. Ion mirrors are used to increase flight 

times, resulting in higher mass resolution measurements without significantly increasing the size 

of the instrument. Due to their high resolution and mass accuracy capabilities, TOF instruments 

can be used for identification of unknown compounds by providing a molecular formula and 

confirming or denying a suggested structure (Reemtsma, 2003). In addition, the capability of TOF 

to provide a full scan spectrum with relatively high sensitivity makes it an advanced choice in 

qualitative analysis. Several researchers have used QTOF instruments to determine 

pharmaceuticals in environmental wastewater samples (Marchese et al., 2003; Petrovic et al., 2006; 

Stolker et al., 2004). All of these papers showed that Q-TOF technology had distinct advantages 

for screening and for the confirmation of low concentrated pharmaceuticals of different classes in 

complex environmental samples. In addition, capability of high-accuracy fragment ion selection 

was shown to minimize the interference from environmental matrices (Marchese et al., 2003), 

which helped to correctly identify and prevent false positives. Although there are many positives, 

one of the main drawbacks of TOF spectrometry for targeted analysis of pharmaceuticals in 

environmental water samples is the  sensitivity and repeatability for quantification when compared 

to a QQQ instrument (Acta et al., 2010). Therefore, QTOF instruments should be used mainly for 

qualitative analysis rather than quantitative analysis of samples. 
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Figure 5-1. Diagram of a typical quadrupole time of flight mass spectrometer 

(www.sciencedirect.com) 

For research (not looking at targeted molecules) investigating unknown compounds in 

environmental water samples, QTOF enables a non-targeted search. This feature allows all of the 

ion information to be selected within one full TOF-MS scan with high resolution and sensitivity 

(García-Reyes et al., 2007; Pitarch et al., 2010). Formula generators can be applied to compute the 

molecular feature according to the accurate mass, isotopic mass profile, charge state, and possible 

adducts using formula generators. Final structural identification can be determined through the 

comparison of external commercial or self-built databases (Del Mar Gómez-Ramos et al., 2011). 

Also, possible precursor ions can go through a further MS/MS fragmentation for the verification 

of the chemical structure.  

For additional clarification, high purity standards can be injected to compare their chromatogram 

retention time, precursor and fragments to the samples. Calibration solutions, which are used to 

correct the accurate mass for precursor and product ions, are very important in QTOF analysis. For 
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some instruments, the calibration solution enters the source with the samples at the same time (e.g. 

Agilent 6420-QTOF), while for others, the operator can make reference injection during the 

sample injection, thus can process a post-calibration (e.g. AB 5600-QTOF). Several papers have 

conducted both target and non-target analysis of organic substances in different environmental 

matrices, including water, blood, and food (Díaz et al., 2012; González-Mariño et al., 2012; Li et 

al., 2012), and previously unknown pharmaceutical metabolites were identified using QTOF 

databases (Hernández et al., 2011; Pérez-Parada et al., 2011). 

5.2.3 Orbitrap   

Another method capable of identifying unknown contaminants is an Orbitrap, which is an ion trap 

mass analyzer that consists of a central electrode and two outer electrodes that enable it to act as 

both analyzer and detector. The ions entering the Orbitrap are caught through “electrodynamic 

squeezing” after which they oscillate around the electrode and in between the two outer electrodes. 

Different ions oscillate at different frequencies, yielding in their separation. By measuring the 

oscillation frequencies induced by those ions on the outer electrodes, the mass spectra of the ions 

are acquired using image current detection. Because of this setup, the Orbitrap mass analyzer is a 

Fourier Transform (FT) mass analyzer analog of FT-ion cyclotron resonance (ICR) technology, 

yet with smaller instrument size and easier instrument operation. (Hu et al., 2005; Makarov, 2000). 

Orbitrap based mass spectrometer has been used in identification of pharmaceutical and illicit drug 

metabolites(Heuett et al., 2015; Wang and Gardinali, 2014), in reclaimed water.  
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5.2.4 Objective  

While individual indicator chemicals have been developed to reflect the presence of important 

known contaminants in treated wastewater (and potable reuse water), the ability of these 

indicators to reflect the presence of unknown contaminants has not been determined. To address 

this important data gap, we propose to characterize the full range of unknown contaminants in 

electrospray ionization positive mode (ESI+) throughout two different AWTT using a QTOF 

instrumentation method of analysis.   

5.3 Experimental  

5.3.1 Utilities and Advanced Water Treatment Trains 

For this study, two different utilities and two different AWTTs were investigated. The secondary 

effluent at Utility 1 is produced through conventional wastewater treatment processes, relying on 

aerobic biological treatment for nutrient removal. The secondary effluent from Utility 1 goes 

through an AWT composed of MF, RO, and UVAOP (Figure 2-4). Overall, this AWTT is 

capable of producing 2.6 x 105 m3/d (6.8 x 107 GPD), which is currently being used for ground 

water replenishment. 

Utility 2 also produces secondary effluent through conventional wastewater treatment processes, 

relying on activated sludge for nutrient removal. The secondary effluent is then fed into a non-

RO based train that uses GMF, UF, O3, and BAC (Figure 2-5). Ultimately, this facility produces 

2.3x105 m3/d (6.0 x 107 GPD) of advanced water for surface water augmentation. The first step of 

the AWTT uses UF and GMF to remove most of the pathogens and reduce organic matter before 
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it is blended together and ozonated. After O3, the water with then go through BAC before going 

through O3 a second time. Lastly, the water will be discharged into a local lake before it is 

processed through one more BF step.   

5.3.2 Sample Collection and Preparation  

Two grab samples (1L each) were collected in HDPE bottles from the secondary effluents of the 

two wastewater treatment plants and from the effluents of two DPR pilot train. The samples were 

collected three times for both utilities. Due to diurnal variations of effluents from wastewater 

treatment plant, samples were collected between 8:00 and 10:00 AM for all sampling events. 

Sampling containers were rinsed 3x times with the actual sample before being filled. Immediately 

after filling the bottles, sodium bisulfite was added to each bottle as a quenching agent. Samples 

were placed in an ice-filled cooler and shipped to the laboratory overnight where they were 

immediately filtered through a glass microfiber filter (GF/F 0.7 μm, Whatman, Maidstone, UK) 

and processed (aliquoted, prepared, and then either extracted or analyzed). 

Samples were enriched using an Oasis Hydrophilic-Lipophilic Balance (HLB, 500 mg/6cc) 

cartridge (Waters Corporation, Milford, MA), which was preconditioned with 5 mL of MTBE, 5 

mL of methanol, and 5 mL of ultrapure water. The samples were loaded onto the cartridges at 10 

mL/min, rinsed with 10 mL of ultrapure water, and then dried with a stream of nitrogen for up to 

one hour. The dry cartridges were eluted with 5 mL of methanol followed by 5 mL of 10/90 (v/v) 

methanol/MTBE into a 15 mL glass conical vial. The extracts were then concentrated under a 

gentle stream of nitrogen to an approximate volume of 0.2 mL and brought to a final volume of 

1.0 mL using methanol.  
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5.3.3 Liquid Chromatography Quadrupole Time of Flight Mass Spectrometry   

For investigation of unknown compounds in environmental water samples, high-resolution mass 

spectrometers, like time-of-flight (TOF), allow for a non-targeted analysis (NTA) and comparison 

of molecular features in different samples. These instruments allow all of the ion information to 

be selected within one full TOF-MS scan with high resolution and sensitivity (García-Reyes et al., 

2007; Pitarch et al., 2010). Samples for NTA were analyzed using an Agilent 6540 LC-QTOF. 

For the data analysis, molecular features in each sample were extracted, aligned, and filtered using 

the software package Masshunter Profinder 8.0 (Agilent). The feature alignment and statistical 

analysis was conducted were using Agilent Mass Profiler Professional. Molecular features in each 

sample were compared to those observed in the field blanks and only features that were at least 

2.0-fold greater in abundance in the samples were considered for further analysis. To further 

identify the important features a one-way ANOVA was conducted with a cut-off p-value of 0.05. 

The remaining features were used to compare the samples to one another by conducting cluster, 

correlation, and PCA analysis.  

5.4 Results and Discussion    

5.4.1 Cluster Analysis of Unknown Compounds during Advanced Water 

Treatment 

The cluster analysis of molecular features and sample conditions (type of treatment) for Utility 1 

is shown in Figure 5-2. Individual molecular features are shown as lines in the cluster plots. 
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Features in blue were not detected in the samples. Features highlighted in yellow and red were 

detected with increasing amounts. Clustering of all events showed a close relationship between 

secondary effluent, MF influent, MF effluent, and RO concentrate, indicating that MF does not 

remove small organic compounds sufficiently. After RO treatment, the make-up of the molecular 

features changed, with dramatically less compounds being detected for all sampling events. Most 

of the features detected in the secondary effluent and MF effluent were removed after RO treatment. 

Only a small amount of removal was observed  after the UVAOP. The October and March 

sampling events produced similar cluster results; however, the September cluster analysis looks 

relatively different. When compared to the other two sampling events, the September cluster 

analysis displayed different removal and transformation products. 

The cluster analysis of the molecular features and samples for Utility 2 is shown in Figure 5-3. 

Clustering showed a close relationship between secondary effluent, GMF effluent, UF effluent, 

and Oz1 influent. Treatment between these steps consists of GMF and UF. It is not expected to 

observe removal of small organic compounds during these treatment steps. Samples collected from 

subsequent steps clustered together (Oz1 effluent and BAC effluent). In the Lk influent and final 

effluent (BF effluent), only a few molecular features were detected, which are distinctively 

different to those detected in prior treatment steps. Altogether, similar removal was observed for 

all sampling events throughout treatment of the non-RO based train.  
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Figure 5-2. Cluster analysis for unknown ESI+ compounds at Utility 1 (blue lines-features 

not detected, yellow to red lines-increasing concentration of molecular features): A.) 

September 2016, B.) October 2016, C.) March 2017 
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Figure 5-3. Cluster analysis for unknown ESI+ compounds at Utility 2 (blue-not detected, 

yellow-red-increasing concentration of molecular features): a) August 2016, b) September 

2016, c) April 2017 
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5.4.2 Principal Component Analysis of Unknown Compounds during 

Advanced Water Treatment 

The PCA diagrams illustrate the components that explain the greatest variability between samples. 

The largest amount of variability between the samples is shown in Figure 5-4. The secondary 

effluent, MF influent, and MF effluent cluster for each sampling campaign, indicating that a similar 

make-up of molecular features in each sample. The RO concentrate samples were 9 to 10 times 

more concentrated than the MF effluent. It therefore does not bunch together with any of the 

samples. For all campaigns, the RO effluent and UVAOP effluent cluster together, indicating a 

significant different make-up compared to the MF effluent.  Overall, the RO and UVAOP effluent 

displayed the lowest amount of variation. For all sampling events, PCA data are in agreement.  

Similar to the Cluster Analysis, a PCA can illustrate the relationship between samples. The 

largest amount of variability between the samples is shown in Figure 5-5. No significant removal 

of small molecules was observed during the first steps of treatment (secondary effluent, UF 

effluent, GMF effluent, Oz1 influent). Therefore, the secondary effluent, UF effluent, GMF 

effluent, Oz1 influent grouped together. However, you can see the water being transforming in 

Oz1 effluents, with increasing variation from the DPR source after BAC and Oz2. Lastly, 

molecular features detected in Lk influent and BF effluent are different from those in other 

samples and form a cluster in the PCA. For all sampling events, the PCA analysis are in 

agreement with each other.  

 



149 

 

 

Figure 5-4. Principal Component Analysis of the unknown ESI+ compounds at Utility 1. 

A.) September 2016, B.) October 2016, C.) March 2017 
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Figure 5-5. Principal Component Analysis of the unknown ESI+ compounds at Utility 2.  

A.) August 2016, B.) September 2016, C.) April 2017 
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5.4.3 Correlation Analysis of Unknown Compounds during Advanced Water 

Treatment 

To describe the relationship between two samples, a correlation analysis was conducted and is 

shown in Figure 5-6. The correlation coefficient indicates the linear dependence of two samples. 

The color range goes from blue (correlation coefficient: -1) to red (correlation coefficient: +1). A 

correlation coefficient of zero means that no correlation exists, while the positive/negative sign 

indicate a positive or negative correlation. Correlations coefficients between -0.5 and 0.5 indicate 

a weak correlation.  

Similar to the cluster analysis, a strong correlation was observed between MF effluent, MF influent, 

and the secondary effluent at Utility 1(correlation coefficients between 0.55 and 0.90). A positive 

correlation was also observed between the secondary effluent and RO concentrate (correlation 

coefficients between 0.55 and 0.90). However, the RO effluent and UVOP effluent showed no 

correlation to the secondary effluent, but did display a positive correlation to one another 

(correlation coefficients between 0.85 and 0.89).  

For Utility 2, the secondary effluent showed a positive correlation to the UF effluent, GMF effluent, 

and O3 influent (correlation coefficients between 0.59 and 0.57). After Oz1, none of the treatment 

effluents are correlated to the secondary effluent.  The final effluent (BF effluent) at Utility 2 

showed a positive correlation with Lk influent for all sampling events (correlation coefficients 

between 0.64 and 0.77) and with the Oz2 effluent once.   
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Figure 5-6. Correlation Analysis of the ESI+ unknown compounds at both utilities. On the 

left for Utility 1, A.) September 2016, B.) October 2016, C,) March 2017. On the right is 

Utility 2, where A.) August 2016, B.) September 2016, C.) April 2017 
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5.5 Conclusion 

One of the greatest challenges we face is determining what is “pure”. Is any natural water pure?  

Is any water 100% safe?   Is there ever an absolute absence of risk?  The problem is a circular 

argument between safety and risk.   Another key problem is that although we may claim that the 

water we produce today is “pure”, tomorrow’s analytical chemists will positively prove it is not.  

Today’s non-detectable compounds will be tomorrow’s emerging contaminants. Thus, it is 

imperative to characterize the unknown contaminants.  

Altogether, this chapter showed the transformation of organic matter through DPR treatment. For 

monitoring purposes, these methods are more expensive and require advanced operational and 

statistical skills to perform than the other analysis, thus, it might be infeasible to use these 

analyses for continuous monitoring. Of the different approaches to analyze the data, all 3 

approaches offered valuable information about the AWTTs. For example, the cluster analysis 

gives a qualitative understanding of the compounds present in a given sample. When identifying 

the transformation of the organic composition during AWT, new compounds can be illustrated 

with its cluster by changes in color. The principal component analysis allows for a visual 

representation of the variance between samples. Thus, illustrating how closely related a group of 

samples are. Lastly, the correlation analysis revealed the linear dependence of two samples. This 

analysis allows for a value to be generated that depicts the similarity of samples.  

The molecular features produced during analysis demonstrated the possibility to vastly purify 

wastewater effluent through direct potable reuse applications. Overall, the final product of the DPR 

train was very different compared to the secondary effluent for both utilities, effectively removing 
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the total number of molecular features. Treatment mechanisms were illustrated through the data 

collected, as adsorption and size exclusion treatments resulted in the removal of molecular 

features, where oxidation mechanisms produced molecular features after treatment.  
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Chapter 6. Characterizing and Evaluating the Organic Composition 

throughout Direct Potable Reuse Applications  

6.1 Abstract  

As water supplies are being threatened by increasing populations and rising temperatures, there 

is a dire need to secure a safe and sustainable water supply. DPR treatment offer a promising 

option to counteract water stress; however, since DPR processes are relatively new, the organic 

composition isn’t fully understood and universal regulations for monitoring water quality have 

yet to be established. The purpose of this chapter is to apply an analytical framework to 

characterize the organic composition from source, drinking, and DPR waters at multiple 

locations throughout the United States and internationally that represent a diverse geography and 

source composition. Analytical methods include the use of bulk organics parameters, targeted 

analysis, and non-target analysis investigated in chapters 2-5. In addition to the chemical 

analysis, a variety of bioassays were applied to evaluate the effectiveness of the advanced 

treatment processes in removing specific classes of compounds without creating more harmful 

byproducts. In total, 5 utilities with different 3-step pilot DPR systems were investigated. Data 

illustrates that each analytical method performed can be useful tools in demonstrating treatment 

effectiveness and that each treatment technique contributes to the overall removal of organic 

compounds.  In addition to characterizing the organic composition throughout treatment, a multi-

tiered analytical framework is proposed to monitor DPR applications during the AWTT. This 

framework consists of continuous monitoring of bulk organics, monthly monitoring of targeted 

analysis, and quarterly monitoring for unknown compounds. For RO based DPR trains, Tier 1 

analysis guidelines will require a bulk organic equivalent of 0.5 mg C/L; however, for non-RO 
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based trains, the guidelines require bulk organics to be less than local drinking waters DOC 

values. If reported bulk concentrations exceed these values or the prescribed timeframe is passed, 

Tier 2 analysis is recommended. Tier 2 identifies indicator compounds and/or mixtures present, 

which will help utilities recognize what process in the train could be responsible for the reduce 

treatment efficacy. Lastly, Tier 3 analysis is recommended as a supplementary tier to aide in the 

evaluation of operational parameters. Ultimately, this chapter characterized the organic 

composition from 1) the source waters for the local, conventional drinking waters; 2) the finished 

drinking waters before and after disinfection; 3) the treated wastewater serving as the potable 

reuse train influent; and 4) after each process unit of the reuse treatment trains and proposed a 

monitoring framework to regulate the organic composition based on drinking water supplies of 

the respective region.  

Keywords: Direct Potable Reuse, Organic Characterization Framework, Organic Monitoring 

Framework. 
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6.2 Introduction 

6.2.1 Background  

Based on the previous chapters, bulk organic parameters, targeted analysis, and unknown 

analysis have all proven valuable when trying to characterize the organic composition throughout 

DPR treatment. Altogether, bulk organic parameters demonstrated their ability to act as a 

surrogate for treatment efficacy, targeted analysis is capable of quantifying indicator compounds 

and endpoints, and the non-targeted analysis illustrates the transformation of the organic 

composition and the correlation of water produced throughout the DPR treatment process. 

Altogether, each of the analytical parameters can be appropriately applied to varying degrees to 

allow for an efficient and effective means of characterizing the water quality. 

6.2.2 Proposed Approach for Evaluating the Organic Composition 

There is a wide array of compounds present in treated wastewater and attempting to remove all 

of these contaminants through the potable reuse treatment scheme is not feasible due to technical 

and financial limitations, and many contaminants may not pose a health risk at concentrations 

typically present in treated wastewater. Therefore, the proposed framework for characterizing 

organic composition developed will outline how utilities that are considering potable reuse 

would conduct a preliminary trial screening to map the organic composition in the treated 

wastewater serving as the influent in the potable reuse train. In addition, this chapter identifies 

surrogates (bulk parameters) or indicators (targeted analysis) that can be tailored for compliance 

monitoring purposes. Several organics characterization techniques can serve as effective 
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surrogates. If this research shows TOC to be too broad a measure to serve solely as an effective 

surrogate, certain readily measurable parameters representing a subset of TOC (e.g., ultraviolet, 

fluorescence) may serve as a more effective surrogate to monitor certain processes. 

6.2.3 Analytical Framework for Characterizing the Organic Matter during 

DPR  

Many of the organics characterization techniques feature different complexities. Accordingly, 

this characterization framework has adopted a group approach to illustrate the organic 

composition (Figure 6-1). The different groups will be separated based on analytical information. 

The first, established in chapter 2, are the bulk organic parameters. This group of analysis will 

offer an overall understanding that will serve as a surrogate for monitoring purposes. The second 

group is composed of analytical methods capable of quantifying known compounds and mixture 

effects of known endpoints, as demonstrated in chapters 3 and 4. Lastly, the third group will be 

responsible for illustrating the unknown compounds within water like chapter 5, in addition to 

the correlation of the different AWT effluents with a DPR trains 

 

Figure 6-1. Analytical approach to characterize the organic composition of DPR 

applications 
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Group 1 – Basic Water Quality and NOM Characterization Analysis 

Group 1 analyses include the most methods between the groups. They are readily measurable 

NOM characterization techniques.  

• Bulk carbon assays: DOC, COD, SEC-OCD 

• Absorbance assays: UV and visible light (200-800nm), fluorescence, excitation/emission 

matrix (EEM) 

Group 2 – Targeted and Semi-Targeted Analysis  

Group 2 analyses are for more complex analytes and used to identify known 

compounds/mixtures. The analytes and endpoints were selected to demonstrate a rational, 

scientifically defensible approaches to achieve the following objectives: 

• Select and monitor process units that efficiently reduce TOrCs in reuse waters to the 

levels found in local conventional drinking waters (considered compliant).  

• Quantify the toxicity associated with known contaminants in potable reuse waters relative 

to the local, conventional drinking waters.  

Group 3 – Untargeted Analysis and an Approach to Unknown Contaminants  

Group 3 analyses include the most complex organic characterization tool: HRMS. While targeted 

analysis of indicator compounds in Group 2 will provide an indication of the attenuation of 

similar chemicals during water treatment, targeted analysis will not provide information 
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regarding the formation of transformation products, nor the occurrence/fate of unknown 

contaminants.   

6.2.4 Objective  

The goal of this chapter is to characterize the organic composition throughout DPR treatment 

using a developed framework based on chapters 2-5. This framework will consider bulk organic 

parameters, targeted compounds, and unknown compounds (Figure 6-2). The research will 

demonstrate the efficacy of multiple DPR trains domestically and internationally. In addition, the 

data collected will be used to propose a monitoring framework for organic compounds during 

DPR treatment. Therefore, drinking water sources and supplies at each of the utilities location 

will also be characterized. The main goal of this chapter is to determine whether a universal TOC 

guideline is feasible for monitoring all DPR schematics.  
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Figure 6-2. Flow diagram of the research approach 

 



162 

 

6.3 Experimental  

6.3.1 Utilities and DPR Trains  

For this study, 5 different Utilities, 3 domestic and 2 international, were investigated (Figure 6-

3). Altogether, the secondary effluent, effluents from DPR treatment trains, drinking water (DW) 

sources, and DW supply was collected. Domestic utilities were sampled 4 times, where the 

international utilities were sampled 3 times. Utility A is the only site that contains two different 

DPR trains, each being fed with the same secondary effluent. The first train at Utility A is a MF 

to RO to UVAOP (A1) and the second is O3 to BAC to GAC (A2). The same DPR trains at 

Utility A are also investigated at international locations, with Utility B having the same 

schematic as Utility A1 and Utility C having the same as Utility A2. In addition to the MF to RO 

to UVAOP and O3 to BAC to GAC treatment trains, two more DPR trains were tested. A 

UVAOP to BAC to GAC and a BAC to O3 to BAC were investigated at Utility D and Utility E, 

respectively.  



163 

 

 

Figure 6-3. Schematics of the DPR treatment trains at each of the utilities. For Utility A, 

there are two different AWTTs. The first, A1, is composed of a MF to RO to UVAOP, 

where A2, is composed of O3 to BAC to GAC.  

6.3.2 Analytical Chemicals and Reagents  

All analytical standards were purchased from Sigma Aldrich (St. Louis, MO), Alfa Aesar (Ward 

Hill, MA), or US Pharmacopeia (Washington, DC) and were at least 97% pure. Isotopically 

labeled surrogates from Cambridge Isotope Laboratories (Andover, MA) were used as standards 

except for meprobamate-d3, triclocarban-13C6 and diclofenac-13C6, which were purchased from 

Toronto Research Chemicals (Ontario, Canada); iopromidol-d3 from Santa Cruz Biotechnology 

(Dallas, TX); gemfibrozil-d6, and diphenhydramine-d5 from C/D/N Isotopes (Quebec, Canada). 

Acetonitrile (ACN; HPLC grade), methanol (HPLC grade), and acetic acid (ACS grade) were 
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purchased from Fisher Scientific (Fair Lawn, NJ, USA). HPLC grade water was generated using 

a Sigma Millipore system.  

6.3.3 In vitro Bioassays Chemicals and Reagents  

The methanol, acetonitrile, methyl tert-butyl ether, and dimethyl sulfoxide (DMSO) used for 

sample extraction and preparation were purchased from Fisher Scientific Co. (Fair Lawn, NJ, 

USA). The LiveBLAzer™-FRET B/G Loading Kit with CCF4-AM needed for the p-53, ER, and 

GR in-vitro bioassays was purchased from Life Technologies. Luciferase assay lysis buffer and 

luciferase substrate for the AhR bioassay were purchased from Biodetection Systems, 

Netherlands. Positive controls, 17β-estradiol (E2) and Dexamethasone (Dex) were purchased 

from Sigma-Aldrich, where 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) was purchased from 

AccuStandard (New Haven, CT, USA) and mitomycin was purchased from Calbiochem 

(Darmstadt, Germany).  

All cell culture media, such as the Alpha-MEM cell culture media for the AhR assay, DMEM 

cell culture media for the GR and ER bioassays, DMEM cell culture media for the cytotoxicity 

assay and McCoy’s 5A cell culture media for the p53 bioassay, were purchased from Invitrogen. 

Additives, such as Fetal Bovine Serum (FBS), dialyzed FBS, charcoal-stripped FBS, Penicillin-

Streptomycin, Sodium Pyruvate, blasticidin antibiotic, PBS, HEPES, and NEAA were also 

purchased from Invitrogen. Assay media was made with phenol red-free DMEM for GR and ER 

bioassays, and Opti-MEM for the p53 bioassay.  
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6.3.4 Sample Collection and Preparation   

Two grab samples were collected in 1L HDPE bottles from each sampling location. For the 

domestic locations, samples were collected for 4 times. Samples were collected 2 and 3 times for 

Singapore and Windhoek, respectively.  Sampling events were performed between 8:00 and 10:00 

AM to reduce effects of diurnal variations of effluents from wastewater treatment plant. Before 

collecting samples, bottles were rinsed 3x times with the actual sample and sodium bisulfite was 

directly added to each bottle as a quenching agent. Bottles were shipped overnight (excluding 

international sites) in an ice-filled cooler to the laboratory where they were immediately filtered 

through a glass microfiber filter (GF/F 0.7 μm, Whatman, Maidstone, UK) and processed 

(aliquoted, prepared, and then either extracted or analyzed). 

Samples were extracted using an Oasis Hydrophilic-Lipophilic Balance (HLB, 500 mg/6cc) 

cartridge (Waters Corporation, Milford, MA). Cartridge were conditioned (5 mL of MTBE, 5 mL 

of methanol, and 5 mL of ultrapure water), loaded (10 mL/min), rinsed (10 mL of ultrapure water), 

dried with a stream of nitrogen (up to one hour), eluted (5 mL of methanol followed by 5 mL of 

10/90 (v/v) methanol/MTBE), and concentrated to a final volume of 1.0 mL using methanol. The 

methanol extracts of all samples were split into two aliquots. The first was used for NTA analysis 

at a 1000X fold enrichment via evaporation, and the second underwent solvent-exchanged to 

DMSO at 5000X fold enrichment for the bioassays. 
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6.3.5 Dissolved Organic Carbon    

The TOC in natural water and wastewater is composed of a variety of different organic compounds 

partitioned in various oxidation states. To determine the quantity of organically bound carbon, the 

organic molecules must be broken down and converted to a single molecule form that can be 

measured quantitatively. TOC can be divided into DOC and suspended organic carbon. DOC is 

the fraction of TOC that passes through a 0.45 µm pore size filter, which normally comprises about 

90% of TOC. The fraction retained on the filter is the suspended organic carbon or particulate 

organic carbon. 

DOC measurements of the filtered samples were carried out using a Shimadzu TOC-TN, according 

to the high-temperature combustion method (Standard Method 5310 B). The principle of this 

method homogenizes and dilutes the samples before injection into a heated reaction chamber 

packed with an oxidative catalyst. Before injection, inorganic carbon was eliminated by acidifying 

samples to pH 2 or less with 160 µL of hydrochloric acid 37%. The water is vaporized, and the 

organic carbon is oxidized to CO2 and H2O. The CO2 from the oxidation of organic and inorganic 

carbon is transported in the carrier-gas streams and then measured.  

6.3.6 Chemical Oxygen Demand 

Chemical oxygen demand (COD) has been an essential in wastewater monitoring and modeling 

treatment plant efficiency. Unlike TOC, which measures the amount of carbon dioxide produced 

through oxidation, tradition COD methods measure the amount of oxygen produced when the 

sample is completely oxidized. However, traditional methods used harmful products to oxidize 
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the NOM, such as dichromate and mercury. For this project, a MANTECH PeCOD analyzer was 

used to measure the amount of COD in the filtered samples. The principle of this method 

measures photocurrent charge from the oxidation of organic species to quantify the true amount 

of COD. Specifically, the instrument utilizes a UV-activated TiO2 (Titanium dioxide) photo 

catalyst to oxidize the organic matter. Before injection, electrolyte was added to each sample as a 

catalyst.  

6.3.7 Size Exclusion Chromatography-Organic Carbon Distribution  

When Size Exclusion Chromatography (SEC) is coupled with an organic carbon detector (OCD), 

the result is a powerful tool capable of providing information on molecular weight distribution of 

the organic content in each sample. For this project, apparent molecular weight (AMW) of 

dissolved organic matter (DOM) was measured using size exclusion chromatography (SEC).  

Through the trimodal distribution of chromatographic peaks, low-molecular weight (LMW) DOM 

such as LMW acids and building blocks (i.e., AMW< 1,000 Da), humic substances (i.e., 1,000 Da 

< AMW < 10,000 Da), and macromolecules such as extracellular polymeric substances (i.e., AMW 

> 10,000 Da) can be observed.  HPLC (Agilent 1290) hyphenated with an organic carbon detector 

(GE Sievers M9 TOC analyzer) was implemented to measure dissolved organic carbon DOC at 

various AMWs. A hydroxylated methacrylic polymer-based column (TOYOPEARL® HW-50S, 

Tosoh Bioscience LLC; 21 mm x 250 mm) was used. Eluent was prepared with 4 mM phosphate 

buffer (pH 6.8) and 25 mM sodium sulfate. 500 μL of sample was injected and the sample run time 

was 120 min. Polystyrene sulfonates with molecular weights (MWs) of 891, 3420, 6430, 15800, 

33500, 65400 and 152000 Da were injected as MW standards (Polymer Standards Service, Mainz, 

Germany). 
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6.3.8 UV Absorbance 254nm    

Various organic compounds, like humic and fluvic acids, strongly absorb ultraviolet (UV) light. 

Thus, UV absorption can be a useful surrogate measurement for organic compounds commonly 

found in natural and waste waters. Particularly, aromaticity and double bonds within organic 

constituents dissolved in water has been associated with the absorption of UV at a wavelength of 

254 nm.  

A Horiba Aqualog UV-Vis/Fluorescence spectrophotometer was applied to measure the UV 

absorbance of the filtered samples. Following Standard Method 5910, a UV/Vis spectrum with 4 

nm increments was obtained between 200 to 800 nm. 

6.3.9 Total Fluorescence and Excitation/Emission Matrix   

Fluorophores of organic constituents in natural water and wastewater have been characterized 

using fluorescence spectroscopy (Coble, 1996) and has been extensively applied to characterize 

natural organic matter (NOM) in water. The summation of regionally integrated fluorescence 

intensities within the sample is known as the TF and due to its strong correlation to contaminants 

of concern, it is commonly applied as a surrogate parameter (Park M, 2018).  

The TF was measured using a Horiba Aqualog with excitation wavelengths increments of 5nm 

from 200 nm to 450 nm. Emission wavelengths were measured at increments of 1.16 nm from 

244.88 nm to 826.96 nm for generating an EEM. Matlab was used to process the data, correcting 

for Raleigh/Raman scattering and inner filter effect (i.e., the absorbance of the water matrix) 

(Lakowicz, 2006). Fluorescence peak intensities were integrated and the scanned area with 
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excitation 220-450 nm and emission 240-580 nm wavelengths were used to calculate the TF (in 

Raman units). 

6.3.10 Liquid Chromatography Triple Quadrupole Mass Spectrometry  

Since many TOrCs are present at trace levels in WWEs, being detected at ng/L concentrations, 

sensitivity and selectivity is essential to quantify them. Thus, triple quadrupole mass spectrometers 

been applied to various types of TOrCs, including but not limited to analgesics (Gros et al., 2006; 

Yang et al., 2004; Ye et al., 2007), antibiotics (Lindberg et al., 2005; Miao et al., 2004; Vieno et 

al., 2006), beta-blockers (Castiglioni et al., 2005; Gros et al., 2006; Nikolai et al., 2006), lipid 

regulators (Gros et al., 2006; Kasprzyk-Hordern et al., 2008), anti-convulsant (Conley et al., 2008; 

Reemtsma et al., 2006), and X-ray contrast media (Seitz et al., 2006; Vanderford et al., 

2003).Indicator compounds were chosen to represent the trace organic compounds present. 

Altogether, 44 different TOrCs (6 household chemicals, 5 industrial compounds, 8 personal care 

products, 2 steroid hormones, 1 pesticide, 6 perfluorinated compounds, and 16 pharmaceuticals) 

chosen from recommendations by the science advisor board panel on monitoring strategies of 

TOrCs in recycled water and other peer review articles were quantified in the different samples 

(Anumol et al., 2013; Anumol and Snyder, 2014; Drewes et al., 2018). In addition, TOrCs were 

analyzed using a direct water injection (DWI) method with an Agilent Technologies liquid 

chromatography-tandem mass spectrometer.  

A 1290 Agilent LC was applied for chromatographic separation of analytes. An Agilent 6490 triple 

quadrupole mass spectrometer for quantification and an Agilent ZORBAX Eclipse Plus 95Å C8 

(2.1 x 100 mm, 1.8 µm) column was used for separation. Instrumental parameters were adopted 
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from a previously published method (Anumol and Snyder, 2014). Dynamic multiple reaction 

monitoring (DMRM) mode was used; however, delta retention times for each compound varied to 

achieve the greatest sensitivity. Isotope dilution was performed using an isotopically labeled 

surrogate standard mixture concentration of  2 µg/L (Vanderford and Snyder 2006). 

6.3.11 In vitro Bioassays  

Chemical analysis through traditional analytical chemistry measures can detect many compounds 

in water, but they do not reveal the full range of compounds that might occur in some 

environmental waters. Bioassays can quantify a more relevant bioactivity of a mixture within a 

sample on a specific biological endpoint. For this project, 5 biological endpoints within the cellular 

toxicity pathway were evaluated with 3 types of bioassays. The Life Technologies (LT) 

GeneBLAzer bioassays were used to measure the estrogen receptor (ER), glucocorticoid receptor 

(GR), and p53 endpoints, Biodetection Systems (BDS) Chemical Activated Luciferase gene 

expression (CALUX) bioassay was used to measure the aryl hydrocarbon receptor (AhR) endpoint, 

and ATCC HepG2 Bioassay (#HB-8065) was used to measure the general cytotoxicity of the 

samples. Manufacturer’s guidelines were followed to culture cells, passing at least twice a week 

and maintaining cells between 5% and 95% confluency at 37°C, 5% CO2 and 95% relative 

humidity to prevent unwanted gene expression in cells.  

All the bioassays have been performed using reconstituted concentrations greater than those of the 

native samples. The initial concentration factor of the samples through solid phase extraction is 

2500x. For both GeneBLAzer and CALUX technologies, a FlexStation 3 (Molecular Devices, CA, 

USA) was used to measure the light emitted. However, GeneBLAzer technologies measured 

https://d.docs.live.net/6ea93dc2ea338876/KD/Grad%20School/Snyder%20Lab/Contract%20and%20Collaborations/WRRF%2015-04/Progress%20reports/WRF%201504%20Report%205_08Dec17.docx#_ENREF_3
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fluorescence from the bottom of the well with an excitation wavelength at 409 nm with at an 

emission of 460 and 530 nm, where CALUX technologies measured the bioluminescence from the 

top of the well. For the cytotoxicity assay, the Flexstation 3 was used to measure the absorbance 

(490 nm) from the top of the well. Background fluorescence, light, or absorbance from the cell-

free control wells were subtracted from all samples. The β-lactamase expression ratio was 

calculated by dividing the green net fluorescence by blue net fluorescence (460 nm/530 nm).  

Data is converted to positive control equivalence for the ER, GR, p53, and AhR bioassays. 

Concentration equivalence for each sample were calculated based on the response of a standard 

curve on every 96-well plate from the fluorescence or luminescence analysis. All samples were 

tested at a concentration factor up to 12.5x. 

Cytotoxicity was calculated as a percentage of the sample response over the control response since 

there is a linear relationship between the number of viable cells and absorbance. Significant effects 

on cytotoxicity were considered when the sample was more than 15% of the control.  

6.3.12 Liquid Chromatrography Quadrupole Time of Flight  Mass 

Spectrometry 

A non-targeted search and comparison of molecular features in the different samples was 

completed. Using high-resolution mass spectrometers, all of the ion information was selected 

within one full Time of Flight Mass Spectrometer (TOFMS) scan with high resolution and 

sensitivity (García-Reyes et al., 2007; Pitarch et al., 2010). An Agilent 6540 LC-QTOF was used 

to analyze one sampling event for each site, while MassHunter Profinder 8.0 (Agilent) was used 
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to extracting molecular features, aligning, and filtering them, and MassProfiler Professional 14.6 

(Agilent) was applied for statistical analysis. The molecular features present within all triplicates 

for each sample are considered in the analysis, minus the molecular feature list within the blanks. 

A Principal Component Analysis (PCA) was first constructed to identify molecular features shared 

within each sample set, as well as those that were divergent. Then, a cluster analysis followed by 

a correlation analysis was applied to describe the relationship between two samples within the 

sample set by showing the linear dependence.   

6.4 Results and Discussion 

6.4.1 Group 1 – Bulk Organic Parameters   

Dissolved Organic Carbon 

The average DOC levels for all utilities are illustrated in Figure 6-4. The secondary effluent DOC 

concentrations were similar for all utilities, with a range of 4.8-7.2 mg/L at the different utilities. 

These values are consistent with what other papers have measured in secondary effluents, for 

example, Knapik et al. (2015) recorded an average value of 6.2 mg/L, Saadi et al. (2006) measured 

an average of 8 mg/L, and Herzberg et al (2009) observed an average of 10 mg/L. For Utility A1, 

the RO step was the most effective treatment step, with greater than 90% DOC removal being 

observed. This is consistent with the international site of this train, Utility B, where the greatest 

DOC removal was achieved after RO with above 90%. However, Utility B experienced a greater 

overall DOC removal than Utility A1, with 99%. These results illustrate DOC values for both RO 



173 

 

based treatment trains to be under 0.5 mg/L, which has been consistently shown with RO (Gerrity 

et al., 2013a) 

Utility A2, which is the domestic O3 to BAC to GAC DPR train, had an average overall DOC 

removal of 74%, resulting in a final DOC concentration of 2.1 mg/L. The GAC step was 

responsible for the most removal at 28%; however, unlike RO based trains, there is a gradual 

decrease in DOC at each treatment step. The final DOC concentration at Utility A2 was 2.1 mg/L. 

At Utility C, the international O3 to BAC to GAC, an average of 84% removal was observed with 

a final DOC concentration of 1 mg/L. This is consistent with final concentrations that du Pisani 

and Menge (2013) observed, 1.6 – 3.0 mg/L, for a large scale O3 to BAC to GAC DPR treatment 

train.  

For Utility D, the highest DOC removal was observed after UVAOP (>60%), which is located 

downstream of riverbank filtration, aquifer recharge and recovery, and chemical softening, all of 

which provide significant DOC removal. The total DOC removal at Utility D was 67%. Lastly, at 

Utility E, DOC removal was 66%. The major mechanism of DOC removal is achieved by BAC 

(preceded by flocculation/sedimentation and O3) with >40%.  
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Figure 6-4. Average DOC (mg/L) levels during DPR treatment at all utilities 

Chemical Oxygen Demand 

For all locations, average COD concentrations are presented on Figure 6-5. Overall, secondary 

effluent COD levels varied at the different utilities, with a range from 6-19 mg/L. The range in 

COD values of secondary effluent is consistent with the variation that du Pisani and Menge (2013) 

has recorded, 5.7-19.5 mg/L. At Utility A1 and Utility B, RO was the most effective treatment step 

with greater than 87% COD removal being overserved for Utility A1 and reducing the signal to 

below the limit of quantification (0.07 mg/L) for Utility B. Bunani et al showed RO reduced COD 

by 85.8% in secondary effluent, resulting in a final COD concentration of 4 mg/L (Bunani et al., 

2015). In addition, Jacob et al. (2010) saw rejections of >90%, which was equivalent to what this 

study observed.    
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For the O3-based schemes at Utility A2 and C, the DPR effluents had an average overall COD 

removal of 76% and 92%, respectively. The O3 step was responsible for the most removal at 56% 

and 78% for Utilities A2 and C, respectively. At Utility C, a gradual reduction in COD is observed 

at each step; however, the BAC at Utility A2 was not as efficient as the one at Utility C.  

The greatest reduction of COD at Utility D is seen after the UVAOP (80%) and a final COD value 

of 1 mg/L is observed. Lastly, at Utility E, COD removal was >99%, with BAC contributing to 

the majority of the reduction.  

 

Figure 6-5. Average COD (mg/L) levels during DPR treatment at all utilities. The left axis 

represents COD concentrations and is represented to the bar graphs. The right axis 

represents DOC (mg/L) concentration and is represented by the dots. 
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UV Absorbance 254nm 

The average UV254nm data for the different DPR trains is presented in Figure 6-6. For the secondary 

effluent, UV254nm values ranged from 0.09 - 0.19 cm-1. This is consistent with the 0.148 1/cm 

average observed by Jacob et al. (2009). For Utility A1, RO was the most effective step (>90%) 

in removing the organic compounds measured by these methods. Overall, the UV254nm was 

decreased by 97% after the DPR treatment train. Similarly, the UV254nm results also showed a 

reduction of >97% for Utility B, which also had RO as the most effective step at reducing UV254nm.  

O3 was the most effective step at decreasing the UV254nm signals for Utility A2 and Utility C. For 

Utility A2, an average reduction of 63% was observed for UV254 signals. For Utility C, the UV254nm 

signals were reduced by >84%. For the whole treatment train, Utility A2 and C saw the UV254nm 

signals reduced by >90%.   

The UV254nm signals were reduce by almost 80% at Utility D, with UVAOP being responsible for 

68% of that. BAC was the most effective step to decrease the UV254nm signals by >63% for Utility 

E. Altogether, 85% reduction in UV254nm signal were observed after the DPR train for Utility E.  
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Figure 6-6. Average UVA254nm (cm-1) levels during DPR treatment at all utilities. The left 

axis represents UVA254nm concentrations and is represented to the bar graphs. The right 

axis represents DOC (mg/L) concentration and is represented by the dots. 

Total Fluorescence  

All TF data on the different DPR schematics is presented in Figure 6-7 as an average. For the 

secondary effluent, TF values ranged from 138,125 and 258,589 R.U.nm2, which were consistent 

with other studies (Anumol et al., 2015; Park et al., 2017). For Utility A1, RO was the most 

effective step (>99%) in removing the organic compounds measured by TF. The TF signal were 

reduced by 99% for the whole DPR treatment train. This is consistent with Utility B, where TF 

results also showed a reduction of >99%. Other studies applied RO to secondary effluent have also 

demonstrated the ability to achieve >98% removal (Singh et al., 2012).  



178 

 

Utility A2 and C demonstrated an overall TF reduction of 98% after DPR treatment. O3 was the 

most effective step at decreasing the TF signals for Utility A2 and C. For Utility A2, a reduction 

of 87% was observed for TF and Utility C experiences a 96% reduction.  

At Utility D, UVAOP is the most effective treatment step at decreasing TF (71%). Overall, TF 

was reduced by >87% after DPR treatment. Lastly, Utility E had a 97% TF reduction in was DPR 

treatment and BAC was the most effective step to decrease the TF, showing 75% removal for 

Utility E. 

 

Figure 6-7. Average TF (R.U.nm2) levels throughout DPR treatment at all utilities. The left 

axis represents TF concentrations and is represented to the bar graphs. The right axis 

represents DOC (mg/L) concentration and is represented by the dots. 
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Excitation/Emission Matrix 

The second sampling event for all utilities is shown in Figure 6-8, except for Utility A2 (which has 

the 4th sampling event). The secondary effluents at all utilities exhibited strong fluorescent peaks 

in Regions II, III and V which suggests that the organic matter is mainly comprised of typosine-

like aromatic protein, fulvic acid-like matter and humic acid-like matter. This is consistent with 

what Park et al. (2017) observed for two different utilities in Arizona. At Utilities A1 and B, MF 

was only able to remove minor concentrations of humic acid-like and fulvic acid-like matter. MF 

primarily separates organic matter by size exclusion and has a nominal pore size of 0.03 um. Since 

humic acid- and fulvic-acid like matter generally are smaller than the membrane pore size, little 

organic matter is removed by MF. This is consistent with the results of the SEC-OCD analysis in 

the following section. The subsequent RO showed substantial decrease in the fluorescence over 

the entire wavelength ranges scanned. RO membranes possess very small pore sizes and can reject 

small molecules including low molecular weight acids, building blocks and inorganic ions such as 

Na, Ca, Mg and Cl. Since almost complete removal of fluorescent organic matter was achieved by 

RO, the impacts of UV-AOP on fluorophore removal could not be evaluated. 

In contrast to the RO based DPR schemes, O3 at Utility A2 and Utility C considerably decreased 

the overall fluorescence intensity.  This is possibly because O3 altered intersystem crossing of 

organic matter, thereby reducing quantum yield of fluorophores (Park et al., 2017). At Utility A2 

and C, biological activated carbon (BAC) following O3 process further contributed to decreasing 

fluorescence intensity in Regions III and IV. GAC was found to be efficacious to decrease the 

remaining peaks. At Utility D, UV-AOP effluent showed much lower fluorescence intensity 

possibly because of the riverbank filtration, coagulation and softening processes prior to UV-AOP 
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physically removed fluorophores and/or hydroxyl radical formed by UV-AOP altered the quantum 

yields of fluorophores. BAC removed the fluorescence intensity in Regions III and V. As a final 

step, GAC (Absorber effluent) attenuated the remaining fractions of fluorophores. At Utility E, 

Significant removal of fluorescent DOM was achieved by the biological activated carbon (BAC) 

process, which would have been mainly due to adsorption and biological degradation. In general, 

DOC removal by BAC is efficacious and falls in the range of 40-90% (Metcalf et al., 2003). 

Similarly, to the Utility A2 sets, O3 was effective for the reduction of fluorophores. Finally, DPR 

pilot filter (granular media filter; GMF) showed almost complete removal of the remaining 

fluorescent peaks. GAC is usually used to remove larger particles. Nevertheless, it removed humic 

acid- and fulvic-acid like matter which are small.  
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Figure 6-8. EEMs produced during DPR treatment at all utilities for selected events 

 

 

Sec Eff T1 T2 T3

Utility A1

Utility B

Utility A2

Utility C

Utility D

Utility E
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Size Exclusion Chromatography Organic Carbon Distribution 

The second sampling event for all utilities is shown in Figure 6-9, except for Utility A2 (which 

has the 4th sampling event). At Utility A1 and Utility B, a substantial decrease in the biopolymer 

fraction by MF was observed since MF can reject macromolecules with size exclusion 

mechanism. RO is often considered as non-porous membrane and possesses high rejection of 

organic matter. Therefore, no noticeable chromatographic peaks were found in RO effluent, 

thereby following UV AOP effluent too.  

In contrast to the RO based scheme, the O3-based scheme at Utility A2 and C was not as efficacious 

as the RO based schemes while achieving high removal of DOM. O3 was shown to be efficient to 

reduce the biopolymer fractions, but no formation of smaller molecules was observed suggesting 

mineralization of the carbon material. The efficacy of humic substances and LMW DOM varied 

with respect to sampling campaign. At Utility A2, BAC was more efficacious for the attenuation 

of humic substances and LMW DOM compared to GAC. Almost no removal of DOM by GAC 

was observed for the sampling campaign in May 2017. It is interesting to note that much greater 

removal by GAC was observed during the previous sampling campaigns (i.e., November 2016). 

This is possibly because adsorption capacity of the GAC was exhausted over six-month operation. 

At Utility C, the wastewater effluent was unique in that LMW DOM showed a greater peak height 

than the other fractions. Prior to the O3 process, there are multiple treatment processes including 

pre-ozonation, coagulation/flocculation, dissolved air floatation followed by rapid gravity sand 

filtration. Such consecutive treatments effectively attenuated humic substances and LMW DOM 

as well as macromolecules. BAC at the Windhoek facility was effective for LMW DOM abatement 

whereas GAC removed only little DOM. 
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The AMW of DOM at Utility D exhibited trimodal distributions while the chromatographic peak 

of LMW DOM was not clearly differentiated from humic substances. Interestingly, the AMW 

distribution was similar across treatments in each sampling campaign, which indicates that the 

DOM AMW distribution of source waters such as drinking water source and wastewater effluent 

(i.e., source water for reuse facility) influences DOM AMW distributions of treated water. In other 

words, seasonal variations of the source water play important roles in determining molecular 

weight distribution of overall the sample. Regardless of the trend in AMW distribution, the 

treatment efficacy for each AMW fraction showed an analogous trend across the potable reuse 

treatment train between the two sampling campaigns. Softening/coagulation processes prior to 

AOP system substantially attenuated the content of macromolecules whereas the removal of 

organic matter was minimal for the subsequent treatment processes such as BAC and GAC 

processes. The low removal efficacy of DOM by GAC may be because coagulation process was 

efficacious for the removal of hydrophobic fractions of DOM (Edzwald 1993). The main 

mechanism of adsorption by GAC is hydrophobic interaction between DOM and adsorbents 

(Moreno-Castilla 2004). If the softening process can remove hydrophobic organic matter 

efficaciously, the remaining fraction fed to GAC contains minimal content of hydrophobic 

molecules and hydrophilic fractions would be dominant, which explains the low removal of 

organic matter. Another possibility may be the exhaustion of GAC adsorption capacity. More 

information is necessary to evaluate the low removal rate of organic matter by GAC. 

Substantial DOM removal was achieved after BAC treatment for Utility E. Prior to BAC, water 

streams from GMF and UF were blended and supplied to pre-ozonation. Such combination of 

treatment trains was efficacious for removal of macromolecules and humic substances.  BAC was 

efficacious for the abatement of biopolymer as well as smaller fractions of DOM. However, O3 
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had a minimal effect on the DOC value and its AMW distribution. Why O3 did not mineralize the 

carbon is unclear with the given data, yet one possibility could be because electron-rich moieties 

such as aromatic molecules may have been reduced by BAC, therefore having low reactivity with 

molecular O3. The second BAC reduced DOC of humic substances and LMW DOM. 

 

 

Figure 6-9. Carbon distribution during DPR treatment at all utilities for selected events 

 

 

Utility A1

Utility B

Utility A2

Utility C

Utility D

Utility E
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6.4.2 Group 2 – Targeted Analysis  

LC-MS/MS Analysis of Trace Organic Compounds 

A lot of similarities was observed across all sites for the occurrence and abundance of TOrCs 

across the secondary effluents. The average summed TOrCs investigated are presented in Figure 

6-10. Of the secondary effluents analyzed, the international sites (Utility B and Utility C) had the 

lowest levels of TOrCs. The compounds that occurred in the secondary effluents varied in 

concentrations and structure; however, there was a lot of similarities between the secondary 

effluents. Overall, RO based schemes were the most effective at removing the summed TOrCs, 

with the O3-based schemes the next. The least effective was the DPR train at Utility D.  

The most prevalent compounds, occurring at concentrations greater than 1,000 ng/L are presented 

in Figure 6-11, compounds that were detected in the secondary effluent between 100-1000 ng/L 

are presented in Figure 6-12, and compounds at concentrations of <100 ng/L are presented in 

Figure 6-13. Concentrations measured in the secondary effluent are consistent with the literature 

based on the Science Advisory Panels report on TOrCs monitoring (Drewes et al., 2018). Some 

compounds, like the artificial sugars and x-ray contrast medias, which have application and 

structural similarities. Thus, they can and have been shown to be used as an indicator for removal 

efficacy. Altogether, the RO based trains at Utility A1 and Utility B, were the most effective at 

reducing the TOrCs. The RO membrane was able to reject all the targeted compounds with the 

exception of benzotriazole, which has been reported before (Loi et al., 2013). Utility A2 and Utility 

C were the next most effective treatment, followed by Utility E and then Utility F for removing 

TOrCs.    
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Figure 6-10. Average summed TOrCs (ug/L) during DPR treatment at all utilities 
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Figure 6-11. Average concentration (ng/L) of the most prevalent TOrCs (>1,000 ng/L average for all utilities) during DPR 

treatment at all utilities 
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Figure 6-12. Average concentration (ng/L) of the moderately prevalent TOrCs (100<X<1,000 ng/L average for all utilities) 

during DPR treatment at all utilities 
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Figure 6-13. Average concentration (ng/L) of the least prevalent TOrCs (<100 ng/L average for all utilities) during DPR 

treatment at all utilities 
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Bioassays 

A similar bioactivity trend was observed in the secondary effluents in this study. None of the 

samples from any of the sites tested showed cytotoxicity at a final concentration of 12.5x the 

original sample. In addition, none of the samples showed any interaction within the p53 pathway, 

all being below the limit of quantification. These findings are consistent with chapter 3 and is 

consistent with other studies (Jia et al., 2016; Leusch et al., 2009; Daniels et al., 2018). 

Concentrations ranged from 50-116 ng/L DEX EQ (Figure 6-14), 0.6-3 ng/L of EEQ (Figure 6-

15), and .04-.4 ng/L TCDDEQ (Figure 6-16) in the secondary effluent for the GR, ER, and AhR 

bioassays. Despite recording bioactivity in all of the secondary effluents for the GR, ER, and 

AhR bioassays, there was no bioactivity observed in any of the utilities final DPR effluent. Of all 

the treatments applied, MF was the least effective in removing bioactivity.  
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Figure 6-14. Average GR bioactivity (expressed as DEQ, ng/L) during DPR treatment at all 

utilities 

 

Figure 6-15. Average ER bioactivity (expressed as EEQ, ng/L) during DPR treatment at all 

utilities 
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Figure 6-16. Average AhR bioactivity (expressed as TCDDEQ, ng/L) during DPR 

treatment at all utilities 

6.4.3 Group 3 – Non-targeted Analysis  

In order to illustrate the change in the organic composition of the water during DPR treatment, a 

correlation analysis was conducted for each utility and is shown in Figure 6-17. The correlation 

coefficient indicates the linear dependence of two samples. The color range goes from blue 

(correlation coefficient: -1) to red (correlation coefficient: +1). A correlation coefficient of zero 

means that no correlation exists, while the positive/negative sign indicate a positive or negative 

correlation. Correlations coefficients between -0.5 and 0.5 indicate a weak correlation.  

For the RO based treatment trains at Utility A1 and B, only the MF showed a correlation with the 

secondary effluent (0.79 and 0.81). The RO and UVAOP effluents at both sites were strongly 

correlated (0.79 and 0.81). Thus, illustrating how effective RO is at removing organic compounds.  
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For the Oz to BAC to GAC treatment trains at Utility A2 and C, the secondary effluent showed no 

correlation with any of the effluents within the DPR train. After O3 at Utility A2, the water was 

not correlated to any of the other DPR effluents; however, the O3effluent at Utility C was correlated 

to the BAC effluent (0.60). For both Utility A2 and C, a positive small correlation was observed 

between the BAC and GAC effluents (0.55 and 0.50). Altogether, each treatment technique played 

a role in the transformation of the organic composition throughout the DPR train.  

None of the DPR treatment steps at Utility D or E showed a correlation to the secondary effluent. 

In addition, both sites first treatment step in the DPR train showed a positive correlation to the 

remainder of the sample. For example, the UVOP at Utility D was positively correlated to the BAC 

(0.75) and GAC (0.57), and the BAC1 at Utility E was positively correlated to the O3 (0.64) and 

BAC2 (0.52) effluent. Therefore, the non-targeted analysis displayed little transformation after the 

first step of each treatment train.  
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Figure 6-17. Correlation analysis of ESI+ compounds during DPR treatment at all utilities 

for selected events 
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6.4.4 Comparison of DPR Train Performances  

There was a distinct difference in treatment efficacy for the bulk organic parameters across the 

DPR trains, as shown in Table 6-1. The table provides a summary of the removal rates for each 

treatment train. Altogether, RO trains were the most effective technique at removing bulk 

organic compounds measured. The O3 to BAC to GAC schematics were the second most 

effective DPR treatment train at removing the bulk organic parameters. For DOC, the UVAOP to 

BAC to GAC and the BAC to O3 to BAC treatment trains had the lowest removal.  When 

comparing O3 and UVAOP as a first step followed by BAC to GAC, O3 was shown to be more 

efficient for the overall removal of the bulk organics.  

Percent removal of bulk organic parameters after DPR treatment 

Table 6-1. Percent removal of bulk organic parameters after DPR treatment 

  

The secondary effluents of all utilities had a very similar number of TOrCs present; however, 

their concentrations varied significantly (Table 6-2). The greatest variation in concentrations are 

Utility DPR Train DOC COD UVA TF

A1 MF-RO-UVAOP 99% 91% 99% 99%

B MF-RO-UV 99% 99% 99% 99%

A2 O3-BAC-GAC 74% 76% 89% 98%

C O3-BAC-GAC 85% 92% 92% 97%

D UVAOP-BAC-GAC 66% 86% 79% 87%



196 

 

seen between the international and the domestic sites with the same treatment trains (Utility A1 

to B and Utility A2 to C). Despite the differences in concentrations, the removal of the total 

number of compounds and the percent removal based on weight were similar for the treatment 

trains. The O3 to BAC to GAC was shown to be the second-best train at reducing the number 

and concentration of TOrCs. Lastly, Utility D and Utility E had relatively similar occurrence and 

concentrations of TOrCs in their secondary effluents, but the BAC to O3 to BAC showed to be 

more effective at reducing the TOrCs than the UVAOP to BAC to GAC. Cytotoxicity and 

genotoxicity was not observed in any of the secondary effluents as shown previously. Although 

ER, GR, and AhR bioactivity was observed in each utilities secondary effluent, there was no 

bioactivity observed in the DPR effluent. Therefore, each DPR train is capable of removing all of 

the bioactivity observed in the secondary effluents.  

Table 6-2. The occurrence and removal of TOrCs after DPR treatment for each utility  

 

Lastly, the NTA data illustrated the correlation of the utilities secondary effluent and DPR train 

effluent. Overall, none of the DPR treatment trains showed any correlation with their respective 

sources. Table 6-3 summarizes the correlation values for each of the utilities. As noted, a value of 

zero indicated no correlation, where values ≥0.5 or ≤ -0.5 are considered positively or negatively 

Secondary Effluent # of TOrCs Concentration (ug/L) DPR Train # of TOrCs Concentration (ug/L) Removal

Utility A1 29 113 MF-RO-UVAOP N/A <MRl 99%

Utility B 21 176 MF-RO-UV N/A <MRL 99%

Utility A2 29 101 O3-BAC-GAC 5 0.1 99%

Utility C 20 16 O3-BAC-GAC 5 0.7 95%

Utility D 26 33 UVAOP-BAC-GAC 10 4.9 85%

Utility E 27 44 BAC-O3-BAC 6 2 95%
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correlated, respectively. Therefore, each of these DPR trains are capable of dramatically 

transforming the organic composition of secondary effluent.  

Table 6-3. Correlation of ESI+ unknown compounds for each utilities secondary and DPR 

train effluents 

 

6.4.5 Organic Monitoring Framework and Guidelines for PR 

Organic Monitoring Framework for DPR 

The framework applied in this chapter was to characterize the organic composition throughout 

DPR treatment by using a wide variety of analytical techniques. That frameowrk is necessary 

when establishing DPR applications and comparing treatment efficacy of different trains. For 

monitoring purposes, it is not feasible for utilities to characterize the bulk organics, targeted, and 

unkown groups on a regular basis. Table 6-4 shows an evaluation of each of analytical 

Secondary Effluent DPR Train Correlation Coefficient

Utility A1 MF-RO-UVAOP -0.15

Utility B MF-RO-UV -0.03

Utility A2 O3-BAC-GAC -0.1

Utility C O3-BAC-GAC -0.09

Utility D UVAOP-BAC-GAC -0.18

Utility E BAC-O3-BAC -0.02
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techniques applied in respect to its application for DPR monitoring. As described in the previous 

chapters, all analytical data provides valuable inforamtion; however, not all are practical for 

characterization and monitroing purposes of DPR applications.  

The bulk organic parameters are some of the most universal techniques applied for monitoring 

purposes based on their usefulness, data quality, implementability and cost. They are well 

correlated, have fast response times, easy to install and operate, low capital costs, and low 

maintenance. The biggest drawback to these methods is their average selectivity and sensitivity.  

To analyze the presence of TOrCs in water samples, chemical analysis and bioassays offer very 

similar potential. Both targeted methods have superior sensitivity and selectivity compared to the 

bulk organic parameters; however, average response times, installation and operation, capital 

costs, and maintenance are not as desirable as the bulk organic parameters. Lastly, non-targeted 

analysis is the least practical application from an operational standpoint for monitoring DPR. 

Despite the informative data, these analyses require significant time, training and capital to 

evaluate organic composition. 
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Table 6-4. Evaluation of analytical methods for DPR monitoring   

 

 

 

 

Correlation to Bulk Parameters Response/Turnaround Time Sensativity Specificity 

Total Organic Carbon

Dissolved Organic Carbon

UVA 254nm

Total Fluorescence

Contaminants of Emerging Concern 

In-vitro Bioassays

Non-Targeted Analysis

Usefulness
Moniforing Parameter 

Data Quality

Maturity of Technology Training Required Ease of Use Applicability to small Utilities Capitol Operations and Maintenance 

Total Organic Carbon $ $

Dissolved Organic Carbon $ $

UVA 254nm $ $

Total Fluorescence $ $

Contaminants of Emerging Concern $$ $$

In-vitro Bioassays $S $$

Non-Targeted Analysis $$$ $$

Implementability Cost
Moniforing Parameter 
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Based on the data obtain in this chapter, Figure 6-18 demonstrates a hypothetical multi-tiered 

monitoring framework for organic compounds during DPR. The monitoring framework proposed 

would consist of 3 tiers of analysis; however, the tiers are based on monitoring frequency as 

opposed to analytical similarities and Tier 3 is optional. Tier 1 would be composed of continuous 

monitoring of bulk organic parameters, Tier 2 is monthly monitoring of the targeted analysis, and 

Tier 3 suggest supplementary quarterly monitoring of the non-targeted analysis.  Due to the cost, 

ease of use, and response time, it is practical to apply bulk organic parameters on a continues 

basis.  Thus, the purpose of Tier 1 is to act as a surrogate for water quality and treatment 

efficacy. If values are greater than proposed guidelines, then Tier 2 will be used to identify 

known indicator compounds for treatment performance of secondary effluent.  

The supplementary tier is recommended to be applied quarterly to illustrate the transformation of 

the water. Non-targeted analysis has enormous promise and has the potential to be applied as a 

Tier 1 analysis with further advancements. However, with where the technology is at today, it is 

currently being recommended to be applied as a supplemental tool. As shown in Table 6-4, the 

technology needs more time to grow to decrease cost, time, and ease of use. Once the technology 

becomes established for routine operation by utilities, PCA diagrams can be normalized, 

allowing for exceptional continuously monitoring in the form of control charts.  
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Figure 6-18. Proposed multi-tiered analytical framework for monitoring organics 

compounds during DPR 

It is important to note that this framework is for monitoring the organic composition of the water. 

It is meant to be applied for the unregulated compounds in secondary effluent, in addition to the 

standard local and federal drinking water guidelines. One important aspect that was not discussed 

in this chapter are DBPs. Due to the complex compositions of secondary effluents, there are 

greater chances for DBP formation, as well as transformation products, during AWT. Thus, there 

is a need to investigate and incorporate DBP into the monitoring framework. If incorporated into 

this framework, monitoring DBPs would be included in Tier 2 analysis of the proposed 

monitoring framework in Figure 6-18. In addition, there is also a great need for a framework to 

monitor pathogens during DPR. Based on performance distribution function and quantitative 

microbial risk assessment, Pecson et al. (2017) demonstrated very low pathogen risk from a DPR 

train, below that of US drinking water standards and the WHO guidelines. Recently, Soller et al. 
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(2018) conducted a microbial risk assessment and suggests a 14-log reduction of viruses to 

achieve benchmark levels of 1 out of 10,000. Therefore, some research has been conducted and 

frameworks developed to monitor DBPs and pathogens.  

Guidelines for Direct Potable Reuse Monitoring Framework  

There has been significant public resistance for the increased practice of potable reuse, 

particularly DPR. However, with drought becoming more evident, recently being publicized by 

Cape Town, South Africa in 2018, public perception has been shifting. Therefore, it is imperative 

to develop guidelines capable of reassuring the public and change their perception by achieving 

higher quality than current drinking water supplies. Based on the characterization of the organic 

composition throughout the DPR processes and the capabilities of treatment technologies, it is 

recommended that regulatory guidelines for organics be developed at the state level in the United 

States, in addition to establishing values based on local drinking water levels and treatment trains 

applied.  

When determining these guidelines, it is important to consider what treatment technologies are 

applied. Figure 6-19, 6-20, 6-21, and 6-22 demonstrates the engineering capabilities of RO based 

trains at reducing the bulk organic parameters, in addition to the promise of the O3 to BAC to 

GAC. For Utility A1 and Utility B, the bulk organic parameters are significantly lower than their 

respective drinking water supplies. Therefore, it is recommended that RO based DPR trains 

follow California Title 22 guideline of 0.5 mg/L equivalence of DOC. These values were 

determined for an operational standpoint, not in terms of health impacts. However, since failure 

levels in a RO system in terms of operational parameters would pass some utilities water supply 
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guidelines, it is not recommended to use local drinking water supply levels as a guideline for 

Tier 1 analysis. However, for non-RO trains, it is recommended that the bulk organic parameters 

be at least equal, if not below the local drinking water supply. Thus, it is not recommended to use 

a universal TOC value as a guideline for unregulated organic compounds. All of the bulk 

organics were reduced to under the local drinking waters for all analysis at both sites for the O3 

to BAC to GAC trains, with the exception of COD for Utility A2. For Utility D and Utility E, 

bulk organics were generally greater than their local drinking water supply; however, they had 

the lowest treatment efficacies.   

 

Figure 6-19. Average DOC levels (mg/L) for all utilities DPR source and supply, as well as 

their local drinking water source and supply 
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Figure 6-20. Average UVA245nm levels (1/cm) for all utilities DPR source and supply, as well 

as their local drinking water source and supply 

 

Figure 6-21. Average TF levels (R.U.nm2) for all utilities DPR source and supply, as well as 

their local drinking water source and supply 
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Figure 6-22. Average COD levels (mg/L) for all utilities DPR source and supply, as well as 

their local drinking water source and supply 

For Tier 2 guidelines, there are many questions on how TOrCs should be monitored. Although, 

there are studies that have shown current levels detected in effluents do not post human health 

concerns (Baken et al., 2018). Despite this argument, they are still a valuable indicator for 

treatment efficacy (Dickenson et al., 2009) and can help identify which treatment step needs 

addressing (Merel et al., 2015). Two potential ways to regulate TOrCs is by number and/or 

concentration in the final effluent. Table 6-5 presents the TOrC data found in the drinking water 

supply and DPR train effluents.  

Interestingly, atrazine (4-6 ng/L), PFpeA (13-27 ng/L), and TCPP (240-610 ng/L) were detected 

in all of the drinking water supplies collected for Utility A1 and DEET (3-11 ng/L) was detected 

for two of the sampling events. The TCPP concentrations are equivalent to the levels observed 
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by Li et al. (2014). No TOrCs were detected in the drinking water supply from Utility B and the 

same compounds from Utility A1 are in A2. Utility C had acesulfame (38-40 ng/L) detected 

twice and diclofenac detected once (25 ng/L). For Utility D, Acesulfame (15-173 ng/L) was 

detected in every sample collected, where atrazine (3.1-4 ng/L) and iopamidol (22-27 ng/L) were 

detected twice, and sucralose (99 ng/L) and TCPP (13 ng/L) were detected once. Lastly, Utility E 

had iopamidol (12-16 ng/L) and sucralose (89-270 ng/L) detected in the drinking water supply 

twice. Many other studies have observed TOrCs in drinking water supplies (Glassmeyer et al., 

2017; Leung et al., 2013); thus, making it more difficult to access DPR guidelines.  

A big concern over these approaches is that most of TOrCs don’t pose any health implications 

(Baken et al., 2018; Schriks et al., 2010a). For example, artificial sugars, like acesulfame and 

sucralose, can be persistent in the ug/L concentrations in secondary effluents and ng/L 

concentrations in DPR effluents. However, the persistence of sucralose makes it a good indictor 

compound for other halogenated aliphatic structured compounds. The Science Advisory Board’s 

report on TOrCs monitoring proposes the monitoring of sucralose as an indicator for 1,4 dioxane, 

requiring a removal of  >90% (Drewes et al., 2018). Thus, it is proposed that utilities develop a 

group of indicators to screen for treatment performance of each AWT technique in the train. To 

ensure optimal performance, indicators should be chosen based on the frequency and 

concentration detected in local secondary effluents. For example, Park et al. (2017) demonstrated 

the use of four groups for evaluating O3 performance, with carbamazepine being an indicator for 

the easily removed TOrCs and iopamidol an indicator for the resistant TOrCs. If this approach is 

followed for each treatment process in a DPR train, then an indicator that is poorly removed, but 

is normally readily attenuated after one of the treatment processes, will express which 
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operational parameters should be adjusted within the DPR train. Compounds that do pose health 

concerns would be monitored under regulated compound guidelines.  

Table 6-5. Number and concentration (ug/L) of TOrCs at each utilities DPR trains effluent 

and their local drinking water supply 

 

In both the drinking water supplies and the DPR effluents, no bioactivity was observed. All 

samples were below limits of quantification. For regulatory purposes, it is proposed that all DPR 

effluents be below limits of quantification for all endpoints to ensure public perception. Since in 

vitro bioassays are significantly more sensitive to exposure than whole organisms, they can 

detect low levels of bioactive compounds before effects are seen in vivo. Another potential 

guideline could be included for the induction of metabolism and specific endpoints, permitting 

values below an effect-based trigger (EBT). However, then the question is whether the ENV or 

DW BEQ be the maximum limit. Figure 6-23 shows both the environmental and drinking water 

EBT for the GR results. Since many of the secondary effluent values are in between these limits, 

it is proposed here to use the stricter of the two, which would fail many of the secondary 

effluents. If they are above these limits, then immediate action should be taken to adjust 

operational parameters. Jia et al. (2016) recently used the GR bioassay to show that a UV dose 

Drinking Water Supply # of TOrCs Concentration (ug/L) DPR Train # of TOrCs Concentration (ug/L)

Utility A1 4 0.5 MF-RO-UVAOP N/A <MRl

Utility B N/A <MRL MF-RO-UV N/A <MRL

Utility A2 4 0.5 O3-BAC-GAC 5 0.1

Utility C 2 0.1 O3-BAC-GAC 5 0.7

Utility D 5 0.4 UVAOP-BAC-GAC 10 4.9

Utility E 2 0.4 BAC-O3-BAC 6 2
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equal to or greater than 80 mJ/cm2 completely removes GR bioactivity; thus, if GR is observed 

after a DPR train utilizing UV treatment, then adjustments to the UV need to be made.  

 

Figure 6-23. Average GR bioactivity during DPR treatment at all utilities. The dashed red 

line EBT(Env) at 100 ng/L DexEQ is the lowest EBT value proposed by van der Oost et al. 

(2017) for environmental waters, while the full red line EBT (DW) at 150 ng/L DexEQ is 

the GR-GeneBLAzer EBT proposed by Escher et al. (2015) for drinking water. 

The NTA data illustrated a strong correlation between the DPR water produced at each utility and 

its local drinking water supply. Overall, all utilities except for C had a positive correlation between 

the DPR treatment train effluent and the local drinking water supply. Table 6-6 summarizes the 

correlation values for each of the sites. As noted, values ≥ 0.5 are considered positively correlated.  

Thus, each of these DPR trains tested are capable of producing similar organic compositions to 

drinking water supplies. Until the operation of non-targeted methods become more practical for 

utilities to apply, the non-targeted analysis tier of the monitoring framework for unknown 

compounds should be supplemental to the other tiers. However, it is recommended that no 
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correlation be demonstrated between the secondary and DPR effluents. In addition, samples should 

show a positive correlation to each regions drinking water, as shown in this study. 

Table 6-6. Correlation of ESI+ unknown compounds in the DPR effluent and local 

drinking water supplies 

 

In summary, Tier 1 analysis for RO based trains should not exceed equivalent to 0.5 mg C/L and 

non-RO based trains should not exceed current drinking water supplies mg C/L levels, Tier 2 

indicators compounds should be within removal guidelines and bioactivity should be below LOQ 

or EBTs. It is recommended that Tier 3 analysis show no correlation between the secondary and 

DPR effluents, and a positive correlation to local drinking water supplies as a supplementary 

analysis.  

Drinking Water Supply DPR Train Correlation Coefficient

Utility A1 MF-RO-UVAOP 0.53

Utility B MF-RO-UV 0.59

Utility A2 O3-BAC-GAC 0.59

Utility C O3-BAC-GAC 0.16

Utility D UVAOP-BAC-GAC 0.59

Utility E BAC-O3-BAC 0.51
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6.5 Conclusion  

Altogether, this chapter illustrated the organic composition throughout removal of various DPR 

processes and used the data to develop a proposed monitoring framework for DPR applications. 

The organic composition was characterized through its bulk organic parameters with DOC 

responses were more resistant to DPR treatment than UVA254nm, TF, and COD; thus, proving to 

be the strongest surrogate. The other parameters applied were EEMs and SEC-OCD, which 

contributed strong semi-qualitative figures to illustrate treatment performance. Unlike the other 

bulk organic parameters, these offer additional information about the association of known 

groups with different regions of the sample. The targeted analysis illustrated the types of TOrCs 

entering DPR systems and the bioactivity removed through treatment. When analyzing the 

unknowns, it is possible to see the state of the water before and after treatment. Illustrating the 

effectiveness of the purification process.  

Of the 4 different treatment trains investigated, the two RO based trains were the most effective 

at reducing the organic composition. This was the case for all of the analytical groups evaluated. 

The second most effect treatment train was the O3 to BAC to GAC. For both treatment trains, 

the domestic and international utilities performed similarly. Although RO is most effective, not 

only is implementation potentially financially infeasible, but the disposal of the brine presents 

added challenges. Although RO based trains are recommended for coastal towns due to the 

ability of dumping brine in the ocean, this tends to be controversial. For towns that aren’t costal, 

brine disposal remains a big question and could lead to utilities choosing non-RO based DPR 

trains. There has been recent research for zero-liquid discharge solutions which find a way to 

eliminate the highly concentrated aqueous brine; however, the technology is currently not 
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applicable for large scale operations. When utilities are investigated which DPR train is best 

from them, hopefully this study will offer insight on the best arrangement for organics.  

For potential monitoring purposes of organics at DPR application, a multi-tiered analytical 

framework was proposed based on the data acquired through characterization of the organic 

composition. The guidelines for this framework were proposed based on the local drinking water 

sources for each utility investigated. The first tier of this framework is the continuous monitoring 

of bulk organic parameters as a surrogate for the treatment efficacy of organic compounds. These 

methods are cheap, fast, and easy, making them an ideal candidate for Tier 1 continuous 

monitoring. The second tier, which is composed of monthly analysis, identifies indicator 

compounds/mixtures. These methods have been shown to be relatively easy once trained and 

methods established. For this framework, if targeted analysis does not detect values above 

guideline limits, then monitoring will continue onto Tier 1. However, if the TOrCs removal rates 

and bioactivity are greater than their limits, then adjustment will need to be made to the system. 

Tier 3 could be applied to assist in determining the operational parameter that needs 

modification.  

Lastly, there is still a lot of characterization that needs to be done before a complete monitoring 

guideline can be completed. One important area to be considered are DBP. In addition, a max 

guideline needs to be developed for shut down. Based on the lower chances of risk associated 

with the organic composition compared to pathogens, this might only be related to acute toxicity, 

as opposed to chronic.     
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Chapter 7. Investigation of the p53 In vitro Bioassay for Evaluating 

Genotoxicity  

7.1 Abstract  

Since genotoxicity was not seen in any of the secondary effluents of the previous chapters, 

questions arose on whether the p53 is an appropriate pathway to represent genotoxicity when 

monitoring water quality. UV radiation combined with H2O2 (UV/ H2O2) has been shown to 

cause genotoxicity in the AMES II test when used to treat secondary effluent; however, it is still 

unknown whether these DBPs can cause DNA damage of other forms, and if genotoxicity is also 

observed in human cell lines. This study applied the p53 GeneBLAzer in vitro bioassay, which 

uses human colon carcinoma cells, in addition to the AMES II test, to UV/ H2O2 treated 

secondary wastewater effluent to determine if genotoxicity, in the form of induction of DNA 

repair mechanisms, is observed in human cells. Secondary effluent was collected, spiked with 0 

or 10 mg/L nitrate, and treated at the bench scale with low pressure (LP) and medium pressure 

(MP) UV with a hydrogen peroxide dose of 0 or 7 mg/L added to the samples prior to UV 

treatment. The results showed genotoxicity in the AMES II test, but did not show genotoxicity in 

the p53 bioassay. Secondary effluent treated with LP/MP UV/H2O2 at a dose of 800 mJ/cm2 

produced a genotoxic response 4X greater than the negative control in the AMES II test and 

when spiked with nitrate, genotoxicity was observed at a 7X greater response than the negative 

control. This raises questions on monitoring potable reuse applications, such as what the most 

appropriate and relevant endpoints are to evaluate.  

Keywords: UV/H2O2, Genotoxicity, p-53 Pathway, AMES II Test, Byproduct formation. 
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7.2 Introduction   

7.2.1 Background  

The invention of chlorine and its application to water treatment has saved thousands of lives 

from waterborne pathogens like cholera, typhoid fever, dysentery, hepatitis A. (Figure 7-1; 

Ashbolt, 2004).  The addition of calcium hypochlorite, elemental chlorine, and/or sodium 

hypochlorite to water creates free chlorine, an oxidant capable of killing pathogens. In water 

treatment, chlorination is a critical step in disinfection and its application for water treatment is 

based on concentration * contact time (CT) values (Cutler and Miller, 2005). A disadvantage to 

chlorination is its inability to deactivate cryptosporidium, a commonly occurring water pathogen 

(Betancourt and Rose, 2004).  In addition to being a strong primary disinfectant, chlorination 

leaves a residual in the water capable of preventing recontamination and biofilm growth.  

 
Figure 7-1. Correlation between typhoid fever and chlorination in the United States. 

Source: Centers for Disease and Control and Prevention, Summary of Notable Disease, 

1997. 
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Although the top priority of water treatment is protecting against microbial contamination, DBP 

formation is also important to control. As mentioned, trihalomethanes (THMs) and haloacetic 

acids (HAAs) were the first DPBs to be recognized. Through the identification of THMs and 

HAAs in different locations of the United States, Rook showed how abundant DBPs are in 

chlorinated waters (Rook, 1974). Since then, THMs and HAAs have been tremendously studied 

and have been shown to be carcinogenic. Now, the EPA monitors these DBPs, creating a shift 

from chlorination being used as the primary disinfection technique to ozonation. 

O3, a strong disinfectant/oxidant, was discovered in the 1840's. It wasn't until the late 1800's 

when it was first applied to water treatment. In addition to O3 working as an oxidant, ozonation 

of water at controlled pHs can also create hydroxyl radicals capable of oxidizing the natural 

organic matter in the water (von Gunten, 2003). Typically, O3 doses for water treatment are 

based on O3:TOC ratios (Rakness et al., 2010). O3 is considered advantageous to chlorination 

since oxidation does not create THMs or HAAs; however, O3 is such a strong oxidizer that it 

does not leave a residual. In 1990, Kurakawa et al.  discovered that bromate, a DBP formed after 

O3 in the presence of bromide, is a carcinogen that targets the kidney organ. After its discovery, a 

significant amount of research went into studying how bromate forms during O3 and ways to 

prevent its formation. Although a significant reduction can be achieved, with the ubiquitous 

presence of bromine in water, some bromate is formed from ozonation, limiting its ability.   

Due to its high log removal of pathogens, especially cryptosporidium, ultraviolet (UV) radiation  

based technologies application for water treatment have increased significantly (Craik et al., 

2001). When the UV generated by lamp pierces an organism’s cell wall, it damages genetic 

material, inhibiting the organism from reproducing. Through the different wavelengths generated 
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with medium pressure (MP) UV, most viruses, spores, and cysts can be inactivated (Hijnen et al., 

2006). When combined with an oxidant, such as chlorine, hydrogen peroxide(H2O2), or Fenton, 

it is capable of treating a broad range of synthetic organic constituents and undesirable natural 

constituents found in wastewaters(Matilainen & Sillanpää, 2010;Linden, 2004).  Of the different 

UVAOPs, UV/H2O2 is the most common. Table 7-1 gives a few examples of WWTPs that are 

currently using UV/ H2O2 treatment for different removal purposes. Combing UV with H2O2  

processes creates very reactive hydroxyl radicals as the UV splits the hydrogen peroxide 

molecule, which, in theory, quickly reacts and reduces organic contaminants in the water into 

carbon dioxide and water (Wang, 2000; Aleboyeh et al., 2003). Therefore, UV/H2O2 utilizes two 

mechanisms: direct photolysis and oxidation with hydroxyl radicals. The chemical disadvantages 

of UV/H2O2 have not yet been fully investigated. 

In the early 2000's, it was first discovered that UV/ H2O2 produces genotoxic DBPs in nitrate 

rich wastewaters using the AMES II test (Martijn and Kruithof, 2012). This is the first data 

showing a harmful organic DPBs being formed in the pre-treated water after passing through a 

UV/H2O2 system. Although genotoxicity was observed, the mode of action is still unknown and 

whether it can induce other DNA damage is also unknown. Many questions still remain about the 

potential impacts of UV/H2O2 treatment of wastewater. In some cases, certain countries are 

already using their reclaimed water for direct reuse (du Pisani, 2006).  
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Table 7-1. Size and purpose of some UV/ H2O2 systems in practice 

Location Size (MGD) Purpose 

Orange County, CA 100 1,4 Dioxane 

Aurora, CO 50 Various Contaminants 

Andijk, Netherlands 20 Pesticides 

Cornwall, Canada 26 MIB 

Salt Lake City, Utah 5 NDMA 

 

7.2.2 Monitoring UV/H2O2 treatment 

Currently,  genotoxicity associated with UV/ H2O2 processed wastewater has only been 

evaluated with the AMES II tests  and the comet assay (Heringa et al., 2011;Penders et al., 

2012).  The AMES II test was originally developed over 40 years ago and has had been 

improved through multiple modifications since then (Flückiger-Isler et al., 2004). Generally, S. 

Typhimurium are genetically modified to prohibit histidine synthesis. When exposed to a 

genotoxic compound, a frame shift or point mutation in the histidine synthesis genome is 

required for growth.  In essence, without the mutation, the bacteria die; with the mutation, 

bacteria colonies will flourish and can be counted.  For testing DBPs created from UV/ H2O2, it 

is extremely disadvantageous because nitrate containing substances can cause false positives 

through the production of nitric oxide, such as the formation of nitroglycerin (Raisfeld-Danse 

and Chen, 1983). 

The comet assay, unlike the AMES II test, did not show a genotoxic response when exposed to 

UV/ H2O2 treated wastewaters (Heringa et al., 2011). The comet assay was developed in 1984 to 

measure the genotoxicity of eukaryotic cells using single-cell gel electrophoresis to measure 
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deoxyribonucleic acid (DNA) strand breaks (Gupta, 2012). Nucleoids containing supercoiled 

loops of DNA linked to the nuclear matrix resembles comets when observed by fluorescence 

microscopy, where the number of DNA breaks is related to the intensity of the comet tail relative 

to the head. When a tightly bound loop of DNA breaks and loses its supercoil, the resulting tail 

expansion extends to the anode. A diagram of the AMES II test and comet assays is presented in 

Figure 7-2. Contradictory positive responses shown by the AMES II test, but not the comet assay 

raises questions on the nature of these genotoxic compounds since they have only been shown to 

be genotoxic to bacterial cells.   

 

Figure 7-2. A - Diagram of the AMES II assay (https://sciencepolicyivh.wordpress.com), B - 

Diagram of the Comet assay (https://www.researchgate.net) 

B A 
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7.2.3 Objective 

The purpose of this study was to evaluate the ability of the p53 GeneBLAzer bioassay to 

represent genotoxicity after AWT. Therefore, known genotoxic waters, UV/ H2O2 treated 

secondary effluent, will be measured with the p53 bioassay and AMES II test. 

7.3 Experimental 

7.3.1 Sample Collection and Preparation  

Secondary effluent samples were collected from the Tres Rios water reclamation facility in 

Tucson, AZ. The WWTP’s treatment train includes headworks, flocculation/grit removal, 

dissolved air flotation clarification, tertiary filtration and chloramine disinfection. The secondary 

effluent was collected in multiple 1 L amber glass bottles and transported on ice to the University 

of Arizona, where they were stored overnight. Within 24 hours, 2 L of each sample were first 

filtered with a glass microfiber filter (GF/F 0.7 μm, Whatman, Maidstone, UK) and treated with 

UV/ H2O2. First, one liter was spiked with 10 mg/L of nitrate. Afterwards, 500ml of the nitrated 

spiked and unspiked secondary effluent were spiked with surrogates for chemical analysis. 

Another 500 mL was enriched by 1000X in DMSO for in-vitro analysis using solid phase 

extraction (SPE). An AutoTrace™ 280 Solid-Phase Extraction (SPE) device (Dionex, 

Sunnyvale, CA) was used, passing each sample through an Oasis Hydrophilic-Lipophilic 

Balance (HLB, 500 mg/6cc) cartridge (Waters Corporation, Milford, MA), which was 

preconditioned with 5 mL of MTBE, 5 mL of methanol, and 5 mL of ultrapure water. The 

samples were loaded onto the cartridges at 10 mL/min, rinsed with 10 mL of ultrapure water, and 
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then dried with a stream of nitrogen for one hour. 5 mL of methanol followed by 5 mL of 10/90 

(v/v) methanol/MTBE was used to elute into a 15 mL glass conical vial. The extracts were then 

concentrated with a gentle stream of nitrogen to an approximate volume of 0.1 mL and brought 

to a final volume of 0.5 mL using DMSO. 

7.3.2 UV/H2O2 Treatment  

A low /medium-pressure (LP/MP) UV collimated beam from Wedeco was used in this study. 

UV irradiation exposure time was used to control the UV dose since the UV irradiation dose is 

proportional to irradiation time. For this study, a dose of 0, 400, and 800 mJ/cm2 was applied. A 

hydrogen peroxide dose of 7 mg/L was added to the samples prior to UV treatment (Table 7-2). 

The hydrogen peroxide was tested immediately before and after UV irradiation using a 

CheMetrics single analyte mixture. This test measured levels of O3 by applying ferric thiocyanate 

chemistry, measuring a red-orange color change that occurs when hydrogen peroxide oxidizes 

ferrous iron, which reacts with ammonium thiocyanate to form ferric thiocyanate.  

Table 7-2. LP/MP UV/ H2O2 experimental matrix 

                   0 mg/L NO3                10 mg/L NO3 

  0 mg/L H2O2 7 mg/L H2O2 0 mg/L H2O2 7 mg/L H2O2 

DI(Blank) #1 #7 #13 #19 

Secondary WWE #2 #8 #14 #20 

LP 400 #3 #9 #15 #21 

LP 800 #4 #10 #16 #22 

MP 400 #5 #11 #17 #23 

MP 800 #6 #12 #18 #24 
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The UV irradiation calibration and exposure time required for LP UV was determined using the 

equation below (Jin et al, 2006). An exposure time of 8 minutes 36 seconds was used for LP 400 

mJ/cm2 and 17 minutes 12 seconds for LP 800 mJ/cm2. 

                                               H' = 𝐻′ =
ln(

𝐴262°

𝐴262
)

2.303 ×1000×𝐸𝜏×∅×𝑡 
× 𝑈 × 𝑡                                  EQ (7-1) 

H' = Calculated UV fluorescence (mJ/cm2) 

A2620 = Uridine Solution absorbance at 262 before irradiation 

A262 = Uridine solution absorbance at 262 after irradiation 

E𝜏 = Molar absorption coefficient of test compound (uridine)  

∅ = Quantum yield 

U = Weighted photon energy (mJ/Einstein) 

t = Exposure time  

For MP UV, the UV calibration and dose was the product of exposure time and the UV fluence 

rate (mW/𝑐𝑚2), 𝐸𝑎𝑣𝑔
′  (Bolton and Linden, 2003). The equation below was used to determine the 

time required for UV irradiation. An exposure time of 1 minute 24 seconds was used for MP 400 

mJ/cm2 and 2 minutes 47 seconds for MP 800 mJ/cm2. 

                                     UV dose (mW× 𝑠/𝑐𝑚2) = E'avg (mW/cm2) × t(s)                          EQ (7-2) 

E'avg = UV irradiation of the water at the center of the beam 

t = Exposure time  

7.3.3 AMES II Test  

In order to compare genotoxicity in bacteria and human cells, a Xenomtetrix AMES microplate 

format (MPF) mutagenicity assay (AMES II). First, S. Typhimurium, strains TA98 and TA100 
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were cultured overnight in an incubator. After 24 hours of incubation, bacteria were exposed to 

the samples for 90 minutes in medium containing sufficient histidine (or tryptophan for E.coli) to 

support approximately two cell divisions. Cultures are then diluted with a pH indicator medium 

lacking histidine and transferred into 48 wells in a 384-well plate containing the sample. After 

two days, only the cells that have undergone the reversion to prototrophy will grow. When these 

bacteria develop into colonies, their metabolism lowers the pH of the medium, resulting in a 

change of color from purple to yellow. The color change was recorded using a microplate 

reading spectrophotometer. The number of wells containing revertant colonies were counted for 

each sample and compared to the positive control. 

7.3.4 p53 In vitro Bioassay  

A fluorescence resonance energy transfer (FRET) based in-vitro p53 bioassay was applied to 

measure genotoxicity produced from UV/H2O2 treated water in addition to the AMES II test. 

Specifically, the GeneBLAzer technology from Life Technologies (LT), which uses genetically 

modified cells with a β-lactamase gene that is inserted downstream of the targeted gene of 

interest. When that gene is expressed, a β-lactamase enzyme is produced. Therefore, a substrate 

that is known to fluorescence after it is cleaved by β-lactamase can be added to the cell to 

measure expression of endpoints. Figure 7-3 illustrates the response of the cell to the agonist.  

First, mitomycin enters the cell, where it binds to p53-LBD and is connected to the GAL4. The 

GAL4 protein then binds to the upstream activation sequence (UAS) in the nucleus and gene 

transcription is activated. Β-lactamase is then expressed, and the substrate will be cleaved. 
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Figure 7-3. Diagram of the GeneBLAzer technology (https://www.thermofisher.com)  

Cells were grown in a humidified 37°C/5% CO2 incubator. Cells were passed twice a week and 

maintained between 5% and 95% confluence. To pass cells, medium was aspirated, rinsed once 

in PBS, then 0.5%Trypsin/EDTA was added. Cells detached after ~5 minutes of exposure to 

0.5%Trypsin/EDTA. An equal volume of growth medium was added to inactivate Trypsin. Cells 

were then centrifuged at 200 × g for 5 minutes and resuspended in growth medium at required 

densities.  

For the GeneBLAzer technologies, fluorescence was read using an excitation at 409 nm with a 

bottom-reading plate reader (FlexStation 3, Molecular Devices, CA, USA) at an emission of 460 

and 530 nm. Background fluorescence, determined from cell-free control wells, was subtracted 

from all samples. The β-lactamase expression ratio was calculated by dividing the green net 

fluorescence by blue net fluorescence (460 nm/ 530 nm).  
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The bioactivity was calculated by dividing the sample response (the β-lactamase expression ratio 

for GeneBLAzer) by the maximum response of the positive control after subtracting the signal of 

negative control. 

 
sample control

max control

Signal Signal
%effect

Signal Signal

−
=

−
  EQ (7-3) 

The EC10 and EC50 were defined as the concentration (for samples, it means the final relative 

enrichment fold in the assay, REF) causing 10% or 50% effect in the assay. Briefly, non-linear 

regression with variable slope were used if a full dose-response curve (up to 100% effect) was 

obtained, otherwise, linear regression was used using the data points lower than 25% effect.  

The sample equivalents (EQ) were calculated from the EC10 or EC50 of the positive control 

divided by the EC value from the sample using the following equation:  

                                           
EC(Dex)

EQ (or REP)
EC(sample)

=                                        EQ (7-4) 

7.4 Results and Discussion  

Genotoxicity of the secondary effluent before and after treatments was evaluated using the 

AMES II test and the P-53 assay. The secondary effluent did not show a genotoxic effect from 

the AMES II test. However, when the secondary was spiked with 10 mg/L nitrate, the genotoxic 

response was 3X greater than the negative control. Secondary effluent samples treated with 

LP/MP of 400 and 800 mJ/cm2, had a significantly higher genotoxic response, but was not 

greater than 2X of the negative control. When the secondary effluent was treated with LP/MP 
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UV/H2O2, the genotoxic response for the LP and MP 800 mJ/cm2 doses produced a genotoxic 

response 4X greater than the negative control. Spiking nitrate in LP/MP treated secondary 

effluent without H2O2 did not produce a higher genotoxicity than the LP/MP treated secondary 

effluent without the nitrate. However, when secondary effluent was spiked with nitrate and 

treated with MP UV 800 mJ/cm2 and 7 mg/L H2O2 sample had a response 7X greater than that of 

the negative control.  Altogether, secondary effluent treated with LP/MP UV and UV/ H2O2 

resulted in higher genotoxicity than untreated secondary effluent (Figure 7-4). 

 

Figure 7-4. AMES genotoxicity of treated secondary WWE with and without nitrate 

The secondary effluent, with and without nitrate, did not show a genotoxic effect from the p53 

assay. When the secondary effluent was treated with LP/MP UV and UV/H2O2, genotoxicity was 
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not observed. In addition, when the secondary effluent was spiked with nitrate, genotoxicity was 

still not seen when the water was treated with LP/MP UV and UV/H2O2 (Figure 7-5). Therefore, 

the p53 assay did not show genotoxicity in the secondary effluent or any of the treated samples. 

The lack of genotoxic bioactivity is not consistent with the AMES II test. This raises questions to 

whether the DBPs formed are only genotoxic to bacteria since it was not seen in p53 assay, 

which is a human colon carcinoma cell line.  

 

Figure 7-5. p53 genotoxicity of treated secondary WWE with and without nitrate. The red 

dashed line represents the LOQ. 
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7.5 Conclusion 

As water source continue to dwindle, alternatives such as reclaimed water are becoming more 

practical to alleviate water demand. In the past several decades, there has been growing attention 

on the restriction of DBP formation after disinfection and oxidation. Originally, chlorine was the 

primary and post disinfectant. However, after formation of THMs and HAAs were discovered, 

chlorination became less popular. In some countries, like The Netherlands, chlorine is no longer 

applied. In many cases, O3, also capable of removing organic contaminants, was the primary 

replacement of chlorine as a disinfectant. Although O3 did not produce THMs or HAAs, O3 was 

eventually found to produced bromate. A significant amount of research has gone into trying to 

eliminate the amount of bromate O3 produces. Despite the efforts, research has been shown it 

impossible to fully eliminate bromate after ozonation, which lead to the increase in UV/H2O2 

applications.  

Recently, genotoxicity in a bacteria assay was discovered after UV/H2O2 of nitrate rich waters 

and has raised many questions. The primary concern is what does this mean in terms of human 

health. In this study, we tried to answer that question by applying a human cell genotoxicity 

assay (p53), as opposed to a bacteria genotoxicity assay (AMES II). Since genotoxicity has only 

been seen in nitrate rich waters, half of the samples were spiked with 10 mg/L of nitrate. In the 

AMES II assay applied, genotoxicity was not seen in the secondary effluent, but genotoxicity 

was seen in the nitrate spiked and unspiked secondary effluent samples treated with UV/H2O2. 

When the p53 assay was applied, genotoxicity was not seen in the secondary effluent, nor the 

UV/H2O2 treated samples.  Therefore, the human and bacteria genotoxicity assays were not in 

agreement with each other.  
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A major concern about this study was the investigation of only one extraction method. In this 

study, an HLB study was used to extract the samples, where the bacteria assay showed 

genotoxicity and the human colon carcinoma cell-based assay did not. Although genotoxicity has 

not been seen in other human cells using the comet assay, which also used an HLB cartridge for 

extraction, it has been seen in fish and hamster cells with the comet assay using different 

cartridges. In the study using fish cells with the comet assay, a XAD-4 cartridge was applied 

(Penders et al., 2009), where the study using the hamster cells used an XAD-2 and XAD-8 

(Kashinkunti et al., 2009). A recent literature review found that detection limits vary based on 

sample concentration, loading of the sample, and assay type for androgenic, glucocorticoid, 

thyroid, and estrogenic bioactivity (Leusch et al., 2017). In conclusion, the choice of extraction 

method and genotoxicity test may have determined the results observed.  

The genotoxicity seen in the AMES II assay after UV/H2O2treatment in this study is similar to 

what has been reported (Heringa et al., 2011). This is the first time that the p53 assay, using 

human colon carcinoma cells, has been used to represent genotoxicity of UV/H2O2 treated 

wastewater. Although genotoxicity was not seen, this is in agreement with other studies using 

human liver cells with the comet assay. This raises questions to whether the genotoxicity seen in 

the AMES II assay is relevant to human health, or are bacteria only susceptible to the DBPs 

causing DNA damage? 
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Chapter 8. Conclusion  

Homo sapiens are one of the most successful species on planet earth. As a species, we have 

developed complex societies and have colonized throughout the world. This success was fueled 

by our ability to obtain and transport necessary resources. However, as the human population 

rapidly expands and alterations to our planet continue, our very existence is threated by the 

inability to secure a high enough quantity of required resources, particularly freshwater. The 

need to obtain safe drinking water is more urgent than it ever has been, now that the human 

population is about to exceeded 7.5 billion people (United States Census Burea). The United 

Nations predicts that two thirds of the worldwide population will be under water-stressed 

conditions by 2025. In addition to the sheer volume of freshwater needed to sustain global 

populations, acquiring water that is of a high quality is increasingly difficult due to dwindling 

freshwater supplies and  pollution from anthropogenic compounds (Shannon et al., 2008). 

Therefore, it is imperative to find safe and sustainable drinking water supplies and methods of 

generating purified water from fouled water.  

Despite the need and recent development of technologies to obtain alternative water supplies, 

there are still many questions that need to be addressed before their full implementation and use. 

Regarding desalination, the biggest questions that arise are 1.) How are cities going to fund the 

substantial costs associated with removing salt from ocean water and 2.) How should brine be 

discharged in an efficient and sustainable manner? For DPR, the biggest questions that remain 

are 1.) What DPR scheme works best for differing locations and is there a way to scale a “best-

method” protocol for local engineers? 2.) Can DPR water be consumable throughout a 

consumer’s lifetime without adverse effects? 3.) How should DPR water quality be monitored to 
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ensure prevention of public contamination in instances of system failure? 4.) Can DPR build a 

good public perception to be accepted widespread and become common practice? 

This dissertation aimed to provide insight into the above questions regarding DPR by 

investigating different analytical methods to characterize the organic composition of the water 

produced during AWT. These methods were then applied as a framework to characterize various 

DPR applications. A multi-tiered framework to monitor organic compounds was then proposed, 

which enables a fast, efficient, and timely mechanism of observing water quality.   

Since DPR applications use WWE as the source to produce drinking water, the organic 

composition of the water varies tremendously and requires additional treatment stages and 

parameter monitoring. Chapter 2 detailed different bulk organic parameters throughout two 

AWTT. Of the methods investigated, DOC was the most correlated to UVA254nm. All of the bulk 

organic parameters investigated were demonstrated to be a good surrogate for monitoring 

treatment efficacy; however, the data didn’t provide information regarding what compounds 

were present. Chapter 3 illustrated the ability of chemical analysis and bioassays to quantify the 

concentration of targeted compounds during AWT. In addition, chapter 3 also illustrated what 

targeted compounds, as well as agonist to biological endpoints, are present in DPR sources. In 

contrast, chapter 4 showed the correlation of bioassays and chemical analysis to quantify targeted 

compounds downstream of a WWE dominated river. The result of the successful mass balance 

displayed how bioassays are a viable means to monitor total chemical exposure from water.  

Chapter 5 illustrated the transformation of the organic composition throughout two different 

AWTT, as well as the similarity of the waters throughout each train. Both AWTTs showed that 

the final effluent was dramatically different than the secondary effluent, while each treatment 
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technique transformed the organic composition differently creating water that can be considered 

compliant under proposed monitoring limits.  

Based on the data acquired from chapters 2, 3, 4, and 5, an analytical framework was developed 

and applied in Chapter 6 to fully characterize the organic composition after various DPR 

treatment trains. Treatment processes that are the most effective at reducing the organic 

composition of wastewater were identified. The data indicates that RO based DPR treatment 

trains are the most effective at removing the organic compound groups analyzed. In addition, the 

DPR effluent produced using RO based trains had lower levels of organics, bulk, known, and 

unknown compounds compared to the sampled drinking water supply. The non-RO based trains 

reduced many of the analytical values to equal or less than the local drinking water supply, but 

not all analyses were below drinking water supplies like the RO based trains.  

A monitoring framework for DPR application was also proposed in Chapter 6 based on the data 

collected from the characterization framework of DPR effluents and their respective local 

drinking water supply. To achieve compliant drinking water, it was recommended that the 

organic compounds from a DPR application be monitored using a multi-tiered analytical 

framework. The first tier is the continuous monitoring, which is based on the goal of reducing 

bulk analytical measurements of the treated wastewater to equal or lower than local drinking 

water for non-RO based designs and following California Title 22 guidelines of 0.5mg/L TOC 

equivalence for RO based designs. The second tier is for targeted analysis, which will be 

completed monthly, or whenever Tier 1 is above guidelines. Tier 2 is composed of targeted 

analysis of indicator compounds and biological endpoints. The indicator compounds should 

represent a group of compounds proposed by the Science Advisory Panel on CEC monitoring. In 
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addition, these indicators should be chosen as groups based on their ability to represent each 

DPR treatment process, like Park et al. (2017) demonstrated for O3 treatment. Thus, for this tier, 

indicator removal will be monitored to identify which treatment process needs adjusting. 

Bioassays will also be applied to measure mixtures of compounds that affect known endpoints. 

These endpoints are selected to represent the cellular toxicity pathway produced by Leusch and 

Snyder (2015). The bioassay guidelines should be based on LOQ or EBTs (Escher et al., 2015; 

van der Oost et al., 2017) of their respective endpoints. Similarly to the indicator compounds, 

bioactivity can reveal which treatments need modifications. In addition, it is also recommended 

that DBPs monitoring be incorporated into Tier 2. Lastly, Tier 3 is a supplementary tier to help 

optimize operational parameters, but is also proposed to be applied quarterly to map how the 

water transforms throughout the process over time.   

Surrogates (bulk parameters) and indicators (targeted chemicals) were shown to be readily 

measurable and tailored to monitor the treatment process performance. The characterization 

framework illustrated DPR treatment train performances and how surrogates/indicator chemicals 

could be used by utilities to monitor performance. This dissertation illustrated the similarities of 

organic composition, at which will lead to future applications for online monitoring and process 

control. Future research could delve into the relationship between the pilot and full-scale 

experimentation of DPR modeling.   

Lastly, chapter 7 discussed a post-evaluation of genotoxicity. Since the p53 assay did not record 

genotoxicity for any of the samples investigated, and other studies have shown genotoxicity in 

secondary effluents, questions arose about the application of the p53 for characterization and 

monitoring of DPR processes. Thus, the p53 was applied, in addition to another genotoxicity 
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assay-the AMES II test- to known genotoxic wastewater samples. The results illustrated no 

bioactivity of the p53 bioassay; however, genotoxicity was observed in the AMES II test. 

Therefore, questions remain about the ability of the p53 bioassay to represent genotoxicity of 

cellular toxicity pathways.   

Despite the insight provided from this dissertation and the work of other investigators in this 

field, there are many questions that still need to be answered about DPR. Below are 

recommendations for future studies:  

• Organic characterization (bulk organic parameters, targeted analysis, and non-targeted 

analysis) of DPR effluent for all AWTT. 

• Examination of DBPs produced during DPR treatment and their incorporation into 

monitoring frameworks. 

• A mechanistic study of the removal and relationship of the organic composition 

throughout DPR treatment. 

• Development of indicator groups for the removal of TOrCs for all AWT techniques 

• Identification of unknown compounds during DPR treatment and the development of 

normalized PCA for control charts. 

• A cost benefit analysis and life cycle assessment to identify ideal analytical and treatment 

instrumentation. 

In summary, the advent of DPR has the potential to significantly benefit society by diminishing 

freshwater shortages. This research offers insight into the organics that are present in DPR 

sources, as well as techniques to evaluate them. The characterization of the organic composition 
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of DPR trains will help managers choose which train is appropriate. In addition, the proposed 

monitoring framework will aid in the understanding of DPR systems and could assist in the 

integration of them.  Ultimately, by advancing the understanding of a promising alternative water 

supply, this dissertation aims to reduce the environmental and human impacts of freshwater over-

consumption.   
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APPENDIX A. Supporting Information for Chapter 2 

Table A2-1. Bulk organic parameters by sample locations for Utility 1 and Utility 2 

 

 

n/N Mean  ± SD n/N Mean  ± SD n/N Mean  ± SD

Secondary effluent 7/7 7.7  ± 0.5 3/3 0.175  ± 0.009 3/3 366800  ± 115422

MF influent 7/7 8.5  ± 1.0 3/3 0.1706  ± 0.009 3/3 348067  ± 104977

MF effluent 7/7 7.0  ± 0.6 3/3 0.1584  ± 0.01 3/3 331795  ± 101617

RO effluent 7/7 <LOD  ± - 3/3 0.0021  ± 0.002 3/3 1804  ± 2146

UVAOP effluent 7/7 <LOD  ± - 2/2 0.0005  ± 0.002 2/2 446  ± 980

Secondary effluent 6/6 5.3  ± 0.5 2/2 0.121  ± 0.008 2/2 163230  ± 45898

UF effluent 6/6 4.1  ± 0.4 2/2 0.0911  ± 0.007 2/2 147278  ± 36639

GMF effluent 6/6 4.2  ± 0.5 2/2 0.0913  ± 0.006 2/2 134593  ± 35166

Oz1 influent 6/6 4.6  ± 1.0 4/4 0.0924  ± 0.01 4/4 146210  ± 40031

Oz1 effluent 6/6 4.3  ± 0.6 4/4 0.056  ± 0.008 4/4 53647  ± 34802

BAC effluent 6/6 2.5  ± 0.5 4/4 0.0433  ± 0.008 4/4 43023  ± 17249

Oz2 effluent 6/6 2.3  ± 0.4 4/4 0.0281  ± 0.008 4/4 16594  ± 9903

Lk influent 6/6 1.3  ± 0.4 3/3 0.0194  ± 0.008 3/3 9184  ± 4378

BF effluent 6/6 0.9  ± 0.3 3/3 0.0066  ± 0.007 3/3 1672  ± 3230

1

2

Utilility Sample
DOC (mg/L) UVA254nm (1/cm) TF (R.U. nm

2
)
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Figure A2-1. EEMs for all sampling events at Utility 1. EEMs samples were normalized to 

the secondary effluent of each sampling campaign. 
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Figure A2-2. EEMs for all sampling events at Utility 2. EEMs samples were normalized to the secondary effluent of each 

sampling campaign. 
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APPENDIX B. Supporting Information for Chapter 3 

Table A3-1. Selected TOrCs information  

 

HC: Household chemical; I/CC: Industrial/commercial chemical; PCP: Personal-care product; 

Pest.: Pesticide; PFC: Perfluorinated compound; Pharm.: Pharmaceutical; S/H: Steroid/Hormone 

Compound Formula Structure Compound Category General Class Descriptive Class

Acesulfame C4H4KNO4S Deprotonated Amine HC Artificial sweeteners

Atenolol C14H22N2O3 Deprotonated Amine Pharm Beta blocker

Atrazine C8H14ClN5 Deprotonated Amine Pest Herbicide

Benzophenone C13H10O Alkyl Aromatic PCP Sunscreen

Benzotriazole C6H5N3 Deprotonated Amine I/CC Restrainer in photographic emulsions

Bisphenol A C15H16O2 Hydroxy Aromatic HC/I/CC Plastic monomer

Caffeine C8H10N4O2 Deprotonated Amine HC Stimulant

Carbamazepine C15H12N2O Nonaromatic with carbon double bonds Pharm Antiepileptic, analgesic

Clofibric acid C10H11ClO3 Alkoxy Aromatic Pharm Blood lipid regulator metabolite

DEET C12H17NO Alkyl Aromatic PCP Insect repellent

Diclofenac
C14H11Cl2NO

2

Deprotonated Amine Pharm Non-steroidal anti-inflammatory drug, analgesic

Diphenhydramine C17H21NO Alkyl Aromatic Pharm Benzothiazepine, calcium channel blocker, anti-angina

Ditiazem C22H26N2O4S Deprotonated Amine Pharm Antihistamine, antiemetic, sedative, hypnotic

Gemfibrozil C15H22O3 Alkoxy Aromatic Pharm Blood lipid regulator

Hydracortisone C21H30O5 Hydroxy Aromatic Pharm Gluccocorticoid

HydrochlorothiazideC7H8ClN3O4S2 Deprotonated Amine Pharm Diuretic 

Ibuprofen C13H18O2 Alkyl Aromatic Pharm Anti-inflammatory, analgesic

Iohexol
C19H26I3N3O

9

Saturated Aliphatic I/CC X-ray contrast media

Iopromide C18H24I3N3O8 Saturated Aliphatic I/CC X-ray contrast media
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Table A3-1. Selected TOrCs information continued  

 

HC: Household chemical; I/CC: Industrial/commercial chemical; PCP: Personal-care product; 

Pest.: Pesticide; PFC: Perfluorinated compound; Pharm.: Pharmaceutical; S/H: Steroid/Hormone 

Compound Formula Structure Compound Category General Class Descriptive Class

Iopamidol
C17H22I3N3O

8

Saturated Aliphatic I/CC X-ray contrast media

Meprobamate C9H18N2O4 Saturated Aliphatic Pharm Anxiolytic drug, tranquilizer

Naproxen C14H14O3 Alkoxy Polyaromatic Pharm Non-steroidal anti-inflammatory drug

PFHxA C6HF11O2 Halogenated Aliphatic PFC Surfactant

PFOA C8HF15O2 Halogenated Aliphatic PFC Surfactant

PFOS C8HF17O3S Halogenated Aliphatic PFC Surfactant

PFBS C6HF11O2 Halogenated Aliphatic PFC Surfactant

PFBA C8HF15O2 Halogenated Aliphatic PFC Surfactant

PfpeA C8HF17O3S Halogenated Aliphatic PFC Surfactant

Primidone C12H14N2O2 Alkyl Aromatic Pharm Anticonvulsant  

Propranolol C16H21NO2 Alkoxy Polyaromatic Pharm Beta blocker

Propylparaben C10H12O3 Hydroxy Aromatic PCP Preservative

Sucralose C12H19Cl3O8 Halogenated Aliphatic HC Artificial sweeteners

Simazine C7H12ClN5 Deprotonated Amine PCP Triazine

Sulfamethoxazole
C10H11N3O3

S
Deprotonated Amine Pharm Antibiotic

TCEP C9H15O6P Halogenated Aliphatic PCP/HC Fire retardant

TCPP C9H18Cl3O4P Halogenated Aliphatic PCP/HC Fire retardant

Triclocarban C13H9Cl3N2O Amino/Acylamino Aromatic PCP Germicide

Triclosan C12H7Cl3O2 Hydroxy Aromatic PCP Germicide

Trimethoprim C14H18N4O3 Deprotonated Amine Pharm Antimicrobial
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Table A3-2. Selected in vitro bioassay information  

 

Name 

 

Cell Type 

Toxicity 

Pathway 

Mode of 

Action (MOA) 

 

Positive Control 

Limit of 

Quantification 

Water 

Concentration 

Factor 

 

DR-

CALUX 

 

DR-

CALUX 

Xenobiotic 

metabolism 

Aryl 

Hydrocarbon 

Receptor 

2,3,7,8-

Tetrachlorodibenzodioxin 

0.15pM 20x 

 

GR 

GR-UAS-

bla HEK 

293T 

Specific receptor 

mediated MOA 

Glucocorticoid 

Receptor 

 

Dexamethasone 

18.8 ng/L 12.5x 

 

ER 

ER alpha-

UAS-bla 

GripTite 

Specific receptor 

mediated MOA 

Estrogen 

Receptor 

17β-Estradiol 0.16 ng/L 12.5x 

p53 p53RE-bla 

HCT-116 

Reactive MOA  DNA repair Mitomycin C 3.9 ug/L 12.5x 

HepG2 HepG2 Cytotoxicity Cell viability  N/A N/A 12.5x 
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APPENDIX C. Supporting Information for Chapter 4 

Table A4-1. Chemical structures of target corticosteroids 

Compounds Abbr CAS Formula MW Structure logKow 

Glucocorticoids (GCs)       

Natural       

Corticosterone CTC 50-22-6 C21H30O4 346.47 

 

1.94 

Cortisone COR 53-06-5 C21H28O5 360.45 

 

1.47 

Hydrocortisone (Cortisol) HCT 50-23-7 C21H30O5 362.47 

 

1.61 

Synthetic       

Amcinonide AMC 51022-69-6 C28H35FO7 502.58 

 

3.78 a 

Beclomethasone BCM 4419-39-0 C22H29ClO5 408.92 

 

2.19 b 

Beclomethasone dipropionate BDP 5534-09-8 C28H37ClO7 521.05 

 

3.97 a 

Betamethasone BET 378-44-9 C22H29FO5 392.47 

 

1.94 

Budesonide BUD 51333-22-3 C25H34O6 430.54 

 

2.55 b 

Dexamethasone DEX 50-02-2 C22H29FO5 392.47 

 

1.83 

Clobetasol propionate CBP 25122-46-7 C25H32ClFO5 466.97 

 

3.50 

Clobetasone butyrate CBB 25122-57-0 C26H32ClFO5 478.99 

 

3.76 

Deflazacort DFZ 14484-47-0 C25H31NO6 441.52 

 

1.97 b 
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Compounds Abbr CAS Formula MW Structure logKow 

Flumethasone FMS 2135-17-3 C22H28F2O5 410.46 

 

3.86 

Flunisolide FNS 3385-03-3 C24H31FO6 434.50 

 

2.51 b 

Fluocinolone acetonide FCA 67-73-2 C24H30F2O6 452.49 

 

2.48 

Fluocinonide FLC 356-12-7 C26H32F2O7 494.53 

 

3.19 

Fluorometholone FML 426-13-1 C22H29FO4 376.47 

 

2.00 

Fluticasone propionate FTP 80474-14-2 C25H31F3O5S 500.57 

 

3.96 b 

6α-Methylprednisolone MPL 83-43-2 C22H30O5 374.48 

 

1.95 b 

Mometasone furoate MMF 83919-23-7 C27H30Cl2O6 521.43 

 

2.73 b 

Prednisolone PNL 50-24-8 C21H28O5 360.45 

 

1.62 

Prednisone PNS 53-03-2 C21H26O5 358.43 

 

1.46 

Triamcinolone acetonide TCA 76-25-5 C24H31FO6 434.50 

 

2.53 

Mineralocorticoids (MCs)       

Natural       

Aldosterone ALD 52-39-1 C21H28O5 360.45 

 

1.08 

Synthetic       

Deoxycorticosterone acetate DCA 56-47-3 C23H32O4 372.51 

 

3.08 
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Compounds Abbr CAS Formula MW Structure logKow 

Fludrocortisone acetate FLA 514-36-3 C23H31FO6 422.49 

 

2.26 a 

a Calculated based on EPI Suite from U.S. EPA (KowWIN v1.68). b Calculated based on XLOGP3.  



243 

 

Table A4-2. Description of the Santa Cruz River sampling sites 

Sample 

Site ID 
Name Coordinates 

Distance 

Downstrea

m 

(km) 

Location Description Notes 

SCR-01 ANWRF 

Outfall 

32°17'5.00"N 

111° 

1'46.00"W 

0.0 Park in SE loop of Columbus Park. 

ANWRF outfall is located NW 

(downstream) of old Roger Rd. WWTP 

outfall. Sample collected from directly 

upstream of outfall-100yds downstream 

depending on access. 

WWTP Outfall 

SCR-02 Camino del 

Cerro Rd. 

Bridge 

32°17'37.51"N 

111° 

2'17.07"W 

1.3 Collection 100 yds upstream of bridge.   

SCR-03 Belmont 

Rd. 

32°19'41.28"N 

111° 

4'26.59"W 

6.4 Dirt road access off of Silverbell Rd. to the 

east located southeast of Belmont Rd. and 

northeast of N Desert Foothills Dr. 

Site may be dry; no sample 

possible 

SCR-04 TRWRF 

Outfall 

32°20'11.96"N 

111° 

4'48.68"W 

7.6 Outfall located on southeast side of river-

Ina Rd. intersection.  

Use bucket and rope to 

collect sample from stair 

access above the outfall. 

SCR-05 N Cortaro 

Rd. Bridge 

32°21'3.62"N 

111° 

5'45.97"W 

9.7 Park at terminal end of Leilani Ln. off of 

Silverbell Rd. Collection 100 yds upstream 

of bridge. 

Mixing zone 

SCR-06 Twin Peaks 

Rd. Bridge 

32°22'34.16"N 

111° 

6'50.64"W 

13.0 Park along frontage road on southeast side 

of river-Twin Peaks Rd. intersection. Best 

to walk along Twin Peaks Rd. to SCR to 

avoid traversing through vegetation. 

Collection 50 yds upstream of bridge. 

  

SCR-07 Field Blank   
 

Collected at the sampling vehicle at any 

point in time after the first sample was 

collected and before return to the lab.  

10L Milli-Q water from the 

Snyder Lab (Civil 

Engineering building) was 

aliquoted in a triple rinsed 
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Sample 

Site ID 
Name Coordinates 

Distance 

Downstrea

m 

(km) 

Location Description Notes 

carboy up to 24 hours prior 

to sampling event and 

transported to the field for 

sample collection.  

SCR-08 Avra Valley 

Rd. Bridge 

32°24'9.81"N 

111° 

8'44.54"W 

17.0 Park on the southeast side of river-Avra 

Valley Rd. intersection. Collection directly 

under bridge due to ease of access. 

  

SCR-09 N Sanders 

Rd. Bridge 

32°26'6.48"N 

111°14'1.28"W 

24.0 Park in parking lot on northeast side of 

river-Sanders Rd. intersection. Collection 

30 yds upstream of bridge. 

Site may be dry; no sample 

possible 

SCR-10 Trico 

Marana Rd. 

Bridge 

32°27'10.52"N 

111°16'48.04"

W 

28.8 Park on northeast side or river-Trico 

Marana Rd. intersection. Collection 50 

yards upstream of bridge. 

Site may be dry; no sample 

possible 

SCR-11 Lab Blank   
 

Collected in the Snyder Lab (Civil 

Engineering building). 

Milli-Q water collected 

within 24-48 hours of 

sample collection.  
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Table A4-3. Glucocorticoid relative potencies (REPs) for the GR-GeneBLAzer (Jia et al., 

2016) calculated based on the EC10 and EC50 values 

Compounds REP (EC10) REP (EC50) 

Betamethasone 0.47 0.63 

Budesonide 6.0 6.9 

Clobetasol propionate 36 37 

Cortisone <0.001 <0.004 

Dexamethasone 1.0 1.0 

Fludrocortisone acetate 0.14 0.19 

Flumethasone 5.6 5.0 

Fluocinolone acetonide 6.6 7.4 

Fluocinonide 3.1 0.95 

Fluticasone propionate 63 71 

Hydrocortisone 0.24 0.26 

Methylprednisolone 0.21 0.26 

Prednisolone 0.080 0.10 

Prednisone <0.001 <0.004 

Triamcinolone 0.13 0.15 

Triamcinolone acetonide 1.6 2.3 
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Table A4-4. Interlaboratory comparison of GR bioassay results with the water samples 

Site 

ID 

Strea

m 

km 

Lab 1 Lab 2 Average SD RSD (%) 

12-May-14 (DexEQ ng/L) 

SCR-

01 
0.0 110 75 93 25 26.8 

SCR-

02 
1.3 62 62 62 0.0 0.0 

SCR-

03 
6.4 56 47 52 6.4 12.4 

SCR-

04 
7.6 170 90 130 57 43.5 

SCR-

05 
9.7 93 59 76 24 31.6 

SCR-

06 
13.0 58 47 53 7.8 14.8 

SCR-

08 
17.0 51 48 50 2.1 4.3 

SCR-

09 
24.0 54 39 47 11 22.8 

SCR-

10 
28.8 20 23 22 2.1 9.9 

SCR-

07 
FB BDL (<10) BDL (<5) Average RSD (%) = 18.4 

12-Feb-15 (DexEQ ng/L) 

SCR-

01 
0.0 150 170 160 14 8.8 

SCR-

02 
1.3 130 140 140 7.1 5.2 

SCR-

03 
6.4 47 93 70 33 46.5 

SCR-

04 
7.6 160 220 190 42 22.3 

SCR-

05 
9.7 140 140 140 0 0.0 

SCR-

06 
13.0 95 120 110 18 16.4 

SCR-

08 
17.0 82 94 88 8.5 9.6 

SCR-

07 
FB BDL (<16) 

BDL 

(<19) 
Average RSD (%) = 15.6 

Notes: BDL = below detection limit; DexEQ = dexamethasone equivalent concentration; FB = 

field blank; RSD = relative standard deviation; SD = standard deviation 
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APPENDIX D. Supporting Information for Chapter 6  

Table A6-1. Bulk organic parameters during DPR for all utilities   

 

 

n/NMean  ± SD n/N Mean  ± SD n/N Mean  ± SD n/N Mean  ± SD

Secondary effluent 2/2 7.1  ± 0.1 3/3 0.09  ± 0.04 3/3 177032  ± 14388 3/3 19.4  ± 2.1

MF effluent 2/2 6.5  ± 0.2 3/3 0.08  ± 0.04 3/3 148193  ± 19978 3/3 12.6  ± 5.0

RO effluent 2/2 0.2  ± 0.1 3/3 0.00  ± 0.00 3/3 170  ± 294 1.0 2.5  ± 0.4

UVAOP effluent 2/2 0.0  ± 0.0 3/3 0.00  ± 0.00 3/3 46  ± 79 0.7 1.6  ± 1.6

Secondary effluent 2/2 6.8  ± 0.2 2/2 0.14  ± 0.01 2/2 245183  ± 2644 2/2 8.0  ± 2.6

MF effluent 2/2 6.2  ± 0.1 2/2 0.13  ± 0.01 2/2 234016  ± 3164 2/2 7.7  ± 3.0

RO effluent 2/2 0.0  ± 0.0 2/2 0.00  ± 0.00 2/2 135  ± 899 1/2 0.0  ± 0.0

UVAOP effluent 2/2 0.0  ± 0.0 2/2 0.00  ± 0.00 2/2 -5  ± 527 0/2 0.0  ± 0.0

Secondary effluent 3/3 8.1  ± 1.7 4/4 0.11  ± 0.06 4/4 207897  ± 62838 4/4 17.9  ± 3.4

Oz effluent 3/3 6.2  ± 0.4 4/4 0.04  ± 0.03 4/4 27062  ± 19085 4/4 7.9  ± 3.7

BAC effluent 3/3 4.5  ± 0.1 4/4 0.04  ± 0.02 4/4 16580  ± 11160 4/4 7.6  ± 5.1

GAC effluent 3/3 2.1  ± 0.3 4/4 0.01  ± 0.01 4/4 2294  ± 2129 4/4 4.2  ± 0.3

Secondary effluent 3/3 7.2  ± 1.7 3/3 0.19  ± 0.02 3/3 258598  ± 74832 3/3 10.1  ± 3.2

Oz effluent 3/3 3.0  ± 0.4 3/3 0.03  ± 0.00 3/3 8727  ± 5424 3/3 2.1  ± 1.1

BAC effluent 3/3 1.7  ± 0.2 3/3 0.02  ± 0.00 3/3 8332  ± 4036 3/3 0.9  ± 1.4

GAC effluent 3/3 1.1  ± 0.2 3/3 0.01  ± 0.00 3/3 5645  ± 3924 3/3 0.7  ± 0.6

Secondary effluent 4/4 5.9  ± 0.9 4/4 0.11  ± 0.01 4/4 138125  ± 45136 3/3 7.6  ± 3.9

UVAOP effluent 4/4 2.4  ± 0.4 4/4 0.04  ± 0.00 4/4 39613  ± 6520 0.3 1.5  ± 1.8

BAC effluent 4/4 2.2  ± 0.3 4/4 0.03  ± 0.00 4/4 32742  ± 5869 0.3 1.4  ± 2.1

GAC effluent 3/3 2.0  ± 0.4 3/3 0.02  ± 0.01 3/3 17004  ± 5169 0/2 1.1  ± 1.7

Secondary effluent 4/4 5.7  ± 0.5 4/4 0.12  ± 0.01 4/4 144843  ± 35854 4/4 6.0  ± 0.2

BAC1 effluent 4/4 2.7  ± 0.4 4/4 0.04  ± 0.01 4/4 36221  ± 16964 4/4 0.3  ± 0.5

Oz effluent 4/4 2.5  ± 0.5 4/4 0.03  ± 0.00 4/4 15779  ± 8703 4/4 0.5  ± 0.9

BAC2 effluent 4/4 1.5  ± 0.4 4/4 0.02  ± 0.01 4/4 3570  ± 1261 4/4 0.0  ± 0.0

COD (mg/L)

B

A2

C

D

E

Utilility Sample
DOC (mg/L) UVA254nm (1/cm) TF (R.U. nm

2
)

A1
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Table A6-2. Bulk organic parameters for the drinking water source and supplies for all 

utilities   

 

 

 

Figure A6-1. EEMs for all sampling events at Utility A1. EEMs samples were normalized to 

the secondary effluent of each sampling campaign. 

n/NMean  ± SD n/N Mean  ± SD n/N Mean  ± SD n/N Mean  ± SD

DW Source 2/2 6.6  ± 1.8 3/3 0.22  ± 0.12 3/3 91468  ± 44364 3/3 15.4  ± 4.8

DW Supply 2/2 2.5  ± 0.4 3/3 0.03  ± 0.01 3/3 3683  ± 3199 3/3 2.5  ± 0.8

DW Source 2/2 1.5  ± 0.5 2/2 0.02  ± 0.00 2/2 9664  ± 2161 2/2 0.6  ± 0.8

DW Supply 2/2 0.8  ± 0.5 2/2 0.01  ± 0.00 2/2 2333  ± 2121 2/2 0.3  ± 0.4

DW Source 3/3 6.0  ± 1.6 4/4 0.18  ± 0.14 4/4 85156  ± 38360 4/4 12.8  ± 6.5

DW Supply 3/3 2.4  ± 0.3 4/4 0.02  ± 0.02 4/4 5101  ± 1041 4/4 2.5  ± 0.8

DW Source 3/3 4.6  ± 1.2 3/3 0.17  ± 0.12 3/3 79840  ± 39869 3/3 9.2  ± 6.4

DW Supply 3/3 3.8  ± 1.2 3/3 0.08  ± 0.05 3/3 54939  ± 24621 3/3 5.2  ± 2.8

DW Source 4/4 2.8  ± 0.7 4/4 0.05  ± 0.00 4/4 20681  ± 1113 3/3 2.1  ± 2.9

DW Supply 4/4 1.5  ± 0.2 4/4 0.02  ± 0.00 4/4 10897  ± 2076 0.3 0.7  ± 0.1

DW Source 4/4 1.0  ± 0.3 4/4 0.02  ± 0.01 4/4 7354  ± 4632 4/4 2.1  ± 0.2

DW Supply 4/4 0.8  ± 0.1 4/4 0.01  ± 0.01 4/4 3588  ± 3995 4/4 1.1  ± 0.7

D

E

COD (mg/L)

A1

B

A2

C

Sample
DOC (mg/L) UVA254nm (1/cm) TF (R.U. nm

2
)

Utilility 
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Figure A6-2. EEMs for all sampling events at Utility B. EEMs samples were normalized to 

the secondary effluent of each sampling campaign. 

 

 

Figure A6-3. EEMs for all sampling events at Utility A2. EEMs samples were normalized to 

the secondary effluent of each sampling campaign. 
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Figure A6-4. EEMs for all sampling events at Utility C. EEMs samples were normalized to 

the secondary effluent of each sampling campaign. 

 

Figure A6-5. EEMs for all sampling events at Utility D. EEMs samples were normalized to 

the secondary effluent of each sampling campaign. 
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Figure A6-6. EEMs for all sampling events at Utility E. EEMs samples were normalized to 

the secondary effluent of each sampling campaign. 
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Table A6-3. TOrCs occurrence and concentrations during DPR at Utility A1

 

Compounds n/N Mean  ± SD n/N Mean  ± SD n/N Mean   ± SD n/N Mean   ± SD n/N Mean   ± SD n/N Mean   ± SD

Acesulfame 3/3 776.7  ± 372.1 3/3 666.7  ± 255.4 0/3 -  ± - 0/3 -  ± - 3/3 15.3  ± 5.5 0/3 -  ± -

Atenolol 2/3 120.5  ± 84.1 3/3 58.7  ± 27.5 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Atrazine 2/3 4.8  ± 0.5 3/3 2.9  ± 0.7 0/3 -  ± - 0/3 -  ± - 3/3 9.4  ± 1.9 3/3 5.3  ± 0.7

Benzophenone 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Benzotriazole 3/3 228.7  ± 269.6 3/3 1073.3  ± 897.2 3/3 201.7  ± 139.9 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Bisphenol A 1/3 99.0  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Caffeine 1/3 67.0  ± - 1/3 5.1  ± - 0/3 -  ± - 0/3 -  ± - 2/3 2.8  ± 0.1 0/3 -  ± -

Carbamezapine 3/3 220.0  ± 138.9 3/3 256.7  ± 51.3 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Clofibric Acid 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

DEET 0/3 -  ± - 1/3 19.0  ± - 0/3 -  ± - 0/3 -  ± - 3/3 10.5  ± 7.4 2/3 7.2  ± 5.4

Dexamethasone 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Diclofenac 3/3 350.0  ± 105.4 2/3 275.0  ± 63.6 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Diphenhydramine 3/3 740.0  ± 216.6 2/3 600.0  ± 325.3 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Ditiazem 3/3 155.7  ± 102.3 2/3 165.0  ± 77.8 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Fluoxetine 2/3 40.0  ± 4.2 1/3 11.0  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Gemfibrozil 2/3 26.5  ± 13.4 2/3 27.0  ± 8.5 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Hydrochlorothiazide 3/3 3833.3  ± 1550.3 3/3 2633.3  ± 1201.4 2/3 4.8  ± 0.1 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Hydrocortisone 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Ibuprofen 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Iohexol 3/3 22666.7  ± 10066.4 3/3 16000.0  ± 6082.8 2/3 29.7  ± 18.6 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Iopamidol 3/3 3466.7  ± 493.3 3/3 2833.3  ± 1171.9 1/3 13.0  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Iopromide 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Meprobamate 2/3 52.0  ± 48.1 2/3 84.0  ± 14.0 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Naproxen 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

PFBA 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

PFHpA 1/3 500.0  ± - 1/3 670.0  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

PFHxA 0/3 -  ± - 1/3 8.3  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

PFOA 1/3 27.0  ± - 2/3 36.0  ± 18.2 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

PFOS 1/3 14.0  ± - 2/3 12.9  ± 5.9 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

PFpeA 1/3 27.0  ± - 1/3 18.0  ± - 0/3 -  ± - 0/3 -  ± - 3/3 19.7  ± 7.4 3/3 17.7  ± 8.1

Prednisone 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Primidone 3/3 236.7  ± 106.0 3/3 156.7  ± 23.1 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Propranolol 3/3 24.0  ± 15.9 1/3 18.0  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Propylparaben 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 1/3 14.0  ± - 0/3 -  ± -

Simazine 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Sucralose 3/3 76333.3  ± 35641.7 3/3 54666.7  ± 11503.6 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Sulfamethoxazole 3/3 1316.7  ± 375.3 3/3 684.3  ± 575.8 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

TCEP 2/3 215.0  ± 91.9 2/3 123.3  ± 25.2 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

TCPP 3/3 1566.7  ± 416.3 3/3 1160.0  ± 294.4 0/3 -  ± - 0/3 -  ± - 3/3 586.7  ± 279.7 3/3 470.0  ± 200.7

Testosterone 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Triclocarban 1/3 62.0  ± - 2/3 42.0  ± 24.0 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Triclosan 1/3 67.0  ± - 1/3 24.0  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Trimethoprim 3/3 196.0  ± 172.9 3/3 105.3  ± 89.7 0/3 -  ± - 0/3 -  ± - 1/3 1.9  ± - 0/3 -  ± -

DW SupplySecondary Effluent MF Effluent RO Effluent UVAOP Effluent DW Source



253 

 

Table A6-4. TOrCs occurrence and concentrations during DPR at Utility B 

 

Compounds n/N Mean  ± SD n/N Mean  ± SD n/N Mean   ± SD n/N Mean   ± SD n/N Mean   ± SD n/N Mean   ± SD

Acesulfame 2/2 314.2  ± 214.7 2/2 283.1  ± 210.6 0/2 -  ± - 0/2 -  ± - 1/2 3.5  ± - 1/2 2.4  ± -

Atenolol 2/2 133.0  ± 18.4 2/2 105.7  ± 45.7 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Atrazine 0/2 -  ± - 1/2 1.2  ± - 0/2 -  ± - 0/2 -  ± - 1/2 1.0  ± - 0/2 -  ± -

Benzophenone 2/2 655.5  ± 177.5 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 1/2 285.2  ± - 0/2 -  ± -

Benzotriazole 1/2 66.2  ± - 2/2 60.8  ± 40.9 2/2 26.9  ± 14.8 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Bisphenol A 1/2 621.0  ± - 2/2 219.4  ± 273.4 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Caffeine 1/2 18.7  ± - 1/2 11.6  ± - 0/2 -  ± - 0/2 -  ± - 1/2 2.9  ± - 0/2 -  ± -

Carbamezapine 2/2 747.0  ± 636.4 2/2 294.3  ± 48.4 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Clofibric Acid 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

DEET 1/2 60.7  ± - 1/2 62.6  ± - 1/2 -  ± - 0/2 -  ± - 1/2 1.5  ± - 0/2 -  ± -

Dexamethasone 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Diclofenac 2/2 173.9  ± 164.2 1/2 159.0  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Diphenhydramine 2/2 83.0  ± 53.7 2/2 72.7  ± 42.8 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Ditiazem 2/2 10.1  ± 11.0 2/2 7.2  ± 7.7 1/2 1.7  ± - 1/2 1.1  ± - 1/2 1.3  ± 0.2 0/2 -  ± -

Fluoxetine 1/2 32.6  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Gemfibrozil 2/2 37.6  ± 21.6 2/2 27.9  ± 13.0 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Hydrochlorothiazide 2/2 294.7  ± 202.7 2/2 205.2  ± 186.4 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Hydrocortisone 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Ibuprofen 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Iohexol 2/2 2501.0  ± 732.6 2/2 2372.0  ± 974.4 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Iopamidol 2/2 97.3  ± 61.9 2/2 104.1  ± 69.5 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Iopromide 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Meprobamate 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Naproxen 0/2 -  ± - 0/2 126.4  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

PFBA 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

PFHpA 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

PFHxA 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

PFOA 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

PFOS 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

PFpeA 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Prednisone 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Primidone 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Propranolol 0/2 -  ± - 0/2 5.5  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Propylparaben 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Simazine 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Sucralose 1/2 10190.0  ± - 2/2 4795.0  ± 4139.4 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Sulfamethoxazole 2/2 112.8  ± 46.9 2/2 83.4  ± 32.0 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

TCEP 1/2 177.0  ± - 2/2 106.4  ± 84.3 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

TCPP 2/2 841.2  ± 814.4 2/2 866.0  ± 629.3 0/2 -  ± - 0/2 -  ± - 1/2 100.0  ± - 0/2 -  ± -

Testosterone 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - 0/2 -  ± -

Triclocarban 2/2 153.0  ± 82.0 2/2 125.6  ± 44.5 2/2 17.0  ± 8.6 0/2 8.4  ± - 0/2 -  ± - 0/2 -  ± -

Triclosan 2/2 102.8  ± 42.7 2/2 57.5  ± 18.6 2/2 25.6  ± 9.3 2/2 4.8  ± 2.0 0/2 -  ± - 0/2 -  ± -

Trimethoprim 2/2 80.1  ± 55.0 2/2 69.8  ± 54.0 2/2 -  ± - 1/2 1.1  ± - 1/2 1.0  ± - 1/2 0.7  ± -

Secondary Effluent MF Effluent RO Effluent UVAOP Effluent DW Source DW Supply
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Table A6-5. TOrCs occurrence and concentrations during DPR at Utility A2

 

 

Compounds n/N Mean  ± SD n/N Mean  ± SD n/N Mean   ± SD n/N Mean   ± SD n/N Mean   ± SD n/N Mean   ± SD

Acesulfame 4/4 1289.5  ± 1069.7 4/4 419.3  ± 161.6 4/4 468.0  ± 171.6 1/4 62.0  ± - 4/4 13.6  ± 5.6 0/4 -  ± -

Atenolol 3/4 103.3  ± 66.5 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Atrazine 2/4 4.8  ± 0.5 3/4 2.3  ± 0.2 1/4 1.1  ± - 0/4 -  ± - 4/4 8.2  ± 2.9 3/4 5.3  ± 0.7

Benzophenone 1/4 2117.0  ± - 1/4 277.3  ± - 0/4 -  ± - 0/4 -  ± - 1/4 365.6  ± - 0/4 -  ± -

Benzotriazole 4/4 293.7  ± 255.7 2/4 202.9  ± 250.5 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Bisphenol A 1/4 99.0  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Caffeine 2/4 53.0  ± 19.8 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 2/4 2.8  ± 0.1 0/4 -  ± -

Carbamezapine 4/4 192.8  ± 125.8 0/4 -  ± - 1/4 1.7  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Clofibric Acid 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

DEET 1/4 23.5  ± - 2/4 12.3  ± 2.3 2/4 12.3  ± 2.3 1/4 6.7  ± - 3/4 10.5  ± 7.4 2/4 7.2  ± 5.4

Dexamethasone 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Diclofenac 3/4 313.1  ± 113.3 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Diphenhydramine 4/4 597.8  ± 334.9 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Ditiazem 4/4 126.5  ± 101.8 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Fluoxetine 2/4 40.0  ± 4.2 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Gemfibrozil 3/4 32.5  ± 14.1 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Hydrochlorothiazide 4/4 3093.0  ± 1948.0 1/4 17.0  ± - 1/4 24.0  ± - 0/4 -  ± - 0/4 -  ± - 1/4 7.1  ± -

Hydrocortisone 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Ibuprofen 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Iohexol 4/4 20392.5  ± 9393.8 4/4 11443.5  ± 5806.2 3/4 5369.3  ± 3159.6 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Iopamidol 4/4 3194.3  ± 677.5 4/4 1962.0  ± 977.2 3/4 1228.8  ± 754.9 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Iopromide 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Meprobamate 2/4 52.0  ± 48.1 3/4 55.0  ± 7.2 1/4 45.0  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Naproxen 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

PFBA 1/4 3589.0  ± - 1/4 1321.0  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

PFHpA 1/4 500.0  ± - 1/4 240.0  ± - 1/4 270.0  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

PFHxA 0/4 -  ± - 1/4 3.9  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

PFOA 1/4 27.0  ± - 3/4 22.0  ± 17.3 2/4 28.5  ± 20.5 1/4 17.0  ± - 0/4 -  ± - 0/4 -  ± -

PFOS 1/4 14.0  ± - 2/4 11.6  ± 4.9 1/4 12.0  ± - 1/4 6.9  ± - 0/4 -  ± - 0/4 -  ± -

PFpeA 1/4 27.0  ± - 1/4 14.0  ± - 1/4 25.0  ± - 2/4 15.0  ± 2.8 3/4 19.7  ± 7.4 3/4 17.7  ± 8.1

Prednisone 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Primidone 4/4 195.4  ± 119.5 4/4 55.2  ± 23.1 3/4 35.7  ± 17.9 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Propranolol 3/4 24.0  ± 15.9 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Propylparaben 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 1/4 9.2  ± - 1/4 14.0  ± - 0/4 -  ± -

Simazine 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Sucralose 4/4 62160.0  ± 40625.4 4/4 36165.0  ± 15591.5 3/4 26493.3  ± 12390.7 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Sulfamethoxazole 4/4 1107.6  ± 518.5 3/4 14.5  ± 11.3 3/4 23.6  ± 26.2 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

TCEP 3/4 157.9  ± 118.4 3/4 90.6  ± 44.7 3/4 50.7  ± 17.9 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

TCPP 4/4 1279.3  ± 667.7 4/4 797.3  ± 341.6 3/4 367.8  ± 111.9 0/4 -  ± - 3/4 505.5  ± 280.3 3/4 470.0  ± 200.7

Testosterone 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Triclocarban 1/4 62.0  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Triclosan 2/4 70.8  ± 5.4 0/4 -  ± - 1/4 15.9  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Trimethoprim 4/4 168.0  ± 151.9 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 2/4 1.7  ± 0.3 0/4 -  ± -

DW SupplySecondary Effluent Oz Effluent BAC Effluent GAC Effluent DW Source
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Table A6-6. TOrCs occurrence and concentrations during DPR at Utility C

 

Compounds n/N Mean  ± SD n/N Mean  ± SD n/N Mean   ± SD n/N Mean   ± SD n/N Mean   ± SD n/N Mean   ± SD

Acesulfame 2/3 48.8  ± 55.5 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 2/3 49.6  ± 14.1 2/3 39.3  ± 1.0

Atenolol 1/3 32.5  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Atrazine 1/3 149.9  ± - 1/3 15.8  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Benzophenone 1/3 910.5  ± - 2/3 296.8  ± 160.4 2/3 440.8  ± 87.2 1/3 440.4  ± - 1/3 566.9  ± - 0/3 -  ± -

Benzotriazole 1/3 141.1  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Bisphenol A 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Caffeine 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Carbamezapine 3/3 216.6  ± 158.0 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Clofibric Acid 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

DEET 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Dexamethasone 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Diclofenac 3/3 111.9  ± 75.7 2/3 23.0  ± 16.9 2/3 36.4  ± 12.1 2/3 35.5  ± 5.0 1/3 24.8  ± - 1/3 25.2  ± -

Diphenhydramine 3/3 47.6  ± 48.5 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Ditiazem 1/3 7.3  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Fluoxetine 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Gemfibrozil 1/3 294.6  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Hydrochlorothiazide 3/3 808.5  ± 473.5 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Hydrocortisone 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Ibuprofen 1/3 90.1  ± - 0/3 -  ± - 0/3 -  ± - 1/3 93.9  ± - 0/3 -  ± - 0/3 -  ± -

Iohexol 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Iopamidol 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Iopromide 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Meprobamate 3/3 200.3  ± 162.8 1/3 14.1  ± - 1/3 11.9  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Naproxen 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

PFBA 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

PFHpA 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

PFHxA 0/3 -  ± - 2/3 7.0  ± 2.1 2/3 8.3  ± 1.0 2/3 7.5  ± 3.0 0/3 -  ± - 0/3 -  ± -

PFOA 1/3 84.5  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

PFOS 1/3 5.9  ± - 1/3 2.5  ± - 1/3 2.7  ± - 0/3 -  ± - 1/3 1.1  ± - 1/3 1.4  ± -

PFpeA 0/3 -  ± - 0/3 -  ± - 1/3 15.9  ± - 1/3 14.7  ± - 0/3 -  ± - 0/3 -  ± -

Prednisone 0/3 -  ± - 1/3 7.0  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Primidone 1/3 614.7  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Propranolol 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Propylparaben 0/3 -  ± - 1/3 12.6  ± - 1/3 2.4  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Simazine 1/3 71.3  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Sucralose 3/3 5785.7  ± 3752.3 3/3 1709.1  ± 697.5 3/3 1179.3  ± 501.6 2/3 205.5  ± 49.4 0/3 -  ± - 0/3 -  ± -

Sulfamethoxazole 3/3 2339.2  ± 1381.6 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

TCEP 1/3 365.6  ± - 2/3 50.8  ± 21.8 2/3 33.9  ± 34.8 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

TCPP 3/3 566.4  ± 533.7 3/3 382.1  ± 113.2 3/3 257.6  ± 158.8 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Testosterone 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Triclocarban 1/3 3.5  ± - 0/3 -  ± - 1/3 3.7  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Triclosan 0/3 -  ± - 1/3 13.4  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

Trimethoprim 3/3 244.9  ± 355.1 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - 0/3 -  ± -

DW SupplySecondary Effluent Oz Effluent BAC Effluent GAC Effluent DW Source
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Table A6-7. TOrCs occurrence and concentrations during DPR at Utility D

 

Compounds n/N Mean  ± SD n/N Mean  ± SD n/N Mean   ± SD n/N Mean   ± SD n/N Mean   ± SD n/N Mean   ± SD

Acesulfame 4/4 964.9  ± 196.0 3/4 38.9  ± 27.5 3/4 44.5  ± 37.9 3/4 36.2  ± 54.4 4/4 73.1  ± 73.1 3/3 78.8  ± 83.3

Atenolol 4/4 152.9  ± 27.4 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

Atrazine 1/4 12.3  ± - 3/4 4.7  ± 0.7 1/4 3.8  ± - 0/4 -  ± - 2/4 6.6  ± 0.1 2/3 4.0  ± 1.2

Benzophenone 2/4 264.9  ± 169.0 1/4 66.2  ± - 1/4 107.4  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

Benzotriazole 2/3 388.0  ± 186.7 1/4 71.2  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

Bisphenol A NA 100.0  ± - 1/4 20.2  ± - 0/4 -  ± - 1/4 35.0  ± - 1/4 30.9  ± - 0/3 -  ± -

Caffeine 2/4 274.8  ± 293.0 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

Carbamezapine 3/4 134.3  ± 81.1 3/4 52.0  ± 19.2 3/4 30.2  ± 7.7 0/4 -  ± - 1/4 2.5  ± - 0/3 -  ± -

Clofibric Acid 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

DEET 1/4 165.1  ± - 1/4 8.7  ± - 1/4 8.6  ± - 0/4 -  ± - 1/4 34.7  ± - 1/3 17.5  ± -

Dexamethasone 1/4 62.4  ± - 1/4 13.6  ± - 1/4 12.9  ± - 1/4 11.8  ± - 1/4 12.8  ± - 0/3 -  ± -

Diclofenac 1/4 99.8  ± - 1/4 69.3  ± - 1/4 64.4  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

Diphenhydramine 1/4 11.3  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

Ditiazem 1/4 17.8  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

Fluoxetine 0/4 -  ± - 0/4 8.7  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

Gemfibrozil 3/4 246.2  ± 144.0 1/4 64.2  ± - 1/4 60.0  ± - 1/4 58.0  ± - 1/4 59.8  ± - 0/3 -  ± -

Hydrochlorothiazide 4/4 335.0  ± 94.0 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

Hydrocortisone 1/4 21.5  ± - 0/4 4.9  ± - 1/4 6.1  ± - 1/4 4.4  ± - 1/4 6.1  ± - 0/3 -  ± -

Ibuprofen 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

Iohexol 4/4 3110.8  ± 1724.0 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

Iopamidol 4/4 6890.3  ± 1579.8 4/4 768.2  ± 598.8 4/4 760.0  ± 622.6 4/4 344.3  ± 283.3 2/4 20.4  ± 8.0 2/3 24.9  ± 3.0

Iopromide 1/4 152.0  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

Meprobamate 0/4 -  ± - 0/4 -  ± - 0/4 66.8  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

Naproxen 2/4 233.1  ± 249.7 1/4 -  ± - 0/4 -  ± - 1/4 -  ± - 1/4 2.2  ± - 0/3 -  ± -

PFBA 1/4 12.4  ± - 1/4 14.3  ± - 1/4 18.9  ± - 1/4 21.1  ± - 1/4 25.1  ± - 0/3 -  ± -

PFHpA 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

PFHxA 0/4 -  ± - 0/4 22.0  ± - 0/4 19.6  ± - 0/4 6.5  ± - 1/4 13.4  ± - 0/3 -  ± -

PFOA 1/4 153.3  ± - 1/4 41.6  ± - 1/4 72.1  ± - 1/4 37.4  ± - 1/4 48.0  ± - 0/3 -  ± -

PFOS 0/4 -  ± - 0/4 7.2  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

PFpeA 0/4 -  ± - 0/4 37.6  ± - 0/4 31.7  ± - 0/4 24.1  ± - 0/4 -  ± - 0/3 -  ± -

Prednisone 1/4 23.2  ± - 1/4 7.0  ± - 1/4 6.5  ± - 1/4 4.2  ± - 1/4 5.9  ± - 0/3 -  ± -

Primidone 2/4 145.0  ± 28.3 2/4 30.7  ± 10.0 2/4 22.4  ± 5.6 3/4 25.3  ± 13.4 1/4 30.7  ± - 0/3 -  ± -

Propranolol 1/4 16.4  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

Propylparaben 0/4 -  ± - 0/4 5.8  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

Simazine 0/4 -  ± - 0/4 -  ± - 0/4 2.0  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

Sucralose 4/4 20380.0  ± 8987.6 4/4 8944.3  ± 4779.7 4/4 7924.3  ± 4624.8 3/4 3751.7  ± 3708.2 2/4 394.5  ± 427.6 1/3 99.3  ± -

Sulfamethoxazole 4/4 336.9  ± 83.7 3/4 14.9  ± 7.9 3/4 18.0  ± 13.4 1/4 1.3  ± - 1/4 1.4  ± - 0/3 -  ± -

TCEP 2/4 145.9  ± 61.9 1/4 66.7  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

TCPP 4/4 971.5  ± 166.5 4/4 127.6  ± 99.3 4/4 122.5  ± 91.6 2/4 105.9  ± 8.5 2/4 44.3  ± 35.2 1/3 13.8  ± -

Testosterone 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

Triclocarban 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

Triclosan 1/4 28.8  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/3 -  ± -

Trimethoprim 4/4 74.7  ± 52.1 1/4 0.7  ± - 0/4 -  ± - 1/4 0.8  ± - 0/4 -  ± - 1/3 0.9  ± -

DW SupplySecondary Effluent UVAOP Effluent BAC Effluent GAC Effluent DW Source
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Table A6-8. TOrCs occurrence and concentrations during DPR at Utility E 

 

Compounds n/N Mean  ± SD n/N Mean  ± SD n/N Mean   ± SD n/N Mean   ± SD n/N Mean   ± SD n/N Mean   ± SD

Acesulfame 4/4 182.1  ± 147.0 4/4 66.2  ± 32.2 4/4 22.5  ± 14.5 0/4 -  ± - 2/4 16.8  ± 6.1 0/4 -  ± -

Atenolol 2/4 102.4  ± 32.9 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Atrazine 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Benzophenone 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Benzotriazole 3/3 1062.9  ± 1201.7 3/3 71.5  ± 86.1 1/4 19.8  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Bisphenol A 0/4 -  ± - 1/4 64.0  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Caffeine 2/4 60.5  ± 26.4 1/4 6.9  ± - 1/4 7.5  ± - 0/4 -  ± - 2/4 10.2  ± 0.6 0/4 -  ± -

Carbamezapine 3/4 106.7  ± 22.9 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Clofibric Acid 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

DEET 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Dexamethasone 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Diclofenac 2/4 118.9  ± 15.9 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Diphenhydramine 3/4 41.1  ± 17.8 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Ditiazem 2/4 56.9  ± 8.5 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Fluoxetine 1/4 25.9  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Gemfibrozil 1/4 297.9  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Hydrochlorothiazide 4/4 1127.6  ± 291.4 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Hydrocortisone 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Ibuprofen 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Iohexol 4/4 280.6  ± 57.9 2/4 106.8  ± 71.3 2/4 78.8  ± 37.1 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Iopamidol 4/4 7109.8  ± 3358.0 4/4 2236.3  ± 1934.4 4/4 1404.6  ± 1250.0 4/4 296.2  ± 38.0 3/4 37.5  ± 38.1 2/4 14.3  ± 3.3

Iopromide 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Meprobamate 4/4 103.3  ± 38.4 3/4 30.2  ± 19.4 2/4 22.3  ± 3.8 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Naproxen 1/4 44.2  ± - 1/4 5.6  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

PFBA 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

PFHpA 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

PFHxA 1/4 18.0  ± - 1/4 22.1  ± - 1/4 21.8  ± - 1/4 4.7  ± - 0/4 -  ± - 0/4 -  ± -

PFOA 1/4 87.4  ± - 1/4 5.5  ± - 2/4 13.7  ± 6.7 1/4 16.7  ± - 0/4 -  ± - 0/4 -  ± -

PFOS 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 1/4 1.0  ± - 0/4 -  ± -

PFpeA 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Prednisone 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Primidone 3/4 58.1  ± 18.0 2/4 12.5  ± 3.5 2/4 6.1  ± 3.2 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Propranolol 1/4 27.2  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Propylparaben 1/4 81.1  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Simazine 2/4 47.3  ± 49.7 2/4 4.5  ± 3.9 2/4 9.3  ± 8.2 1/4 14.3  ± - 2/4 6.5  ± 4.0 1/4 14.9  ± -

Sucralose 4/4 31317.5  ± 11546.0 4/4 11584.0  ± 8520.3 4/4 9571.5  ± 7892.0 4/4 1694.5  ± 1437.6 3/4 525.0  ± 481.4 2/4 179.6  ± 127.4

Sulfamethoxazole 4/4 897.3  ± 457.6 4/4 12.9  ± 11.7 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

TCEP 4/4 195.4  ± 81.1 4/4 67.2  ± 57.3 3/4 97.1  ± 63.4 3/4 18.2  ± - 0/4 -  ± - 0/4 -  ± -

TCPP 4/4 1002.3  ± 367.8 3/4 303.6  ± 202.2 4/4 266.7  ± 228.6 0/4 -  ± - 1/4 44.9  ± - 0/4 -  ± -

Testosterone 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Triclocarban 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Triclosan 1/4 34.8  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

Trimethoprim 4/4 144.6  ± 93.7 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - 0/4 -  ± -

DW SupplySecondary Effluent BAC1 Effluent Oz  Effluent BAC2  Effluent DW Source
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Table A6-9. Bioactivity occurrence and concentrations throughout during DPR for all utilities

Cytotoxicity Genotoxicity

n/N Mean  ± SD n/N Mean  ± SD n/N Mean  ± SD Y/N Y/N

Secondary effluent 3/3 108.0  ± 9.8 3/3 1.0  ± 0.4 3/3 0.28  ± 0.25 N N

MF effluent 3/3 97.0  ± 6.0 2/3 0.6  ± 0.6 3/3 0.18  ± 0.16 N N

RO effluent 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - N N

UVAOP effluent 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - N N

Secondary effluent 2/2 113.3  ± 26.0 2/2 3.0  ± 1.2 2/2 0.05  ± 0.07 N N

MF effluent 2/2 104.0  ± 4.4 2/2 3.3  ± 1.1 2/2 0.05  ± 0.07 N N

RO effluent 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - N N

UVAOP effluent 0/2 -  ± - 0/2 -  ± - 0/2 -  ± - N N

Secondary effluent 4/4 116.6  ± 8.0 4/4 1.7  ± 1.4 4/4 0.25  ± 0.21 N N

Oz effluent 4/4 38.5  ± 4.2 0/4 -  ± - 2/4 0.04  ± 0.05 N N

BAC effluent 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - N N

GAC effluent 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - N N

Secondary effluent 3/3 92.0  ± 8.5 3/3 1.7  ± 0.7 3/3 0.15  ± 0.05 N N

Oz effluent 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - N N

BAC effluent 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - N N

GAC effluent 0/3 -  ± - 0/3 -  ± - 0/3 -  ± - N N

Secondary effluent 4/4 50.3  ± 4.9 4/4 1.8  ± 0.9 4/4 0.40  ± 0.43 N N

UVAOP effluent 0/4 -  ± - 1/4 0.1  ± - 1/4 0.03  ± 0.05 N N

BAC effluent 0/4 -  ± - 1/4 0.1  ± - 0/4 -  ± - N N

GAC effluent 0/4 -  ± - 1/4 -  ± - 0/4 -  ± - N N

Secondary effluent 4/4 66.7  ± 5.5 4/4 0.7  ± 0.2 4/4 0.17  ± 0.04 N N

BAC1 effluent 0/4 -  ± - 1/4 0.1  ± 0.1 2/4 0.05  ± 0.05 N N

Oz effluent 0/4 -  ± - 1/4 0.1  ± 0.2 0/4 -  ± - N N

BAC2 effluent 0/4 -  ± - 0/4 -  ± - 0/4 -  ± - N N

C

D

E

GR (ng/L DEX EQ) ER (ng/L E EQ) AhR (ng/L TCDD EQ)

A1

B

A2

Utilility Sample
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Figure A6-7. Cluster analysis for ESI+ compounds at Utility A1 and Utility A2 
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Figure A6-8. Principal component analysis for ESI+ compounds at Utility A1 and Utility A2
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Figure A6-9. Cluster analysis for ESI+ compounds at Utility B.  
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Figure A6-10. Principal component analysis for ESI+ compounds at Utility B 
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Figure A6-11. Cluster analysis for ESI+ compounds at Utility D.  
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Figure A6-12. Principal component analysis for ESI+ compounds at Utility D 
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Figure A6-13. Cluster analysis for ESI+ compounds at Utility E.  
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Figure A6-14. Principal component analysis for ESI+ compounds at Utility E 
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