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ABSTRACT 

Untreated human sewage pollution in surface water is of concern because it contributes to 

the degradation of aquatic ecosystems and it could be a potential hazard to human health. 

Also, any pollution of surface water, which ultimately supplies drinking water, may affect 

the drinking water quality. Improper operation and maintenance of separate storm sewer 

systems are prominent contributors of untreated sewage to source waters, resulting from 

illicit connections, leakage of sewers, or cross-connections. 

This thesis studied anthropogenic markers to track untreated sewage in an urban 

watershed with separate storm sewer system, under dry weather conditions. The main 

feature of these chemical markers is their degradation behavior at municipal wastewater 

treatment plants: some markers are completely removed (labile markers), whereas others 

show only partial or no removal at all (conservative markers).  

A set of ubiquitous chemical markers with practical analytical detection limits was 

selected to exploit the labile vs conservative distinction, and determine if untreated 

human sewage was discharged from stormwater outfalls. 

The presence of labile markers alone was not enough to confirm the occurrence of 

untreated sewage in stormwater outfalls.  The concentration ratios between labile and 

conservative markers from several chemical groups (pharmaceuticals and personal care 

products, over-the-counter medications, artificial sweeteners, and human metabolites) 

created a chemical fingerprint of untreated sewage, and it was statistically demonstrated 

to track untreated human sewage in local stormwater outfalls. 
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CHAPTER 1 

INTRODUCTION 

1.1. Background 

Social and industrial development brings together new sources of water contamination. 

At least 1.24 million miles of underground sewer lines deliver sewage from homes and 

commercial buildings to more than 16,000 wastewater treatment facilities and 21,000 

sanitary operating sewer systems in the United States [1].  

Two types of public sewer systems predominate in the United States: combined sewer 

systems (CSSs) and municipal separate storm sewer systems (MS4s), depicted on  

Figure 1. 

 A CSS is a wastewater collection system that conveys domestic, commercial, and 

industrial wastewater and storm water runoff through a single pipe system to a 

publicly-owned treatment works (POTW).  

 An MS4 is a wastewater collection system that conveys domestic, commercial, and 

industrial wastewater to a POTW; and it has a separate storm sewer system to collect 

and convey runoff from rainfall and snowmelt [2]. 

CSSs were the first sewer systems developed and installed in the United States, but state 

and local authorities generally have not allowed the construction of new CSSs since the 

first half of the 20th century. Therefore, MS4s started to be more present across the 

country [2]. Figure 2 shows the distribution over the United States of the two  

sewer systems.  
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FIGURE 1: DIAGRAM OF A TYPICAL CSS (TOP) AND MS4 (BOTTOM), DURING DRY WEATHER 

(LEFT) AND WET WEATHER (RIGHT) [2]. 

 

FIGURE 2: DISTRIBUTION OF COMMUNITIES IN THE UNITED STATES WITH CSS (LEFT) AND 

MS4 (RIGHT) [2]. 
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Philadelphia is served by both types of sewer systems. About 60% of the City’s sewered 

area is served by CSS, typically the older sections of the city. The other 40% of the 

sewered area is served by MS4 [3]. 

It is possible that during specific events, overflow in the sewage system occurs. These 

events may range from wet weather events, rainfall or snowmelts, to blockages, power 

failures, inadequate sewer design or vandalism. If the overflow occurs in a CSS, it is 

called combined sewer overflow (CSO). If the overflow occurs in a MS4, it is called 

storm sewer overflow (SSO) [2]. 

Both CSOs and SSOs events can pose challenging public health and environmental issues 

when they occur. Although sewer lines normally isolate sewage from the surrounding 

environment, during those events, the sewer lines can discharge disease-causing 

pathogens and other pollutants to the surrounding environment, e.g. rivers, streams, 

estuaries or coastal waters [1].  

In the case of MS4s, the stormwater lines can be also contaminated with sewage due to 

wrong or illicit connections; cross-connections between sanitary and storm sewers; or 

leakages into the sewers through blocked lines or poor pipe joints. Because the 

stormwater lines are designed to release collected runoff untreated to surface waters, any 

sewage contamination creates a risk to human health, especially when the outfalls are 

located on rivers or near beaches used for recreational purposes [4, 5]. The estimated total 

SSO volume discharged annually in United States is between three and ten billion 

gallons, and almost 50% of the reported SSO events are caused by blockage of  

the lines [2]. 
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Local authorities are required under National Pollution Discharge Elimination System 

(NPDES) permits to detect and eliminate illicit discharges and illegal connections to the 

MS4s in their boundaries [6]. This policy is driven by the observation that non-storm 

water discharges contribute a potentially significant fraction of pollutants discharged by 

MS4s to surface waters in certain urban watersheds [7]. 

Source water is untreated water from streams, rivers, lakes or underground aquifers that 

is ultimately used to provide drinking water, as well to supply private wells used for 

human consumption. Untreated human sewage (from illicit wastewater-stormwater 

connections and overflow events) is a small, but potentially significant, fraction of the 

source waters. Contamination of said source waters could impact the treatment to 

produce drinking water as well as the recreational use of the source waters.  

The United States Environmental Protection Agency (EPA) sets enforceable standards on 

drinking water quality by limiting the level of contaminants in drinking water. Some of 

these contaminants come from human fecal waste, e.g. Cryptosporidium, total coliforms, 

nitrate or nitrite. As for recreational waters, EPA recommends water quality criteria, 

based on two bacterial indicators of fecal contamination, Escherichia coli (E. coli) and 

enterococci [8, 9].  

Detecting the presence of untreated sewage water in stormwater systems and locating its 

sources can be a challenging task for such reasons as various potential sources of 

incoming wastewater, and great differences in consistency, regularity and flow rate  

of inflows [5].  
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Furthermore, identifying the sources of sewage entering storm sewers and locating the 

points of entry may be difficult due to contaminant dilution by tributary stormwater 

flows. To detect wastewater efficiently and reliably, it is important to use appropriate 

methods and analyze the relevant indicator parameters [5]. 

1.2. Problem Statement and Project Objectives 

Untreated human sewage pollution in source waters has been identified as a concern due 

to its contribution to the degradation of the aquatic ecosystems and a potential hazard to 

humans. One of the sources of this untreated sewage is malfunctioning separate 

stormwater systems (e.g. illicit connections, leakage of sewers, cross-connections), which 

results in non-stormwater discharges to source waters. 

The identification of untreated human sewage in municipal separate storm sewer systems 

may be achieved by means of the fingerprint of said untreated human sewage. This 

fingerprint may consist of biological or chemical markers; and while both type of 

markers present advantages and drawbacks, this thesis focused on the use of chemical 

markers to track untreated human sewage in an urban watershed with separate storm 

sewer systems during dry weather. 

Therefore, the overall objective of this thesis was to determine the most suitable set of 

chemical markers that characterize the fingerprint of untreated human sewage and that 

could be used to identify stormwater outfalls releasing untreated sewage into  

source waters.  
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This main objective was fulfilled by working through the following specific objectives: 

(1) Identification of anthropogenic chemicals which may be successfully used as 

chemical markers of untreated human sewage.  

The identification and selection of the markers was based on widespread use 

and/or production by humans or human activities. Also, it was supported by 

frequency of detection in wastewater and surface water samples by other authors. 

(2) Development and consolidation of the analytical method or methods required to 

evaluate the presence of the chemical markers in water samples. 

Based on published and reviewed methods, and on protocols established by 

regulatory agencies, the selected markers were analyzed with the minimum 

amount of analytical methods, including here the necessary extraction procedures 

and instrumental analysis. 

(3) Determination of the final list of chemical markers based on performance, 

frequency of detection, and analytical detection limits and quantification levels, 

among others.   

The simple presence of chemicals did not necessarily indicate suitability as a 

potential tracer: concentrations needed to be sufficient for consistent detection and 

quantification. 

(4) Establishment of a fingerprint that could be successfully used to track untreated 

human sewage discharge into surface water, under dry flow conditions. 

This fingerprint would aggregate compounds from several classes to create a 

unique signature. By means of statistical tools, the more suitable concentration 

ratios were determined, as well as the confidence intervals for these ratios.
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CHAPTER 2 

LITERATURE REVIEW 

2.1. Anthropogenic Markers 

Anthropogenic markers are compounds that are produced by humans or human activity 

and are introduced either intentionally or unintentionally to the atmosphere or aquatic 

environments [10].  

The concept of anthropogenic markers has been widely applied, not only to track 

wastewater in general, but also to track dust storms [11], atmospheric emissions of 

pollutants from highly industrialized countries [12]; migration patterns on birds [13]; or 

origin of petroleum spills residues [10], for example. 

The tracking of anthropogenic chemicals and pathogenic microbes derived from 

domestic, industrial or agricultural activities has been increased in the last decades. For 

this purpose, two types of markers may be used: biological markers or chemical markers. 

2.1.1. Biological Markers 

Microbial indicator organisms have been widely used to trace the origin of wastewater in 

general, and to determine the likelihood that the water poses a significant threat to human 

health [14]. Traditionally, culture methods for Escherichia coli (E. coli) and enterococci 

have been used for water quality monitoring and health risk assessments due to low cost 

and ease of use [4].  
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However, these standard indicators are normally prevalent in the intestines and feces of 

warm blooded mammals, including wildlife, livestock, and humans, so measuring their 

levels contributes little to the knowledge of the source of contamination [4]. 

It is important to differentiate human and animal fecal material, because human beings 

generally are more susceptible to pathogens from anthropogenic waste. New methods for 

microbial source tracking (MST) in aquatic environments have been developed to 

distinguish animal from human sources. Such methods include monitoring for host 

specific organisms (viruses) or host related nucleic acid sequences, which may actually 

have a discriminatory power between hosts [14]; or monitoring for alternative indicators 

of fecal pollution that can be detected by polymerase chain reaction (PCR) and 

quantitative PCR (qPCR) [4].  

These methods have proven to be promising for identifying human specific fecal 

pollution. Testing for traditional fecal indicators augmented with more sensitive and 

specific approaches would improve the ability to investigate untreated human sewage 

discharges in surface waters [4].  

However, these methods are not yet conclusive to determine if the presence of indicators 

results from human fecal pollution, and the equipment required is expensive and 

technically demanding [14, 15]. Also, fecal pathogenic microorganisms usually appear 

intermittently at low concentrations and therefore are difficult to cultivate and identify 

[16]. As the science of MST continues to grow and become more sophisticated, 

performance criteria will doubtlessly become more consistent [17]. 
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2.1.2. Chemical Markers 

Recently, research has begun to determine the applicability of using chemical indicators 

of human fecal pollution to identify untreated human sewage pollution in water bodies. 

Chemical indicator tests have an advantage over the traditional microbial tests because 

the time required for sample preparation and analysis can be substantially shorter than 

that required for culturing techniques and visualization of the colonies [15]. 

A number of wastewater components have been used as indicators for anthropogenic 

inputs to surface and coastal waters [10]. Chemical indicators of human fecal pollution 

fall into several classes: those that are produced by humans, those that pass through 

humans, and those that are associated with the sewage-contaminated waste system [15]. 

There are three principal requirements for the ideal chemical marker: 

(1) Source-specificity 

(2) Predictable behavior 

(3) Massive production and usage 

Ideally, a chemical marker should derive from a single source, i.e. human source 

specifically. However, this condition is rarely met. The behavior of a chemical marker 

should be predictable, meaning that it would travel in the dissolved phase at the average 

stream velocity, with no losses by chemical or biological attenuation processes [18].  
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Finally, a chemical marker should be produced on a massive scale and/or its use should 

be widespread. This requirement effectively defines the range of applicability of a marker 

insofar as a substance must be readily detectable in a variety of environments for it to 

yield useful results [18]. 

Major efforts are being made to search for an “ideal” chemical tracer that could be used 

to determine quantitatively to what extent the untreated human sewage water has mixed 

with surface water, and to determine where plumes of sewage water-impacted surface 

water have migrated [19]. 

In addition to the characteristics described above, an ideal marker would be present in 

wastewater at concentrations that are well above the analytical detection limit and that do 

not vary significantly over time. The ideal tracer would also be absent or at orders of 

magnitude lower levels in surface water that is unaffected by untreated sewage water. 

Finally, there must be a suitable method to analyze the tracer, which is affordable, with a 

low limit of quantification, minimal matrix interference, and good accuracy  

and precision [19]. 

Numerous tracers for human sewage water have been proposed to date. Chloride and 

nutrients have been used as tracers for wastewater plumes in the past. But both can have 

natural and other anthropogenic sources, such as landfills, road salt, or fertilizers, limiting 

their applicability. Pharmaceuticals have been proposed as being very specific to 

wastewater. Given their selective uses, their presence can be sporadic in wastewater, and 

they have also been found in landfill leachate [19].  
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Other anthropogenic chemicals that have been proposed as wastewater tracers are subject 

to biological attenuation in the environment (e.g., caffeine and cotinine); and some of 

them are known to sorb to solid materials in the subsurface. Also, artificial sweeteners 

have recently been applied as wastewater tracers, due to their specificity for human 

wastewater, and to negligible background concentrations [19, 20].  

Removal efficiency in conventional Wastewater Treatment Plants (WWTPs) is highly 

variable across compounds. These plants are generally not equipped to deal with  

man-made compounds, as they were designed with the principal aim of removing easily 

or moderately biodegradable compounds [21].  

Of all the compounds that generally enter a WWTP, some of them get efficiently 

removed during the course of the treatment (labile compounds, more than 90% removal), 

whereas others show only partial or no removal at all (conservative compounds) [22]. 

This difference could be used as a characteristic of an untreated sewage marker; i.e. if a 

labile compound is found in a surface water sample; it would most likely indicate the 

presence of untreated sewage on it.  

Conservative markers have been considered to be helpful for tracking the pathways of 

treated wastewater by other authors. In addition, the use of labile chemical markers is 

also useful for identifying and evaluating the impacts of untreated wastewater 

contamination on receiving surface waters and groundwater due to leaky sewers, 

combined sewer overflows and septic tanks [22]. 
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The robustness of the methods for detecting untreated human sewage in stormwater 

outfalls and surface water can be increased by combining multiple anthropogenic 

markers. In this way, a fingerprint would aggregate compounds from several classes to 

create a unique signature of untreated human sewage. The fingerprint could be 

established computing markers concentration ratios, which even after dilution of the 

untreated human sewage into surface water, these ratios would remain constant.  

Up to date, there are few studies that have considered the concept of fingerprint to track 

wastewater pollution, both treated and untreated, in different matrices, shown in Table 1.  

TABLE 1: PREVIOUS STUDIES IN MULTIPLE CHEMICAL ANTHROPOGENIC MARKERS TO 

DETECT WASTEWATER DISCHARGES IN DIFFERENT MATRICES. ITALIC FONT MEANS 

POSITIVE CORRELATIONS (CONTINUES IN NEXT PAGE). 

Authors Year Chemical markers studied Matrix 

Sankararamakrishnan 

and Guo [23] 
2005 

Caffeine, fluoride, anionic surfactant, 

whitening agent, fecal coliforms 

Stormwater 

outfalls (CSS) 

Peeler et al. [14] 2006 

Caffeine, dissolved organic carbon, fecal 

coliform, enterococci, nitrate, phosphate, 

ammonium 

Surface water 

Nakada et al. [24] 2008 

Crotamiton, ibuprofen, naproxen, 

ketoprofen, fenoprofen, mefenamic acid, 

thymol, triclosan, propyphenazone, 

carbamazepine, diethyltoluamide, 

ethenzamide, caffeine 

Surface water 

Buerge et al. [25] 2009 Acesulfame, cyclamate, saccharin, sucralose Groundwater 

Scheurer et al. [26] 2011 

Acesulfame, sucralose, carbamazepine, 

benzotriazole, 4-methylbenzotriazole, 

diatrizoic acid 

Surface water 

Sauve et al. [27] 2012 Caffeine, carbamazepine, fecal coliforms 

Stormwater 

outfalls and 

streams 
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Authors Year Chemical markers studied Matrix 

Daneshvar et al. [28] 2012 

Caffeine, trimethoprim, carbamazepine, 

naproxen, gemfibrozil, atrazine and its 

metabolites, progesterone, estradiol, 

estrone 

Surface water 

Van Stempvoort et al. 

[19] 
2013 

Acesulfame, cyclamate, saccharin, 

carbamazepine, ciprofloxacin, 

clarithromycin, ibuprofen, norfloxacin, 

ofloxacin, primidone, sulfamethoxazole, 

sulfapyridine, cotinine 

Groundwater 

Ribeiro de Sousa et al. 

[29] 
2014 

Atenolol, caffeine, carbamazepine, 

diclofenac, ibuprofen, naproxen, 

propanolol, triclosan, estrone, estradiol, 

ethinylestradiol 

Surface water 

Liu et al. [30] 2014 

Acesulfame, carbamazepine, caffeine, 

sulfamethoxazole, ibuprofen, gemfibrozil, 

naproxen 

Surface water 

Ekklesia et al. [16] 2015 

Chloride, boron, orthophosphate, MBAs, 

DEHP, cholesterol, cholestenol, 

coprostanol, caffeine, acetaminophen, 

ibuprofen, sucralose, saccharin, fecal 

indicator bacteria 

Stormwater 

outfalls 

 

The study by Sankararamakrishnan and Guo [23] is focused in sampling at combined 

sewer system outfalls during dry and wet weather events. They found significant 

correlation between fecal coliforms with the chemical markers, and among the chemical 

markers themselves. They recommended caffeine and fluoride as better chemical 

indicators of sanitary sewage. 

The study by Peeler et al. [14] covered surface water in rural and urban areas, and found 

a strong correlation between caffeine and fecal coliform abundance, and caffeine and 

nitrate in the urban bay that they studied. 
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Nakada et al. [24] studied 13 pharmaceuticals and personal care products as water-

soluble chemical markers of sewage in different matrices (river, estuary and 

groundwater). This study focused on the behavior of the markers in the estuarine system, 

and it briefly mentions the possibility of combining labile with conservative markers for 

identifying the contribution of untreated sewage to aquatic environments. 

The research group of Buerge has published numerous papers on markers of domestic 

wastewater in groundwater. The paper included in Table 1, [25], studied the suitability of 

artificial sweeteners as markers for domestic wastewater. Acesulfame arose as the most 

suitable marker of domestic wastewater in groundwater and surface water. 

Scheurer et al. [26] studied wastewater tracers in order to detect contamination of source 

waters before being treated for drinking water. The concentration ratios of artificial 

sweeteners to other persistent trace pollutants in different matrices (wastewater, surface 

water, bank filtrate and aquifer) were studied. They found out that acesulfame, sucralose 

and carbamazepine can track wastewater impacts due to their  

conservative behavior. 

Sauve et al. [27] sampled streams and separate stormwater outfalls in order to establish if 

fecal coliforms, caffeine and carbamazepine could serve as anthropogenic markers in dry 

weather to assist in identifying potential cross connections in stormwater systems. They 

found a modest correlation between fecal coliforms counts and caffeine concentration, 

and no clear correlation between fecal coliforms counts and carbamazepine, or between 

caffeine and carbamazepine. 
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The paper published by Daneshvar et al. [28] studies fecal coliforms and several chemical 

markers, from different classes (pharmaceuticals, pesticides, hormones and caffeine) in 

surface water, as indicators of recent fecal contamination. A noticeable correlation 

between fecal coliform counts and caffeine concentration was found. They also computed 

the ratio caffeine to carbamazepine, and they stated that it will decrease from elevated 

values in raw sewage and CSO discharges to much lower values in  

treated wastewaters.  

Van Stempvoort et al. [19] used a wide spectrum of wastewater tracers to distinguish 

single from multiple wastewater sources in groundwater. They classified the tracers as 

ubiquitous and non-ubiquitous, so the contributions of septic systems for example might 

be distinguished. They also introduced the idea of comparing several concentration ratios 

to give more confidence in identifying a plume of wastewater. The study included 

pharmaceuticals, artificial sweeteners, caffeine and cotinine. Acesulfame appeared to be 

the most reliable and ubiquitous indicator of the presence of wastewater and 

pharmaceutical compounds were particularly useful as non-ubiquitous tracers of specific 

septic wastewater sources. 

Ribeiro de Sousa et al. [29] included physico-chemical properties in the search of 

chemical markers of surface water pollution by wastewater, apart from caffeine, 

pharmaceuticals and hormones. Their results showed that diclofenac, propanolol, 

ibuprofen, atenolol and carbamazepine present significant correlation coefficients with 

electrical conductivity. 
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Liu et al. [30] studied acesulfame and several pharmaceuticals as tracers of wastewater in 

receiving rivers. However they only reported the evolution of the selected tracers along 

the sampled streams: their concentration decreases and dissipates. 

The study published by Ekklesia et al. [16] actually combined chemical markers from 

different classes, but also worked with fecal indicator bacteria, and the correlations 

published only are among those bacteria and some of the chemical markers, not among 

chemical markers themselves. It also studied the land use affect in the  

markers’ concentration. 

The studies shown in Table 1 have not come to any robust conclusion on which would be 

the best set of chemical markers to detect wastewater in the different matrices tested. 

However, the analytes studied in these publications help on the determination of the list 

of chemical markers used for this thesis work.  

2.2. Analytical Methods 

2.2.1. Extraction and Clean-up Methods  

In the case of environmental samples, where the concentration of chemical markers and 

other pollutants is in the ng/L level, a sample preparation technique is almost always 

necessary. This type of technique requires the analytes preconcentration to reach limits of 

detection low enough to determine the trace levels at which the analytes are present in 

environmental samples. The sample preparation is an important step for the determination 

of trace compounds, thus, there is considerable interest in developing methods for 

extracting and isolating components from complex environmental matrices [31].  
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Solid-phase extraction (SPE) is a common method used for the clean-up and 

concentration of environmental samples. Reverse-phase SPE has been widely applied for 

extraction of environmental samples, according to the literature. In reverse-phase SPE the 

retention mechanism is the interaction of non-polar groups of the analytes of interest and 

the non-polar functional groups on the sorbent, via Van der Waals forces. This interaction 

is facilitated very polar solvents [32].  

Among the reverse phase sorbents used silica based C18 and polymeric phases such as 

Oasis HLB have been commonly used. Oasis HLB cartridges have been used for 

extracting a wide range of compounds from environmental, given its versatility: 

chlorophenols, endocrine disrupting chemicals, pharmaceuticals, steroid hormones, and 

antimicrobial products, among others [32].  

2.2.2. Analytical Instrumentation 

Efficient, fast and sensitive analytical methods are needed to address the occurrence, 

distribution and final destination of chemical markers in the environment. Their relatively 

low concentration together with their interaction with complex environmental matrices 

makes their analysis difficult. Traditional methods for detection of chemical markers and 

other environmental pollutants are high performance liquid chromatography coupled to 

ultraviolet detection (HPLC–UV), and mass spectrometry (LC-MS); and gas 

chromatography (GC) coupled to flame ionization detection (GC–FID), electron capture 

detection (GC–ECD) and mass spectrometry (GC–MS) [31].  
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Gas chromatography (GC) is employed for the analysis of volatile and semi-volatile 

organic compounds. MS and tandem mass spectrometry (MS/MS) are the most preferred 

techniques, since lower detection limits are achieved at the low ng/L level. For more 

polar compounds such as PPCPs and hormones, GC can be used for analysis with a 

previous derivatization step to improve sensitivity. Silylation is used to derivatize a wide 

range of functional groups with N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) and  

N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) as reagents [32].  

Liquid chromatography (LC) is also commonly employed to separate a wide number of 

compounds that are often present in environmental samples. As in the case  

of GC, both MS and MS/MS are the most preferred detectors. Typically, electrospray 

ionization (ESI) is selected as the most sensitive mode for ionizing the target compounds 

before MS detection, although in several works ionization was carried out by atmospheric 

pressure chemical ionization (APCI) [32]. 

Liquid chromatography, therefore, is a suitable technique since it does not require any 

derivatization procedure and the identification and quantification can be performed in one 

single step. However, one of the main drawbacks of the analysis of trace organics in 

complex matrices by LC–MS/MS is the matrix effect caused by the high concentration of 

matrix ionizable components, e.g., natural organic matter, salts and contaminants that can 

interfere with the ionization processes, especially when ESI interface is used. This effect 

can be more extensive in complex environmental matrices, and it may result in a signal 

suppression or enhancement, leading to low sensitivity and inaccurate results [32].  
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One of the most effective options to compensate matrix effect in the ion source and 

fluctuations between injections in the MS, is the use of isotopically labeled  

internal standards [32]. 

In spite of the numerous research papers reported for analysis of environmental pollutants 

in general, and pharmaceuticals in particular, no analytical methodology seems to be the 

preferred one as a standardized methodology for these types of compounds until recently. 

EPA Method 1694 for Pharmaceuticals and Personal Care Products in Water, Soil, 

Sediment, and Biosolids by HPLC/MS/MS [33] was published in December 2007 as a 

guiding and screening method for analyzing pharmaceuticals and personal care products 

in environmental samples. The standard EPA protocol uses solid-phase extraction (SPE) 

for water samples followed by the analysis of extracts by tandem mass spectrometry 

using a single transition for each compound, with retention time guidelines for 

identification, and using isotope dilution and internal standard quantitation  

techniques [34].  

2.3. Preliminary Assessment of Chemical Markers  

A preselection of target analytes was crucial in developing a fingerprint of untreated 

human sewage pollution. The requirements for preselection considered were: extensive 

annual use, dissimilar physicochemical properties, pharmacokinetic behavior, frequent 

detection in wastewaters, and relative environmental persistence [35].  

It is widely acknowledged that the hydrophilic or hydrophobic behavior of a compound 

plays an important role in determining its ubiquity and abundance in the environment. 
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For example, compounds with low octanol/water partition coefficient (KOW) would not be 

likely to bond to sludge or suspended solids, i.e. they are hydrophilic, and therefore 

available in the water phase for natural attenuation. It has been widely accepted that a log 

KOW of 3.0 is considered as the cut-off point between hydrophilic and hydrophobic 

compounds [22].  

Also, the soil organic carbon/water partition coefficient (KOC) of a compound indicates 

the likelihood of a marker to be found in the water phase or bonded to particulate matter 

or to the soil, where the fraction of organic carbon of the soil (fOC) will play a role in the 

distribution coefficient (Kd), i.e. the ratio of a marker’s total equilibrium concentrations in 

the sorbed phase (soil) and in the water phase [36].  

The use of hydrophilic markers is especially helpful for the identification and evaluation 

of untreated sewage, due to their low adsorption potential onto sediments or soils [22]. 

The pH of the water is also going to play a role in the sorption behavior, especially for 

compounds with logarithmic acid dissociation constants (pKa) in the typical 

environmental pH range (pH = 5–8) [37]. 

As aforementioned, there are certain compounds present in sewage that degrade within 

the treatment in a WWTP (labile markers), whereas other compounds may pass through 

the process largely unchanged or show only partial removal (conservative markers). 

Therefore, in a sample of untreated human sewage, the presence of labile and 

conservative markers is almost assured.  
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This fact can be extrapolated to surface water or stormwater outfalls samples: if there are 

labile and conservative markers detected, it is likely that untreated sewage is present in 

the surroundings. 

And not only that, but also the concentration ratios of labile to conservative markers can 

be computed. Studying the concentration ratios will help overcoming the dilution effect 

on streams or outfalls when the untreated sewage water reaches the source water: these 

ratios would be maintained despite the overall lower concentration  

on the stream. 

A variety of compound classes (pharmaceuticals, personal care products, over-the-

counter medications, hormones, and human waste specific markers), both labile and 

conservative, was assessed in order to develop the chemical marker signature of  

untreated sewage. 

2.3.1. Pharmaceuticals and Personal Care Products 

Pharmaceuticals and personal care products (PPCPs) consist of commonly used over-the-

counter (OTC) and prescription drugs and chemicals found in consumer products. One of 

the largest inputs of PPCPs into the environment results from the human ingestion and 

subsequent excretion of pharmaceuticals; many pharmaceuticals are not completely 

metabolized, as a result, pharmaceutical metabolites, conjugates and their native forms 

are excreted with urine and feces into sewage system. Up to 90% of a drug can be 

excreted in its original, active form [38]. 
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Some PPCPs are not intrinsically persistent compounds and they are biodegradable in 

aerobic conditions. However, since they are chronically discharged into surface water 

from WWTPs, owing to large volume and daily use among the human population, they 

are constantly found in surface water [39].  The environmental fate of PPCPs once they 

are discharged from WWTPs may be varied: sorption by soils and sediments, natural 

biodegradation, photolysis or hydrolysis reactions, or simply transport by water [36].  

The choice of PPCPs was based on their high annual usage in a wide range of household 

products, and on the concern over their possible effect on human and aquatic organisms. 

The PPCPs can be classified according to their specific use. 

2.3.1.1. Analgesics 

These kinds of drugs used to alleviate the pain present in almost all diseases, are widely 

used. Large amounts of pain killers are prescribed in human medical care but often they 

are sold at much higher quantities without prescription as OTC drugs. Acetaminophen is 

the drug, within this group, detected at a higher concentration in wastewater influents 

around the world. Ibuprofen and naproxen also belong to this group, and more 

specifically to the category of nonsteroidal anti-inflammatory drugs (NSAID) [40]. 

Despite the high removal efficiency found for these analgesics within a WWTP (up to 

99%), they may still be detected in effluents [41].  

2.3.1.2. Antibiotics 

Most antibiotics are poorly metabolized by humans or animals and consequently 25 to 

75% are excreted unaltered through urine and feces [42].  
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Antibiotics show little or no removal during conventional biological processes (less than 

20%), occasionally presenting higher concentration in the final effluent than in the 

influent. Some authors have suggested different explanations to this fact, such as (i) 

deconjugation of conjugated metabolites during the treatment process or (ii) changes in 

the adsorption behavior to particles during the treatment process [41]. The sulfonamide 

sulfamethoxazole is one of the top-selling antibiotics. After oral application, 

approximately 45-70% of the dose is excreted via urine within 24 h [43]. The presence of 

trimethoprim can generally be correlated to that of sulfamethoxazole since the two 

drugs are often administered in combination [44]. Trimethoprim is 50% excreted after 

human metabolism [45]. 

2.3.1.3. Anti-hypertensives 

Atenolol is recognized worldwide as a first-line treatment for hypertension and benefits 

for secondary cardiovascular protection [46]. After human consumption, it is excreted via 

urine mainly as an unchanged compound [47]. Atenolol has been reported as the most 

frequently found -blocker in WWTP influents worldwide that is not efficiently 

eliminated and frequently encountered in surface waters [48]. Diltiazem is used to treat 

high blood pressure and to control angina [40]. 

2.3.1.4. Lipid Regulators 

Gemfibrozil is used to reduce the amount of cholesterol and triglycerides in the blood, 

and its use is growing every year [40]. Gemfibrozil is metabolized in the liver and 

approximately 70% is excreted through urine, mostly as the conjugate [39]. 
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2.3.1.5. Psychiatric Drugs 

Carbamazepine is commonly used as anticonvulsant drug and mood stabilizer for the 

treatment of epilepsy and bipolar disorder [49]. Carbamazepine shows a frequency of 

detection higher than 90% in wastewater influents and effluents [41], and it has 

frequently been detected also in surface water samples [50]. In addition, carbamazepine 

has been widely used as a tracer of wastewater pollution in the environment [30]. 

Meprobamate is a tranquilizer used to treat anxiety disorders or for short-term relief of 

the symptoms of anxiety [40]. 

2.3.1.6. Psychostimulants 

Caffeine and nicotine are quantified in most of the wastewater samples studies. Caffeine 

is the compound detected at higher concentration levels in WWTP influents [41]. 

However, caffeine concentrations in WWTP effluents are considerably lower than in the 

corresponding influents, indicating a removal of > 80%, primarily assigned to microbial 

degradation in the secondary treatment [51].  

Caffeine has been extensively associated with human fecal contamination. Its definite 

advantage is that it is almost entirely a human-specific pollutant; natural sources of 

caffeine in the environment (e.g. guarana, coffee plants) are so few and generate such low 

background levels that they can be neglected, especially in the Northern hemisphere [5]. 

Therefore, caffeine has been widely used as an anthropogenic tracer and as an indicator 

of untreated wastewater discharge in combined sewer overflow events. Nicotine is also 

removed during the treatment in a WWTP. Their removal efficiencies are influenced by 

microbial activity and environmental conditions [41]. 
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2.3.1.7. Antidiabetics 

The antidiabetic agent metformin is among the pharmaceuticals with the highest 

production world-wide and it is used to treat type 2 diabetes. It is used in relatively high 

dosages and is rapidly excreted in its unmetabolized form [42]. It is therefore not 

surprising to find high concentrations in wastewater treatment plant influents [52]. 

2.3.1.8. Antihistamines 

Diphenhydramine has been one of the most popular over-the-counter medications for 

the treatment of allergies for over 50 years. It is an antihistamine used to relieve seasonal 

allergy and itching and it is also used as a short-term sleep aid. The widespread use of 

diphenhydramine increases the likelihood of its occurrence after excretion [53].  

2.3.1.9. Antibacterial Agents 

Triclocarban is used as antimicrobial in soaps, deodorants, skin creams, toothpaste and 

plastics. Triclocarban has been detected at higher concentrations and more frequently in 

WWTP effluent and surface water than other antibacterial agents, as triclosan, over the 

last years [54]. Triclocarban has been shown to bioaccumulate in aquatic species and to 

accumulate in sediments and soil due to its low water solubility and large octanol–water 

partition coefficient (KOW) [39]. 

2.3.2. Hormones 

The presence of estrogenic compounds in the aquatic environment is of great concern 

since these substances can cause endocrine disruption and interferences in reproduction 

and development of aquatic organisms. Estrone and estriol are the main urinary 

metabolites of the natural estrogen 17-estradiol [42].  
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In addition, estrone and 17-estradiol are used in hormone replacement and infertility 

treatments [55]. A large portion of the estrogenic materials excreted by humans are 

originally present in the conjugated forms; however, they become deconjugated by 

microorganisms and thus converted into free estrogens during transport in the sewage 

treatment systems [56]. The removal of these three natural estrogens in WWTPs has been 

studied by numerous groups, and it has been reported as more than 75% removal for all 

of them [57]. 

2.3.3. Specific Markers of Human Waste 

As an alternative, chemicals shed in human feces and urine might be used to detect 

human waste contamination of environmental waters. These specific markers will mostly 

be labile, and their presence at the WWTP effluent will be negligible. 

2.3.3.1. Human Endogenous Metabolites 

Urobilin is one of the final by-products of hemoglobin breakdown; it is excreted in both 

the urine and feces in humans. One concern regarding the use of urobilin as an 

anthropogenic specific marker would be that other mammals produce urobilin. However, 

it has been demonstrated that common farm animals produce ten times less urobilin than 

the produced by humans (measured in mmol/kg of bilirubin converted to urobilin) [58].  

Therefore, the presence of urobilin would directly indicate specific untreated human 

sewage pollution, especially in urban areas. Urobilin has been found in all influent 

samples at WWTPs at several orders of magnitude higher than PPCPs, but it is barely 

detectable or non-detected in most effluent samples [59]. Usually, most WWTPs do not 

discharge urobilin if they are operating properly, and if there are no overflow events [60].  
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The most abundant serotonin metabolite, 5-hydroxyindoleacetic acid (5-HIAA), is an 

endogenous compound that is not culture or diet dependent, and is therefore more 

suitable for international comparisons. It has been used as population marker, because it 

is excreted regularly by humans [61]. 

2.3.3.2. Human Activities’ Byproducts 

The metabolites and breakdown products of some PPCPs were also considered in the 

preliminary screening, because they are human source specific, and may present a labile 

behavior in a WWTP. 

Acetylsalicylic acid (aspirin) is rapidly deacetylated in the body to form the active 

metabolite salicylic acid. Salicylic acid presents very high frequency of detection, almost 

100%, in WWTP samples (both influent and effluents) and in surface waters [42].  

Nicotine is rapidly and extensively metabolized in the human liver and approximately 

70–80% of the nicotine absorbed by a smoker is transformed to cotinine and excreted in 

the urine. Several studies have demonstrated that is efficiently removed in WWTPs [42, 

62]. It has been also proposed as an anthropogenic marker due to the fact that is only 

metabolized in human livers [63]. 

Metformin is aerobically biodegraded to guanylurea during the secondary treatment in a 

WWTP. Guanylurea is a very recalcitrant metabolite, being stable against further photo- 

and biodegradation. Concentration of guanylurea mostly exceeds its parent metformin in 

the effluents [42].  
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The usage of both parent (metformin) and metabolite (guanylurea) as tracers offers the 

possibility to differentiate between treated and untreated wastewater: high metformin 

concentrations could be used to indicate untreated sewage water and the coincidence of 

low metformin and high guanylurea concentrations are a strong indication for treated 

sewage water [52]. 

2.3.4. Artificial Sweeteners 

Artificial sweeteners are used worldwide as sugar substitutes in remarkable amounts in 

food, beverages, and also in drugs and sanitary products, such as mouthwashes. Industrial 

or agricultural uses of artificial sweeteners are not known. Since they are metabolically 

stable, they are excreted mainly unchanged from the human body via urine or feces.  

In addition, the seasonal variations of artificial sweeteners loads are small due to their 

steady household use throughout the year. Therefore, artificial sweeteners are water 

pollutants that are highly specific to human sewage water [20]. Of the variety of artificial 

sweeteners being used, only acesulfame, cyclamate, saccharin and sucralose have been 

identified in wastewater effluents.  

Cyclamate and saccharin are efficiently removed (> 90%) through biological treatment, 

which result in low effluent concentrations. Cyclamate is additionally unsuitable for use 

as an untreated human sewage marker in the United States since it has been banned from 

distribution since 1970 [20, 64]. Removal efficiencies for acesulfame and sucralose in 

WWTPs have been reported to be less than 20%. In addition, sucralose is not liable for 

microbial degradation due to the presence of chlorine atoms [64].  
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Acesulfame and sucralose appear in the aquatic environment in much higher 

concentrations than most PPCPs. These high environmental concentrations combined 

with their persistence, high water solubility, low adsorbability to solids, and the high 

sensitivity of modern trace analytical methods make them virtually ideal anthropogenic 

wastewater markers [20].  
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CHAPTER 3 

MATERIALS AND METHODS 

3.1. Chemical Markers Selected 

Table 2 lists the set of chemical compounds which were evaluated for inclusion as 

chemical markers for this project, referred to as the Initial List, based on the previous 

discussion. The physicochemical parameters of the analytes on the Initial List are 

included in Appendix A. The properties listed are the molecular weight, the dissociation 

constant (pKa), the octanol/water partition coefficient (log KOW), the solubility in water at 

pH 7, the soil organic carbon/water partition coefficient (log KOC), the half-life in river 

streams, and the vapor pressure, as well as the CAS number and the molecular structure. 

Relevant environmental concentrations of these markers can be found in Appendix B.  

TABLE 2: ANALYTES INCLUDED IN THE INITIAL LIST AND THEIR ABBREVIATIONS 

Analyte (Abbreviation) 
Labile/ 

Conservative 
Analyte (Abbreviation) 

Labile/ 

Conservative 

5-hydroxyindoleacetic acid (5-HIAA) L Guanylurea (GUAN) C 

Acesulfame (ACES) C Ibuprofen (IBU) L 

Acetaminophen (ACET) L Meprobamate (MEP) C 

Atenolol (ATEN) C Metformin (MET) C 

Caffeine (CAF) L Naproxen (NAP) L 

Carbamazepine (CARB) C Nicotine (NIC) L 

Cotinine (COT) L Salicylic Acid (SAL) L 

Diltiazem (DILT) C Sucralose (SUC) C 

Diphenhydramine (DIPH) C Sulfamethoxazole (SULF) C 

17-Estradiol (E2) L Triclocarban (TRIC) C 

Estriol (E3) L Trimethoprim (TRIM) C 

Estrone (E1) L Urobilin (URO) L 

Gemfibrozil (GEM) C   
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The selection of these markers may be questioned in terms of seasonality or in terms of 

drug usage in different populations. However, some of the compounds of this selection 

are inherent for humans, i.e., they are excreted by every person worldwide. Also, the 

selection of PPCPs and its metabolites is based on their extended usage, and on frequency 

of detection in numerous studies, not only in United States, but in Europe, China or India, 

for example. 

3.2. Materials and Reagents  

Acesulfame K, (-)-nicotine, (-)-cotinine, (+)-cis-diltiazem hydrochloride, guanylurea, 

meprobamate, sucralose, 17β-estradiol, acetaminophen, 3,4,4’-trichlorocarbanilide, 5-

hydroxyindole-3-acetic acid, (R)-(+)-atenolol, caffeine, diphenhydramine hydrochloride, 

estriol, estrone, gemfibrozil, ibuprofen, naproxen, sulfamethoxazole and trimethoprim 

were purchased from Sigma-Aldrich® (St. Louis, MO). Urobilin hydrochloride was 

purchased from Frontier Scientific (Logan, UT). Carbamazepine and salicylic acid were 

purchased from Thermo Fisher Scientific (Waltham, MA). Metformin was purchased 

from Enzo Life Sciences, Inc (Farmingdale, NY). 

Deuterated and labeled standards (5-HIAA-d5, acesulfame-d4, atenolol-d7, 

carbamazepine-d8, diltiazem-d6, diphenhydramine-d6, gemfibrozil-d6, metformin-d6, 

salicylic acid-d6, sucralose-d6, sulfamethoxazole-d4, triclocarban-
13

C, trimethoprim-d3) 

were purchased from C/D/N Isotopes (Canada), Toronto Research Chemicals (Canada) 

and Santa Cruz Biotechnology (Dallas, TX). 

Solvents HPLC grade (methanol, acetone, acetonitrile, dichloromethane, 

dichlorodimethylsilane, toluene) were purchased from Sigma-Aldrich® (St. Louis, MO).  
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Formic acid, hydrochloric acid, ammonium acetate, ammonium formate, 

tetrasodiumethylenediamine-tetraacetatedihydrate and ammonium hydroxide were 

purchased from Sigma-Aldrich® (St. Louis, MO). 

3.3. Methods 

3.3.1. Glassware Silanization 

In order to deactivate the glass surface, all glassware, such as sample bottles, beakers, test 

tubes, glass pipettes, etc. were silanized prior to use. In the silanization process, the 

glassware was first washed with soap water, rinsed with hot water, and then rinsed with 

milli-Q water. The glassware was oven-dried at 250 °C for three hours, followed by 

rinsing with a 5% dichlorodimethylsilane (DCDMS) solution made in toluene. It was 

then rinsed twice with toluene, three times with methanol, and then oven-dried at 250 °C 

for 2 hours [66]. 

3.3.2. Standard Solutions and Calibration 

Stock solutions of the individual markers from the Initial List were prepared by 

dissolving the respective compounds separately in methanol. All solutions were stored  

at -20 °C. Every three months, a mixture intermediate stock solution was prepared by 

dilution of the stock solutions in methanol at a concentration of 1 mg/L and stored  

at -20 °C. Also, the labeled standards used (see Appendix C) were prepared individually 

in methanol, and then mixed together in the labeled standards spiking stock at a 

concentration of 1 mg/L in methanol. An injection labeled standard (ranitidine-d6) was 

used to detect any fluctuations in the response of the instrument; and it was prepared 

individually in methanol.  
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The injection labeled standard spiking stock was prepared at a concentration of  

1 mg/L in methanol. 

Mixture standard working solutions were prepared monthly from the mixture 

intermediate stock solution by appropriate dilution with water:methanol (1:1, v/v).  

A ten-point calibration curve was constructed, with concentrations ranging from  

0.25 µg/L to 100 µg/L. For every calibration point, the labeled standards and the injection 

labeled standard were spiked from the spiking stocks at a final concentration of 25 µg/L.  

Quantification was done by the isotope dilution technique for the markers with a 

matching labeled standard; or by the internal standard technique for markers which did 

not have a labeled analog [33].  

3.3.3. Samples Preparation 

All samples were collected using silanized amber glass bottles, 2.5 L of capacity; and 

stored in ice until the arrival to the lab. Once in the lab, samples were kept in the dark at 4 

ºC without any additional preservatives. To remove suspended materials and prior to 

extraction, water samples were filtered through a series of cellulosic membrane filters  

(8.0, 5.0, 0.8 and 0.45 μm, Millipore, USA) within 24 h after collection. The four filter 

sizes were used to filter wastewater samples, and only 5.0 and 0.45 µm filters were used 

to filter surface water and stormwater outfall samples. The QA/QC of the filters is 

compiled in Appendix D. 
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3.3.4. Solid Phase Extraction (SPE) 

Samples were extracted following a protocol based on the published EPA Method 1694 

[33], with slight modifications. Briefly, after filtration of the samples, the pH of a sample 

aliquot was adjusted to 2 with hydrochloric acid; and the pH of a second aliquot of 

sample was adjusted to 10 with ammonium hydroxide.  

The acid fraction was stabilized with tetrasodium ethylenediamine-tetraacetate dihydrate 

(Na4EDTA∙2H2O). Both fractions were spiked with available matching labeled standards 

as surrogates in order to compensate any matrix effect and loss of compounds during the 

SPE process. The acid and base fraction solutions (pretreated liquid samples) were then 

ready for SPE.  

Waters Oasis HLB (Hydrophilic-Lipophilic-Balanced, 1 g, 20 cm
3
/1 g LP, 60 μm) 

cartridges were used for extraction. The HLB cartridges were initially activated with 

methanol and milliQ water. Pretreated liquid samples were then passed through these 

SPE cartridges at a flow rate of 5 mL/min under vacuum. Next, cartridges were dried, and 

then analytes were eluted, following the EPA 1694 scheme: 

 Acid fraction: 12 mL of methanol + 6 mL of acetone:methanol 1:1 mixture  

 Base fraction: 6 mL methanol + 9 mL of 2% formic acid solution in methanol  

Eluates were collected in clean, silanized test tubes, and evaporated to dryness in a 

Genevac centrifugal evaporator. A methanol:water (1:1, v/v) solution was used to 

reconstitute the extracts, and then spiked with the injection labeled standard  

spiking stock.  
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A blank using milli-Q water, sample duplicates, and Ongoing Precision and Recovery 

(OPR) aliquots (milli-Q water blank spiked with known quantities of analytes) were 

extracted with each sample batch for quality assurance/quality control (Appendix D), 

both acid and base fractions. A more detailed procedure can be found in Appendix E. 

3.3.5. Analysis on UPLC/MS/MS  

Analysis of the markers on the Initial List was performed on an Ultra Performance Liquid 

Chromatograph/tandem Mass Spectrometry (UPLC/MS/MS); consisting of a Waters 

Acquity UPLC
TM

 system, coupled with a Waters Xevo
TM

 mass spectrometer with a Z-

Spray
TM 

Electrospray Ionization (ESI) source, both positive and negative modes. The 

column used in this work was an Acquity UPLC, Ethylene Bridged Hybrid (BEH) C18 

column (1.7 µm particle size, 2.1 × 50 mm, Waters, USA).  

Two sets of mobile phases were used, 10 mM ammonium acetate in HPLC water,  

and 1:1 (v:v) acetonitrile:methanol (set 1); and 0.3% formic acid and 0.1% ammonium 

formate in HPLC water, and 1:1 (v:v) acetonitrile:methanol (set 2). Each sample was 

injected four times, and ran at different conditions: set 1, positive mode; set 1, negative 

mode; set 2, positive mode; set 2, negative mode. The volume of injection was of 10 μL 

in each injection, and the analysis time was 6 minutes for each injection. Appendix C 

includes the markers analyzed with each set of mobile phases and the ionization mode. 

The analytes were identified by both their chromatographic retention times and their 

Multiple Reaction Monitoring (MRM) of specific fragmentation ions. Two transitions of 

every compound were taken for quantification and qualification.  
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The product ion transition with the highest intensity was used for quantification 

(quantifier) and a second transition was used for confirmation (qualifier). These parent-

daughter transitions are included in Appendix C.  

The instrument detection limit for each marker was determined as the lowest 

concentration of the standard calibration that the instrument could detect, and it is located 

at 3σ (σ = standard deviation) above the gross blank signal. The limit of quantification 

was determined as the standard calibration that produced a signal at 10σ above the gross 

blank signal.  

Method detection limits, or reporting level, assuming 100% extraction efficiency, were in 

the range of 0.625 – 125 ng/L in surface water and stormwater outfalls samples and 

0.0015 – 3 μg/L in influent and effluent wastewater. 

3.4. Study Site and Sampling Plan 

The Wissahickon Creek Watershed is located in southeastern Pennsylvania. The head 

waters of the Wissahickon Creek originate in Montgomery Township; the mainstem of 

the creek flows for approximately 27 miles through nine municipalities before reaching 

its confluence with the Schuylkill River. Numerous tributaries flow to the Wissahickon 

Creek; the total number of stream miles contributing to Wissahickon Creek drainage is 

roughly 115 miles. There are five major municipal wastewater treatment plants 

discharging to Wissahickon Creek, before the City of Philadelphia border. Also two major 

industrial permits, Coorson’s Quarry dewatering operations, and Merck remediation 

activities, are located before Philadelphia [67, 68].  
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These facts accompanied by continual and extensive urban land development have 

substantially impacted the creek channel. A large portion of the riparian corridor of the 

Wissahickon Creek and its tributaries has remained covered as wooded land, mostly 

protected through long-term preservation efforts [67, 68]. 

The Wissahickon Creek Watershed has a municipal separate storm sewer system (MS4) 

within it. It is suspected by local authorities that untreated sewage is entering the 

watershed, due to recent studies that indicated the presence of fecal coliform bacteria in 

outfalls samples [67]. Figure 3 shows the map of the Wissahickon Creek Watershed area 

belonging to the City of Philadelphia. 

 

FIGURE 3: WISSAHICKON CREEK WATERSHED, CITY OF PHILADELPHIA PORTION 

ENLARGED [67] 
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3.4.1. Positive Controls 

As part of the research project development it was important to ascertain the performance 

of the sampling and analytical protocols in detecting the selected chemical markers. This 

matrix, untreated wastewater, was also the most challenging to analyze.  

Therefore, one of the most important sites to sample was at a WWTP, both influent and 

effluent samples. This control would allow proving that the selected markers on the 

Initial List are actually present in untreated wastewater samples. Grab samples of primary 

and secondary effluent were collected in three different WWTP in the greater 

Philadelphia area.  

Also, the difference between occurrence levels in influent versus effluent of a WWTP 

would confirm the labile or conservative behavior of the analytes on the Initial List. 

Furthermore, the influent in a WWTP is actual untreated human sewage, so the 

concentration ratio of the labile to the conservative markers could be determined as a 

tentative fingerprint, and then it will be studied if they are maintained. 

3.4.2. Negative Controls 

As part of this research thesis, negative control samples were collected, for the sake of 

determining how specific the markers of the Initial List were, and their ability to 

distinguish untreated sewage from other possible contributions to the stormwater network 

and/or the Wissahickon Creek itself.  
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The samples for the negative control were taken at the headwaters of the Wissahickon 

Creek, at two locations, upstream and downstream, respectively, of a local WWTP. Figure 

4 shows the sample locations for the negative controls. 

 

FIGURE 4: NEGATIVE CONTROL SAMPLING LOCATIONS 

 

3.4.3. In-stream Samples 

The next set of samples was collected at the Philadelphia border of the Wissahickon 

Watershed, and throughout the Wissahickon Creek mainstem within the borders of the 

City. The sampling at the border of the watershed would work as a baseline, i.e., it would 

establish what type of water is entering the City to start with, which as mentioned before 

was likely to be highly influenced by WWTP effluents.  

Also, sampling throughout the Wissahickon Creek could offer an overview of the 

geographical profile of the water quality as it flowed through the city. The location of 

these in-stream sampling points can be seen in Figure 5. 
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FIGURE 5: IN-STREAM SAMPLING LOCATIONS 

 

3.4.4. Stormwater Outfalls 

The Wissahickon Creek Watershed has a municipal separate storm sewer system (MS4), 

as mentioned before. Grab samples were taken in the stormwater outfalls (SO) where 

untreated human waste is suspected to enter the watershed, during dry events, to 

eliminate surface runoff as a potential source of contamination and allow clearer 

identification of sewage contributions. Dry weather conditions were considered at least 

48 hours after a rain event.  
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Based on previous studies by local authorities, the Monoshone Creek was considered as 

the tributary to the Wissahickon Creek with the highest probability to present outfalls 

with untreated sewage. Therefore three outfalls along the Monoshone Creek were 

sampled (MC-05, MC-09 and MC-10), as well as one outfall that discharges to the 

Wissahickon Creek (WC-01). The location of these outfalls can be seen in Figure 6. 

 

FIGURE 6: STORMWATER OUTFALLS LOCATIONS IN THE WISSAHICKON CREEK WATERSHED 

3.5. Data Management Approach 

All the concentration data collected from the different samples was studied in three 

different ways. 

I. Concentration of labile markers: as mentioned before, the differentiating 

characteristic that was used to develop the chemical fingerprint is the labile or 

conservative behavior of the markers, with respect to their removal efficiency in a 

WWTP.  
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The concentration of the labile markers was expected to drop significantly in 

treated waters as a result of biodegradation, i.e. the concentrations of those markers 

would be higher in outfalls which were discharging untreated sewage; and also 

these labile markers should not be present in surface water samples. 

II. Ratio of labile-to-conservative (L/C) markers: in order to discount dilution effects, 

the ratio of average concentrations between labile and conservative markers was 

computed. Selecting ratios of labile to conservative markers provided a simple way 

to categorize samples based on degree of impact from untreated waste sources.  

Generating ratios for positive controls (WWTP influents), treated wastewaters 

(WWTP effluents), surface waters and headwaters (negative control) provided a 

range of characteristic ratios based on the sources. Comparing an unknown  

sample L/C ratio, e.g. from an outfall, provided a way to characterize the sample 

with respect to its likely source category 

III. Determination of a fingerprint: with all the data collected, a simple cluster analysis 

or principal component analysis would be appropriate for the chemical marker 

profile data as it would utilize the entire dataset. However, a single-variable 

approach was used for this thesis work.  This approach was used to identify and 

validate the most reliable L/C marker ratio pairs.   

Different statistical tools may be used to determine the significance of the ratios L/C 

markers, and if they actually correspond to untreated sewage water. The final result of the 

chemical fingerprint is to find a robust signature of untreated human sewage,  

in statistical terms.  
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Student’s t is a statistical tool used most frequently to express confidence intervals and to 

compare results from different experiments. From a limited number of measurements (n), 

the true population mean, µ, or the true standard deviation, σ, cannot be found. Therefore, 

the confidence interval can be calculated for the sample mean, 𝑥̅, with equation {1} 

𝐶𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 =  𝑥̅ ±
𝑡𝑠

√𝑛
    {1} 

where t is Student’s t for a 95% level of confidence, and s is the sample standard 

deviation. The meaning of the confidence interval is this: the true value of the population 

mean is included 95% of the times in that confidence interval [70].  

The t-test is used to compare one mean value with another to decide whether there is a 

statistically significant difference between the two. The null hypothesis in statistics states 

that the mean values from two sets of measurements are not different [70]. 

Given the type of data that this thesis work generated, a two-tailed t-test was the most 

appropriate to evaluate the statistical significance of the ratios labile-to-conservative 

(L/C). First, the average and the confidence interval for selected L/C ratios from WWTP 

influents (i.e. untreated sewage), effluents (i.e. treated sewage) and surface water 

samples, separately, were computed.  

Then, the ratio L/C for each outfall sample (considered as the unknown) is compared 

against the corresponding influent value, and if it fell into the confidence interval, there is 

a 95% probability that the outfall is discharging untreated sewage.  
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1. Positive Control Sampling 

The positive control sampling was critical in order to prove that the selected markers in 

the Initial List were actually present in real untreated wastewater samples, and to confirm 

the labile or conservative behavior of the markers. Therefore, three different local 

WWTPs were sampled to prove these points. 

4.1.1. Wastewater Treatment Plant I 

One positive control sampling was carried out at a local Wastewater Treatment Plant. 

This treatment plant has a capacity of 7 MGD and receives both domestic and industrial 

wastewater. The treatment followed in this plant is a bar screening, primary settling, 

activated sludge and secondary settling, and finally Ultraviolet (UV) disinfection.  

Two types of grab samples were collected: after the primary settling (Primary) and after 

the secondary settling (Secondary). The Primary sample will serve as a proxy for the 

WWTP influent. 

The results are plotted in Figure 7 and Figure 8. The average concentration is shown in 

the y-axis in log scale, and the x-axis represents every marker, split between labile and 

conservative markers, to facilitate the reading. The corresponding tabular concentration 

data are included in Appendix F. 
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FIGURE 7: WWTP I - LABILE MARKERS AVERAGE CONCENTRATION, AND STANDARD 

DEVIATION (N=2) 

 

 

 

 

FIGURE 8: WWTP I - CONSERVATIVE MARKERS AVERAGE CONCENTRATION, AND 

STANDARD DEVIATION (N=2) 
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Some preliminary conclusions can be drawn from this first set of samples: 

 In Figure 7, the drop of concentration in the bars between influent and effluent 

samples was of several orders of magnitude for the labile markers, and most of 

them are detected below the reporting limit in the effluent.  

 In Figure 8, the change in concentration between influent and effluent samples for 

the conservative markers was smaller. However, the actual concentration data 

showed changes up to 50% in concentration from influent to effluent. 

 The slight increase in the concentrations of conservative markers in Figure 8 of 

the chart could be caused for several reasons: 

o The samples collected were grab samples, so the effluent did not 

correspond exactly to the influent 

o The markers might have been linked to proteins groups for example in the 

influent, but after the biological treatment, these markers would be 

released as a free-ligand 

 Regarding the analytical details, most of the markers in the extracted samples 

were out of the calibration range, even after dilution of the extract. Therefore, a 

smaller aliquot volume was used from this point for wastewater samples 

The same WWTP was sampled again, in order to check the reproducibility of our method. 

Same grab samples were collected: after the primary settling (Primary) and after the 

secondary settling (Secondary). The Primary sample served again as a proxy for the 

WWTP influent. The results are shown in Figure 9 and Figure 10. The arrangement on 

these graphs is similar than in the previous ones, and it will be maintained in the 

following graphs, to facilitate the comparison.  
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The corresponding tabular concentration data are included in Appendix F. 

 

FIGURE 9: WWTP I (2
ND

 SAMPLING) - LABILE MARKERS AVERAGE CONCENTRATION, AND 

STANDARD DEVIATION (N=2) 

 

FIGURE 10: WWTP I (2
ND

 SAMPLING) - CONSERVATIVE MARKERS AVERAGE 

CONCENTRATION, AND STANDARD DEVIATION (N=2) 
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More markers are shown in these figures because they surpassed the quality controls. 

Also the level of confidence in these values was higher because a larger number of 

labeled standards were used.  Results were similar than in the first sampling event, with 

the labile markers falling to below detection limit in effluent samples for most of the 

markers; and most conservative markers showed small differences between influent and 

effluent samples. 

4.1.2. Wastewater Treatment Plant II 

A different local wastewater treatment plant was sampled as a positive control. This 

treatment plant has a designed capacity of 17 MGD, although the average flow is  

13 MGD; and the influent is mostly domestic wastewater. The treatment followed in this 

plant is a grinder, primary settling, activated sludge and secondary settling, and finally 

disinfection with sodium hypochlorite. 

Grab samples were collected after the primary settling (Primary) and after the secondary 

settling (Secondary). The Primary sample served again as a proxy for the WWTP 

influent. The results are shown in Figure 11 and Figure 12. The corresponding tabular 

concentration data are included in Appendix F. 
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FIGURE 11: WWTP II - LABILE MARKERS AVERAGE CONCENTRATION, AND STANDARD 

DEVIATION (N=2) 

 

FIGURE 12: WWTP II - CONSERVATIVE MARKERS AVERAGE CONCENTRATION, AND 

STANDARD DEVIATION (N=2) 
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Blank bars correspond to markers which did not meet QC standards or below detection limit (BDL) 
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The labile markers present in the influent of this second WWTP were the same than in the 

previous one, and their degradation trend was also similar: most of them were detected 

below reporting limit in the effluent samples. In the case of the conservative markers, it 

seemed that the concentration in the effluent was lower than in the influent, for most of 

the markers, up to 80%, but still this effluent concentration was large enough to be 

considered conservative. Also, because the samples were grab samples, the effluent 

sampled did not correspond exactly to the influent sampled, so this fact could explain 

why the removal seemed larger than expected. 

4.1.3. Wastewater Treatment Plant III 

Another positive control sampling was carried out at a different Wastewater Treatment 

Plant, in order to make the results on these controls statistically significant. This 

treatment plant is significantly bigger in treatment capacity than  

WWTP I and II, and the influent is mostly domestic wastewater.  The treatment followed 

in this plant is a bar screening, primary settling, activated sludge and secondary settling, 

and finally disinfection with sodium hypochlorite.  

Both grab samples and composite samples were collected: after the primary settling 

(Primary), after the secondary settling (Secondary), after disinfection (Final) and a 24-h 

composite sample of the final effluent before being discharged to the river (Composite). 

The Primary sample served again as a proxy for the WWTP influent. The corresponding 

tabular concentration data for the four types of samples are included in Appendix F.  
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Looking only to the Final and Composite samples from the Appendix F, the concentration 

of some of the markers in the Composite samples were higher than in the Final effluent. 

This is related to the fact that the Composite sample corresponded to a 24h-span, but the 

Final sample was specific for that time point when it was sampled. 

Figure 13 and Figure 14 show only the concentrations of Primary (influent) and 

Secondary (effluent), in order to be consistent with the other graphs.  

 

FIGURE 13: WWTP III - LABILE MARKERS AVERAGE CONCENTRATION, AND STANDARD 

DEVIATION (N=2) 
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FIGURE 14: WWTP III - CONSERVATIVE MARKERS AVERAGE CONCENTRATION, AND 

STANDARD DEVIATION (N=2) 

This new sampling in a WWTP with a larger capacity showed the same trend for the 

conservative markers in Figure 14, whose concentrations did not vary significantly from 

influent to effluent, but in the case of the labile markers, there were some discrepancies: 

they did not get as degraded as in WWTP I and II, and the concentration levels were also 

different. A new sampling on this WWTP was carried out, in order to double check these 

odd results. 

Grab samples were collected after the primary settling (Primary) and after the secondary 

settling (Secondary). The Primary sample served again as a proxy for the WWTP 

influent. The results are shown in Figure 15 and Figure 16. The corresponding tabular 

concentration data are included in Appendix F. 
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FIGURE 15: WWTP III (2
ND

 SAMPLING) - LABILE MARKERS AVERAGE CONCENTRATION, AND 

STANDARD DEVIATION (N=2) 

 

FIGURE 16: WWTP III (2
ND

 SAMPLING) - CONSERVATIVE MARKERS AVERAGE 

CONCENTRATION, AND STANDARD DEVIATION (N=2) 
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In this second sampling the results were more consistent with those seen in the other 

WWTPs. Most of the labile markers concentrations fell below detection limit in the 

effluent samples. The conservative markers behavior was also similar to the previous 

sampling and the other WWTPs, with markers getting only partially degraded, if 

degraded at all. 

4.1.4. Comparison among Positive Controls 

The concentration of the markers was different to plant to plant, due to the different 

influents, capacity and types of communities that these plants receive, but overall, this 

study of different WWTPs served as a confirmation that the markers included in the 

Initial List were actually present in untreated sewage samples, and it confirmed the labile 

and conservative behavior of the markers during the WWTP process. 

Five labile markers were consistently removed below detection limits in the different 

sampling events: caffeine, acetaminophen, salicylic acid, 5-HIAA and nicotine. Three 

other labile markers were still detected in effluents: urobilin, ibuprofen and naproxen, at 

low concentrations compared with the influent. The rest of the labile markers showed a 

more erratic behavior:  cotinine only degraded partially during secondary treatment 

except in the second sampling of WWTP I; estradiol and estriol did not surpass the 

quality controls for any of the samples, so they could not be quantified; and estrone only 

appeared in the effluent in WWTP I and WWTP III. 
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The conservative markers behavior was more consistent through WWTPs, despite the 

fact that the samples analyzed were grab samples, so the effluent samples did not 

correspond to the influent sampled. Some of the markers concentration dropped more 

than one order of magnitude from influent to effluent (i.e. metformin, diphenhydramine 

or gemfibrozil, up to 80% difference in some of the sets of samples), but that did not 

necessarily mean that the markers were labile, and they were still considered as 

conservative markers. 

4.2. Negative Control 

A negative control was taken in Montgomery County, in the headwaters of the 

Wissahickon Creek, at two different locations: upstream and downstream of a WWTP. 

Those were surface water samples, so the sample processing was slightly different (see 

Methods section above). Results for the markers that surpassed the quality controls are 

shown in Figure 17. The corresponding tabular concentration data are included in 

Appendix F. 

 

FIGURE 17: AVERAGE CONCENTRATION OF LABILE AND CONSERVATIVE MARKERS IN THE 

NEGATIVE CONTROL, AND STANDARD DEVIATION (N=2) 

1.0

10.0

100.0

1000.0

10000.0

100000.0

M
a

rk
er

 C
o

n
ce

n
tr

a
ti

o
n

 (
n

g
/L

) 

Negative Control - Headwaters 

Upstream WWTP Downstream WWTP

* Markers with matching labeled standard 

Blank bars correspond to markers which did not meet QC standards or below detection limit (BDL) 

 



56 

 

Only three markers were present in the location upstream the WWTP: acesulfame, 

gemfibrozil and diltiazem. Upstream this location there was a different WWTP, which 

has a small capacity (0.835 MGD, limit of the permit). This may be the explanation of the 

presence of those markers. However, this location can be considered as pristine, due to 

the minor human influence. The Wissahickon Creek at a more upstream location did not 

present enough flow to collect water samples. 

Downstream of the studied WWTP, many more chemical markers were detected. 

Urobilin, ibuprofen, naproxen and cotinine were the corresponding labile markers 

present, which interestingly corresponded with the labile markers found in the effluents 

of the positive controls. Caffeine was also a labile marker present at this location, which 

in this case was detected because the detection limits for surface water samples were 

smaller than for wastewater samples. 

Most of the conservative markers were also present downstream the WWTP, which 

matched with the results from the positive controls. 

4.3. In-stream Samples 

In-stream samples from the main stem Wissahickon Creek were collected in locations 

with historically high Fecal Indicator Bacteria (FIB) counts, in order to provide a 

geographical profile of the Wissahickon Creek. Results for the markers that surpassed the 

quality controls are shown in Figure 18 and Figure 19, split into labile and conservative 

markers. The corresponding tabular concentration data are included in Appendix F. 



57 

 

 

FIGURE 18: LABILE MARKERS AVERAGE CONCENTRATION IN THE WISSAHICKON CREEK, 

AND STANDARD DEVIATION (N=2) 

 

FIGURE 19: CONSERVATIVE MARKERS AVERAGE CONCENTRATION IN THE WISSAHICKON 

CREEK, AND STANDARD DEVIATION (N=2) 
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Looking at each detected marker individually, their concentrations throughout the course 

of the Wissahickon Creek followed a similar trend - decreasing concentrations from the 

upstream location towards the mouth. This fact was most likely caused by dilution of the 

creek due to the tributaries influence and the absence of any significant point sources on 

the downstream portion of the creek.  

As discussed earlier, the upstream portion Wissahickon Creek before the border of the 

City of Philadelphia is heavily impacted by wastewater treatment plants (WWTPs) 

effluents. Labile markers found in this set of samples were those that were also present in 

the effluent of WWTPs, albeit at lower concentrations, as expected by dilution effects.  

When comparing these markers with the ones detected in the negative control (surface 

water sample directly downstream from a WWTP), urobilin and ibuprofen were not 

detected anymore. This fact may be explained by biological attenuation occurring 

throughout the course of the creek. 

Therefore, two categories within the labile markers may be established: rapidly degrading 

markers (urobilin, acetaminophen, salicylic acid, ibuprofen and 5-HIAA), which were not 

detected in wastewater treatment effluents, or if present, they underwent natural 

attenuation in a short period of time; and slowly degrading markers (caffeine, naproxen 

and cotinine), which got efficiently removed during WWTP, but they were still present in 

effluents and surface water samples, even after several miles of travel.  

 

 



59 

 

4.4. Stormwater Outfalls 

Four different stormwater outfalls were sampled under dry weather conditions, in order to 

prove the usefulness of the chemical markers on detected untreated sewage in municipal 

separate stormwater systems. 

The outfall MC-05 was the main contributor to the flow on one of the tributaries to the 

Wissahickon Creek, i.e. before the tributary met the outfall, it was a very narrow and 

shallow creek, whereas once it converged with the flow coming out of the outfall, it 

possessed a much higher flow volume. The surrounding area of this outfall MC-05 

smelled musty, and there were a large amount of sediments in the bed of the creek.  

The outfall MC-09 was located in a lateral stormwater run. This outfall was completely 

dry at the time of sampling, but there was a pool of standing water where samples were 

collected. This standing water might have been remains of a previous storm, or might 

have possibly come from a groundwater source. 

The outfall MC-10 presented a relative large and quick flow, coming from a constructed 

wetland. This constructed wetland captures flow from several stormwater outfalls in the 

surrounding area, and the first inch of rain in storm events.  

The outfall on the Wissahickon Creek, WC-01, did not present significant flow, but yet 

there was flow running under dry weather conditions, and part of this water was 

infiltrated through the wall, and dripping towards a pond of water, where samples were 

collected. That pond of water slowly discharged towards the main stem of the 

Wissahickon Creek. 
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Results for the markers that surpassed the quality controls are shown in Figure 20 and 

Figure 21, split into labile and conservative markers. The corresponding tabular 

concentration data are included in Appendix F. 

 

FIGURE 20: LABILE MARKERS AVERAGE CONCENTRATION IN STORMWATER OUTFALLS, 

AND STANDARD DEVIATION (N=2) 
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FIGURE 21: CONSERVATIVE MARKERS AVERAGE CONCENTRATION IN STORMWATER 

OUTFALLS, AND STANDARD DEVIATION (N=2) 
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concentrations. Even the rapidly degrading labile markers were present in this outfall. 

These results combined with the strong odor characteristics of the samples and the creek 

itself, it likely indicates the presence of untreated sewage in this particular outfall. 

In outfall MC-09, a few markers were present: urobilin, ibuprofen and naproxen, as labile 

markers; and sucralose, acesulfame, sulfamethoxazole, carbamazepine and triclocarban, 

as conservative markers. As mentioned before, this sample was taken from a standing 

pool of water below the outfall, but there was no direct evidence that the standing water 
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In outfall MC-10 more labile markers were present: caffeine, acetaminophen, ibuprofen, 

naproxen and cotinine, as labile markers; and metformin, sucralose, acesulfame, 

sulfamethoxazole, carbamazepine and meprobamate. This outfall served as the drain of a 

constructed wetland. As it was mentioned during sampling by local authority personnel, 

this wetland tests positive for E.coli within it, which it likely originates from untreated 

sewage that contaminates the stormwater input to the wetland.  The wetland may also 

remove by uptake of the plants some of the chemical markers, but yet there were labile 

and conservative markers detected in the outfall.  

Only urobilin and ibuprofen were present in outfall WC-01 as labile markers; and 

metformin, sucralose, acesulfame, sulfamethoxazole, carbamazepine and triclocarban as 

conservative markers. The presence and concentration of labile and conservative markers 

in this stormwater outfall, WC-01, which had low flow at the time of sampling, may 

indicate less of an impact from untreated waste sources, or a longer residence time in the 

stormwater system (or a further distance away), or rapid degradation by acclimated 

biofilms present in the pool where the sample was taken, or some combination of all  

three factors.  

4.5. Selection of Markers to Develop the Fingerprint 

As part of the overall research objective, the number of markers used to develop the 

fingerprint of untreated sewage has to be reduced, in order to make it feasible and more 

accurate. Based on the quantitative results during the different sampling events, the 

analytical detection limit, the detection of frequency, and the type of information that the 

markers may provide, several markers can be discarded. 
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The hormones (estriol, estradiol and estrone) showed high detection limits in the 

analytical method, so their use for environmental samples was not advised. Nicotine did 

not pass the quality controls for most of the samples, therefore was no longer considered. 

Cotinine should not be labeled as a labile marker, because it showed only partial removal 

in the positive controls, so its presence was not going to be definitive a sign of  

untreated sewage. 

As for the conservative markers, atenolol, diltiazem, diphenhydramine and trimethoprim 

showed inconsistent recoveries in the quality controls, and the information they may 

provide could be covered with other conservative markers. Also guanylurea was 

discarded because it is a “WWTP by-product” of its parent metformin, and while it could 

be useful for tracking treated wastewater in surface water, it had no actual use to track 

untreated human sewage. 

Table 3 includes the markers that were considered to develop the chemical fingerprint. 

TABLE 3: DEFINITE LIST OF CHEMICAL MARKERS 

Labile markers Conservative markers 

5-hydroxyindoleacetic acid (5-HIAA) Acesulfame (ACES) 

Acetaminophen (ACET) Carbamazepine (CARB) 

Caffeine (CAF) Gemfibrozil (GEM) 

Ibuprofen (IBU) Meprobamate (MEP) 

Naproxen (NAP) Metformin (MET) 

Salicylic Acid (SAL) Sucralose (SUC) 

Urobilin (URO) Sulfamethoxazole (SULF) 

 Triclocarban (TRIC) 
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4.6. Chemical Fingerprint 

As it has been mentioned in the previous sections, two classes of labile markers can be 

established: rapidly degrading labile markers (urobilin, acetaminophen, salicylic acid, 

ibuprofen and 5-HIAA) and slowly degrading chemical markers (caffeine and naproxen).  

As a quick screening method, the presence or absence of slowly degrading labile markers 

may be a way to distinguish if a sample may contain untreated sewage on it. 

One of the objectives of this project was to compute labile-to-conservative ratios for the 

markers selected, at the different sampling locations. Due to the difference in orders of 

magnitude of the markers, the logarithm of the concentration ratios was used for graphs 

and discussion. Also, the concentrations that have been reported as < # (below detection 

limit) were used as half of the detection limit to avoid missing data points, although this 

practice included some error in the ratios calculations. 

All the possible pairs L/C from Table 3 were calculated, and the most representatives 

were selected. The next set of graphs shows the logarithm of some of these different pairs 

of ratios L/C, sorted by location (WWTP influents, WWTP effluents, negative control, as 

upstream WWTP and downstream WWTP; in-stream samples, and stormwater outfalls, 

with the IDs provided earlier). 
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FIGURE 22: SELECTED LABILE-TO-CONSERVATIVE RATIOS AT DIFFERENT SAMPLING 

LOCATIONS 
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Graphs in Figure 22 are a powerful representation of the idea of the chemical fingerprint. 

As it can be observed in those, the WWTP influents, i.e. untreated sewage, fell into the 

same side of the graph for all the pairs L/C depicted. At the same time, the outfall  

MC-05, which had previously been pointed out as an outfall with high likelihood to 

contain untreated sewage, also presented L/C ratios that fell among the influent samples. 

To add significance to the data, statistical analysis was performed. First, the average and 

the confidence interval for some L/C ratios from WWTP influents, effluents and surface 

water samples, separately, were computed, shown in Table 4. 

TABLE 4: SELECTED LABILE/CONSERVATIVE CONCENTRATION RATIOS FOR UNTREATED 

SEWAGE, TREATED SEWAGE AND SURFACE WATER SAMPLES 

L/C pair 
WWTP 

Influent 

WWTP 

Effluent 

Surface water 

samples 

log (IBU/SULF) 1.433 ± 0.730 -0.299 ± 0.891 -1.253 ± 0.772 

log (NAP/SULF) 1.420 ± 0.536 -0.399 ± 1.734 -1.278 ± 0.775 

log (URO/ACES) 1.154 ± 0.786 -1.294 ± 0.977 -1.967 ± 0.317 

log (CAF/CARB) 2.313 ± 0.365 -0.688 ± 1.783 0.222 ± 0.372 

log (SAL/SUC) -0.444 ± 0.567 -2.978 ± 0.440 -2.846 ± 0.407 

 

The pair naproxen/sulfamethoxazole is not going to be useful, due to the overlap of 

confidence intervals between influent and effluent data. The other pairs did not show 

overlap between influent and effluent, or between influent and surface water samples, so 

they can be used moving forward. The average ratios L/C for WWTP influent samples 

were used as proxy for untreated sewage. 
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Then, the ratio L/C for each outfall sample was compared against the influent value 

(Table 4), and if it fell within the confidence interval, there was a 95% probability that the 

outfall was discharging untreated sewage. 

The considered ratios for the stormwater outfall samples are shown in Table 5. 

TABLE 5: SELECTED LABILE/CONSERVATIVE CONCENTRATION RATIOS FOR STORMWATER 

OUTFALLS SAMPLES 

Stormwater 

Outfall 
log (IBU/SULF) log (URO/ACES) log (CAF/CARB) log (SAL/SUC) 

Valid 

Hypothesis? 

MC-05 0.728 0.737 2.055 -0.177 YES 

MC-09 0.069 -1.717 -0.009 -1.206 NO 

MC-10 0.657 -2.596 0.484 -1.580 NO 

WC-01 0.071 -0.527 - -2.569 NO 

 

The outfall MC-05 was discharging untreated sewage at the time of sampling, and this 

can be assured with a 95% confidence, and moreover, it has been confirmed with four 

pairs of markers.  

The value of the ratios for the rest of the outfalls were not within the confidence interval, 

therefore they did not present untreated sewage at the time of sampling, assured with a 

95% of confidence. 

It was also meaningful the classes that the markers from these pairs belonged to: 

pharmaceuticals, artificial sweeteners, and human metabolites. This fact made the 

fingerprint applicable to other regions in the country and worldwide, because these 

markers have been detected in numerous studies across the globe. 
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Another type of comparison would be sorting the samples by clusters: WWTP influents 

(untreated sewage), WWTP effluents (treated sewage) and surface water samples. Figure 

23 shows scatter points for the pair urobilin-acesulfame, where the logarithm of the 

concentrations was plotted in the axes. 

 

FIGURE 23: UROBILIN/ACESULFAME PAIR, CLUSTER REPRESENTATION 

Cluster analysis was not developed in this thesis work, because the amount and type of 

data was not enough, but it is noteworthy how the different types of samples cluster at 

different regions; and the point representing the outfall MC-05 falls towards the untreated 

sewage cluster of points. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

The chemical fingerprint of untreated sewage has been developed by means of 

concentration ratios of labile over conservative markers. Labile markers are those 

markers present in untreated human sewage which would degrade during the treatment 

process in a municipal wastewater treatment plant; whereas conservative markers would 

not only be present in untreated sewage, but also in treated sewage because they would 

not degrade during the treatment process. Therefore, the ratios of labile-to-conservative 

markers in untreated human sewage would be different than in treated sewage or  

surface water. 

In this thesis work, a preliminary list of potential chemical markers was selected, based 

on annual consumption and detection in other studies in different environmental matrices. 

These markers belonged to different classes: pharmaceutical and personal care products, 

hormones, artificial sweeteners and human metabolites. 

From this preliminary list, the most suitable markers were selected to compute the 

chemical fingerprint, based on practical analytical detection limits, frequency of 

detection, and the type of information that the markers may provide. This final list 

included both labile and conservative markers, still from a variety of classes. 

Finally, the ratios labile-to-conservative, or fingerprint, were computed for different type 

of samples, untreated sewage, treated sewage, and surface water samples; and then 

compared to stormwater outfalls samples from a municipal separate storm sewer system.  
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In addition, a distinction of labile chemical markers was observed: rapidly degrading and 

slowly degrading labile markers. This feature could help to discern if stormwater outfalls 

were discharging untreated human sewage from a nearby location. 

The pairs labile-to-conservative selected were urobilin/acesulfame, 

caffeine/carbamazepine, ibuprofen/sulfamethoxazole, and salicylic acid/sucralose. The 

average and confidence interval of these pairs in untreated sewage samples did not 

overlap with treated sewage samples, or surface water samples. 

From all the stormwater outfalls sampled, only the outfall MC-05, discharging to the 

Monoshone Creek, was determined to be the only outfall that presented untreated human 

sewage: the selected labile-to-conservative ratios were within the confidence interval for 

untreated sewage; and the rapidly degrading labile markers were also present. 

A two-tailed t-test was selected to evaluate the statistical significance of the pairs  

labile-to-conservative, and it confirmed again that the outfall MC-05 was discharging 

untreated sewage at the time of sampling, with a 95% confidence. It also confirmed that 

the other outfalls sampled were not discharging untreated sewage at the time of sampling, 

assured with a 95% confidence 

While not all the labile and conservative markers were used to calculate the concentration 

ratios labile-to-conservative, they formed the overall chemical fingerprint of untreated 

human sewage, so they were maintained as part of it. 
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Extraction and analytical methods have been consolidated as well in this thesis work, for 

a variety of environmental matrices, and they have been extensively monitored with 

QA/QC tests. 

Another contribution of this thesis work was the study of the labile vs conservative 

behavior of the chemical markers selected, in three different wastewater treatment plants 

in the greater Philadelphia area, which could be further studied if composite samples 

were collected. 

The aforementioned differentiation between rapidly and slowly degrading labile markers 

is potentially useful as indicators of relative downstream distances from point sources. 

This may be especially useful in tracking untreated sewage sources in outfalls and runs 

within the watershed.  

Based on the experimental results and conclusions discussed in this work, several lines of 

future work could be developed: 

 Sampling of more stormwater outfalls in the Wissahickon Creek Watershed, under 

dry weather conditions, and other watershed with separate sewer systems in 

Philadelphia or in the vicinity. This would ensure the robustness of the chemical 

fingerprint. 

 Biological markers based on quantitative polymerase chain reaction (qPCR) could 

be added to the analysis, to increase the power and specificity of the fingerprint. 
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 Inorganic chemical markers, as chloride or ammonia, or whitening agents used in 

detergents could also be added to the fingerprint. The tests required to analyze this 

kind of markers are generally faster, so they could be used to distinguish outfalls 

which are discharging untreated human sewage. 

 The forensic power of the chemical fingerprint approach could be used to track 

other types of contributions to aquatic ecosystems (e.g. wastewater contributions 

to groundwater, or hospital effluents influence), with the proper selection of 

chemical markers. 

 As the amount and type of data would increase, more advanced statistical analysis 

could be used, as principal component analysis, or positive matrix factorization. 
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APPENDIX A: PHYSICOCHEMICAL PROPERTIES OF THE CHEMICAL MARKERS 

TABLE 6: PHYSICOCHEMICAL PROPERTIES OF THE ANALYTES ON THE INITIAL LIST: NAME, CAS NUMBER, MOLECULAR WEIGHT, PKA, 

LOG KOW, SOLUBILITY IN WATER, LOG KOC, HALF LIFE AND VAPOR PRESSURE AT 25 °C [71, 72, 73]. BLUE FONT MEANS THEY ARE 

EXPERIMENTAL VALUES. 

Compound 
CAS 

number 
Molecular Structure 

Molecular 

Weight 
pKa 

log 

KOW 

Solubility 

(mg/L) 

Log 

KOC 

Half Life 

(days) 

Vapor Pressure 

(mmHg) 

17-Estradiol 50-28-2 

 

272.4 
10.27 

(acid) 
4.01 3.9 2.899 2.86E+07 1.99E-09 

5-HIAA 54-16-0 

 

191.2 4.22 1.01 56900 0.881 4.46E+10 7.68E-08 

Acesulfame 55589-62-3 

 

201.2 - -1.33 910000 NA NA NA 

Acetaminophen 103-90-2 

 

151.2 9.4 0.46 14000 1.321 4.67E+07 1.94E-06 

Atenolol 29122-68-7 

 

266.3 

13.88 

(acid) 

9.16 

(basic) 

0.16 13300 0.611 2.91E+13 7.69E-10 
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Compound 
CAS 

number 
Molecular Structure 

Molecular 

Weight 
pKa 

log 

KOW 

Solubility 

(mg/L) 

Log 

KOC 

Half Life 

(days) 

Vapor Pressure 

(mmHg) 

Caffeine 58-08-2 

 

194.2 
0.52 

(basic) 
-0.07 21600 0.98 9.50E+05 7.33E-09 

Carbamazepine 298-46-4 

 

236.3 13.9 2.3 112 2.227 3.47E+05 8.80E-08 

Cotinine 486-56-6 

 

176.2 
8.8 

(basic) 
0.07 23000 1.093 9.75E+06 3.81E-04 

Diltiazem 42399-41-7 

 

414.5 
8.94 

(basic) 
2.7 465 2.296 5.77E+11 2.98E-11 

Diphenhydramine 58-73-1 

 

255.4 
8.76 

(basic) 
3.27 3060 2.578 1.05E+04 5.80E-06 

Estriol 50-27-1 

 

288.4 
10.25 

(acid) 
2.45 440.8 1.624 3.12E+07 9.37E-12 
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Compound 
CAS 

number 
Molecular Structure 

Molecular 

Weight 
pKa 

log 

KOW 

Solubility 

(mg/L) 

Log 

KOC 

Half Life 

(days) 

Vapor Pressure 

(mmHg) 

Estrone 53-16-7 

 

270.4 
10.25 

(acid) 
3.13 30 3.019 3.80E-10 0.00509 

Gemfibrozil 25812-30-0 

 

250.3 
4.7 

(acid) 
4.77 11000 2.85 3.24E+03 3.05E-05 

Guanylurea 141-83-3 

 

102.1 
12.00 

(basic) 
-1.22 653700 NA

*
 NA NA 

Ibuprofen 15687-27-1 

 

206.3 
4.41 

(acid) 
3.97 21 2.352 2.31E+02 1.86E-04 

Meprobamate 57-53-4 

 

218.3 
13.09 

(acid) 
0.70 4700 1.147 1.95E+05 7.92E-04 

Metformin 657-24-9 

 

129.2 
12.27 

(basic) 
-2.64 1000000 -0.666 3.63E+10 7.58E-05 

                                                 

*
 NA: Not Available 
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Compound 
CAS 

number 
Molecular Structure 

Molecular 

Weight 
pKa 

log 

KOW 

Solubility 

(mg/L) 

Log 

KOC 

Half Life 

(days) 

Vapor Pressure 

(mmHg) 

Naproxen 22204-53-1 

 

230.3 
4.1 

(acid) 
3.18 16 1.971 2.62E+06 1.27E-06 

Nicotine 54-11-5 

 

162.2 
8.00 

(basic) 
1.17 1000000 1.683 1.04E+04 3.80E-02 

Salicylic Acid 69-72-7 

 

138.1 
3.5 

(acid) 
2.43 2240 1.573 3.91E+03 8.20E-05 

Sucralose 56038-13-2 

 

397.6 
11.8 

(acid) 
-1.0 22750 -0.723 1.22E+14 3.25E-14 

Sulfamethoxazole 723-46-6 

 

253.3 

5.7 

(acid) 

1.39 

(basic) 

0.68 610 1.536 4.06E+07 1.30E-07 

Triclocarban 101-20-2 

 

315.6 
12.7 

(acid) 
4.90 0.1 3.726 2.30E+07 3.61E-09 
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Compound 
CAS 

number 
Molecular Structure 

Molecular 

Weight 
pKa 

log 

KOW 

Solubility 

(mg/L) 

Log 

KOC 

Half Life 

(days) 

Vapor Pressure 

(mmHg) 

Trimethoprim 738-70-5 

 

290.3 
6.6 

(basic) 
0.91 400 1.896 1.73E+09 7.52E-09 

Urobilin 28925-89-5 

 

588.6 3.88 2.88 0.0003 NA NA NA 
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APPENDIX B: RELEVANT ENVIRONMENTAL CONCENTRATIONS OF THE CHEMICAL MARKERS 

TABLE 7: WWTP INFLUENT, WWTP EFFLUENT AND SUFACE WATER CONCENTRATIONS (ng/L) REPORTED IN PREVIOUS STUDIES IN NORTH 

AMERICA (INCLUDE STUDIES IN UNITED STATES AND CANADA) FROM 2010 

Compound 

WWTP Influent 

concentration 

Mean; maximum 

(ng/L) 

WWTP Effluent 

Concentration 

Mean; maximum 

(ng/L) 

Surface Water 

Concentration 

Mean; maximum 

(ng/L) 

References 

17-Estradiol 25.4; 67.2 3.04; 19.8 0.26; 0.45 [74, 75] 

5-HIAA DNF
*
 DNF DNF - 

Acesulfame 1230; 2270 1520; 2580 DNF [65] 

Acetaminophen 92000; 500000 2200; 62000 3; 158 [76, 77] 

Atenolol 1220; 2000 594; 754 11.6; 58.8 [78, 79] 

Caffeine 106800; 116000 17.4; 18.2 11; 440 [80, 77] 

Carbamazepine 241; 588 268; 631 84; 147 [78, 34] 

Cotinine 1135; 1230 22.9; 23.6 8.7; 10 [80, 81] 

Diltiazem 105; 215 194; 218 4.87; 10.71 [78, 79] 

Diphenhydramine 2140; 2380 137; 154 2.27; 4.93 [80, 79] 

Estriol 51; 125 0.9; 7.73 3.27; 34.4 [74] 

Estrone 14.3; 46.4 3.09; 11.8 0.46; 2.25 [74] 

Gemfibrozil 71.7; 129 9.1; 42 3.13; 53.9 [80, 82, 79] 

                                                 

DNF: Data Not Found 
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Compound 

WWTP Influent 

concentration 

Mean; maximum 

(ng/L) 

WWTP Effluent 

Concentration 

Mean; maximum 

(ng/L) 

Surface Water 

Concentration 

Mean; maximum 

(ng/L) 

References 

Guanylurea DNF DNF DNF - 

Ibuprofen 8600; 45000 510; 4700 59.2; 76.6 [76, 79] 

Meprobamate 18.7;22.3 17.6; 20.5 10.9; 13 [83, 80] 

Metformin 87500; 95300 894; 968 20.3; 37 [80, 81] 

Naproxen 6280; 25000 580; 3500 18.7; 23 [76, 81] 

Nicotine 3670; 6410 27.5; 42.2 DNF [80] 

Salicylic Acid 6860; 12700 140; 320 83; 110 [42, 84] 

Sucralose 33000; 46100 20500; 27900 253; 484 [65, 85] 

Sulfamethoxazole 570; 3100 160; 1800 107.5; 210 [76, 34] 

Triclocarban 56; 270 11; 33 2.54; 5.9 [76, 86] 

Trimethoprim 240; 810 170; 580 13.1; 138.8 [76, 87] 

Urobilin DNF DNF DNF - 
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APPENDIX C: ANALYTICAL DETAILS 

TABLE 8: MRMS TRANSITIONS FOR ANALYTES, CONE VOLTAGES AND COLLISION 

ENERGIES 

Compound 
Parent 

m/z 

Cone 

Voltage 

Daughter 

1 

Collision 

Energy 

Daughter 

2 

Collision 

Energy 
Mode 

17-Estradiol 271.30 56 145.10 40 183.10 38 ES- 

5-HIAA 190.08 24 143.97 20 115.96 34 ES- 

Acesulfame 162.11 24 81.98 14 77.93 20 ES- 

Acetaminophen 151.87 34 110.00 18 92.80 22 ES+ 

Atenolol 267.24 30 145.04 28 190.11 20 ES+ 

Caffeine 195.09 38 138.01 22 109.99 24 ES+ 

Carbamazepine 237.16 34 179.05 44 165.11 42 ES+ 

Cotinine 177.00 40 79.95 24 97.95 22 ES+ 

Diltiazem 415.34 16 178.08 34 150.04 56 ES+ 

Diphenydramine 256.22 14 162.13 18 152.01 44 ES+ 

Estriol 287.30 50 171.03 35 145.00 40 ES- 

Estrone 269.30 55 145.20 35 - - ES- 

Gemfibrozil 249.42 24 120.99 10 127.05 14 ES- 

Guanylurea 102.96 18 59.97 12 43.04 16 ES+ 

Ibuprofen 205.16 16 161.52 6 - - ES- 

Metformin 130.10 4 60.02 16 70.99 22 ES+ 

Naproxen 229.16 10 170.07 16 - - ES- 

Nicotine 163.20 40 117.00 25 130.20 20 ES+ 

Salicylic Acid 137.02 30 64.95 25 93.00 20 ES- 

Sucralose 397.11 30 361.51 12 361.12 10 ES- 

Sulfamethoxazole 254.06 32 155.92 16 92.00 28 ES+ 

Triclocarban 315.13 30 162.38 18 161.93 12 ES- 

Trimethoprim 291.22 40 230.16 32 123.06 32 ES+ 

Urobilin 591.36 54 343.18 38 136.04 62 ES+ 
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TABLE 9: MRMS TRANSITIONS FOR LABELED STANDARDS, CONE VOLTAGES AND 

COLLISION ENERGIES 

Compound 
Parent 

m/z 

Cone 

Voltage 
Daughter 1 

Collision 

Energy 
Daughter 2 

Collision 

Energy 
Mode 

17-Estradiol-d4 274.30 58 185.15 40 145.09 42 ES- 

5-HIAA-d5 192.22 24 145.14 22 117.13 40 ES- 

Acesulfame-d4 166.16 22 86.05 14 77.91 24 ES- 

Atenolol-d7 274.03 18 145.01 30 190.15 20 ES+ 

Carbamazepine-d8 244.80 36 184.92 36 - - ES+ 

Diltiazem-d6 378.97 30 177.94 26 149.94 42 ES+ 

Diphenhydramine-d6 262.26 8 152.01 46 167.13 16 ES+ 

Gemfibrozil-d6 255.35 22 121.03 14 133.03 10 ES- 

Metformin-d6 136.11 8 60.2 18 77.04 22 ES+ 

Salicylic Acid-d6 141.22 26 69.05 24 77.77 26 ES- 

Sucralose-d6 403.18 36 367.12 14 - - ES- 

Sulfamethoxazole-d4 258.16 20 159.93 12 96.02 24 ES+ 

Triclocarban-
13

C 319.16 26 159.90 16 132.02 24 ES- 

Trimethoprim-d3 294.32 18 123.06 32 - - ES+ 

 

TABLE 10: MOBILE PHASES USED FOR THE ANALYSIS OF CHEMICAL MARKERS IN 

UPLC/MS/MS 

A: 10 mM ammonium acetate in HPLC water 

B: 1:1 (v:v) acetonitrile:methanol 

A: 0.3% formic acid, 0.1% ammonium formate 

in HPLC water 

B: 1:1 (v:v) acetonitrile:methanol 

ES+ ES- ES+ ES- 

Caffeine 17β-estradiol Acetaminophen 5-HIAA 

Carbamazepine Estriol Atenolol Salicylic Acid 

Cotinine Estrone Guanylurea 
 

Diltiazem Gemfibrozil Metformin 
 

Diphenhydramine Ibuprofen Sulfamethoxazole 
 

Meprobamate Naproxen Trimethoprim 
 

Nicotine Sucralose 
  

Urobilin Triclocarban 
  

 Acesulfame   
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TABLE 11: INSTRUMENT DETECTION LIMIT (3σ), LIMIT OF QUANTIFICATION (10σ) AND 

METHOD DETECTION LIMIT (MDL) FOR DIFFERENT MATRICES 

Compound 
LOD  

(g/L) 

LOQ  

(g/L) 

MDL in surface 

water and 

outfall samples 

(ng/L) 

MDL in 

wastewater 

samples 

(ng/L) 

5-HIAA 25 50 250 600 

Acesulfame 1 5 2.5 60 

Acetaminophen 10 10 12.5 300 

Atenolol 0.5 0.5 2.5 60 

Caffeine 10 25 12.5 300 

Carbamazepine 0.5 0.5 2.5 60 

Cotinine 5 10 5 120 

Diltiazem 0.5 0.5 0.625 15 

Diphenhydramine 5 5 2.5 60 

17-Estradiol 50 50 125 3000 

Estriol 10 25 25 600 

Estrone 1 5 2.5 60 

Gemfibrozil 0.5 0.5 1.25 30 

Guanylurea 1 5 12.5 300 

Ibuprofen 5 5 2.5 60 

Meprobamate 1 5 2.5 60 

Metformin 0.5 0.5 5 120 

Naproxen 5 5 2.5 60 

Nicotine 10 25 5 120 

Salicylic Acid 1 5 5 120 

Sucralose 25 50 187.5 4500 

Sulfamethoxazole 0.5 0.5 0.625 15 

Triclocarban 0.5 0.5 0.625 15 

Trimethoprim 0.5 0.5 0.625 15 

Urobilin 0.5 1 5 120 
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APPENDIX D: QUALITY ASSURANCE/QUALITY CONTROL 

TABLE 12: MEMBRANE FILTERS QA/QC FOR THE MARKERS IN THE INITIAL LIST 

Marker % Removal by filter 

Acesulfame 9% 

Acetaminophen -5% 

Atenolol 3% 

Caffeine -12% 

Carbamazepine 4% 

Cotinine 8% 

Diltiazem 91% 

Diphenhydramine 73% 

Estrone 29% 

Gemfibrozil 20% 

Guanylurea 8% 

Ibuprofen 2% 

Meprobamate -20% 

Metformin 6% 

Naproxen -28% 

Nicotine 46% 

Salicylic Acid 12% 

Sulfamethoxazole 9% 

Triclocarban 82% 

Trimethoprim 21% 
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TABLE 13: INITIAL PRECISION RECOVERIES FOR THE MARKERS IN THE INITIAL LIST 

Compound 
Average Recovery 

(%) 
Pass QA/QC? 

Acesulfame 54 YES 

Acetaminophen 221 NO 

Atenolol 72 YES 

Caffeine 115 YES 

Carbamazepine 117 YES 

Cotinine 93 YES 

Diltiazem 75 YES 

Diphenhydramine 147 NO 

17-Estradiol 113 YES 

Estriol 129 NO 

Estrone 118 YES 

Gemfibrozil 93 YES 

Guanylurea 21 NO 

Ibuprofen 158 NO 

Meprobamate 160 NO 

Metformin 107 YES 

Naproxen 85 YES 

Nicotine 17 NO 

Salicylic Acid 128 NO 

Sucralose 196 NO 

Sulfamethoxazole 113 YES 

Triclocarban 86 YES 

Trimethoprim 90 YES 

Urobilin 92 YES 
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TABLE 14: ONGOING PRECISION RECOVERIES FOR THE MARKERS IN THE INITIAL LIST 

Marker 
Average 

recovery (%) 
Pass QA/QC? 

5-HIAA 510 NO 

Acesulfame 90 YES 

Acetaminophen 107 YES 

Atenolol 101 YES 

Caffeine 109 YES 

Carbamazepine 114 YES 

Cotinine 132 YES 

Diltiazem 70 YES 

Diphenhydramine 137 YES 

17-Estradiol 34 NO 

Estriol 38 NO 

Estrone 84 YES 

Gemfibrozil 100 YES 

Guanylurea 280 NO 

Ibuprofen 105 YES 

Meprobamate 174 NO 

Metformin 162 NO 

Naproxen 118 YES 

Nicotine 16 NO 

Salicylic Acid 87 YES 

Sucralose 102 YES 

Sulfamethoxazole 72 YES 

Triclocarban 93 YES 

Trimethoprim 88 YES 

Urobilin 62 YES 
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APPENDIX E: STANDARD OPERATING PROCEDURE  

FOR SAMPLE COLLECTION AND SAMPLE  

EXTRACTION AND ANALYSIS 

STANDARD OPERATING PROCEDURE FOR SAMPLE COLLECTION 

This Standard Operating Procedure (SOP) is used for manually obtaining representative 

water grab samples from a variety of aquatic environments: wastewater treatment plants, 

surface water from natural streams, and stormwater outfalls.  

Equipment and supplies  

 Clean and salinized sampling bottles. Amber glass bottles of  

2.5 L capacity will be used for collection. It is recommendable to bring a few 

extra sampling bottles during every sampling event. 

 Field safety equipment including safety vests and/or highly visible clothing, 

traffic control signs and cones, and a first aid kit; if applicable  

 Dark cooler with ice and/or ice packs 

 Personal protective equipment including water boots and powder free gloves 

 Writing instruments, driving directions, clip board 

 Water quality meters (pH, conductivity, temperature); if required 

 Intermediate sampling equipment: equipment other than the sampling bottles used 

to collect sample water e.g., a metallic bucket or a hand pump. This equipment is 

typically used to collect sample water prior to pouring into the sampling bottles 
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Summary of procedure  

The first task is to determine the most representative site to safely collect samples. Proper 

selection of the sampling location assures the collection of representative samples. For 

surface water and stormwater outfall samples, the sampling location will be placed at the 

most downstream location that incorporates all of the targeted drainage area. Prior to 

collection, review maps, and/or site logs to determine an appropriate sampling location. 

Selected sites must have ease of access for vehicles and personnel for safe sample 

collection activities under the full range of weather conditions that may be encountered. 

Sampling sites should be free-flowing and not affected by backwater and/or tidal 

conditions. Sampling midstream in the channel is a good way to ensure collection of a 

representative sample. Stormwater grab samples must be collected before the stormwater 

enters a receiving water body.  

A sample may be collected directly into the sampling bottle when the water source is 

accessible by wading or other means. Remove lid from sampling bottle just before 

sampling. Be careful not to contaminate the cap, neck, or the inside of the bottle. The 

bottle should face upstream if there is a current and collect the sample without disturbing 

the bottom sediment. Place directly on the cooler. 

Typically, a bucket is used to collect a sample when the water depth is too great for 

wading, or access is not possible (excessive vegetation or steep embankments). The water 

body is usually accessed from a bridge. The bucket must be rinsed with site water prior to 

sampling. The bucket is normally lowered by rope over the side of the bridge.  
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Upon retrieval, the water is poured into the appropriate sample containers, making sure 

that the bucket does not come in contact with the sampling bottle. Place directly on the 

cooler. 

For sampling in wastewater treatment plants, the effluent of the primary and secondary 

settling tanks is sampled. Directly sampling by dipping the sampling bottle in the settling 

tanks is not recommended in wastewater treatment plants. A hand pump may be used to 

collect samples, apart from a bucket. The same pump and tubing may be re-used at each 

sampling station after rinsing with deionized water and then purging several volumes of 

sample water through the pump and tubing prior to filling the sample containers. Again, it 

is important to make sure that the tubing does not come in contact with the sampling 

bottle. Place directly on the cooler. 

In general, bottles should be labeled prior to filling using permanent, waterproof marker 

on preprinted, waterproof labels. Label all sample bottles clearly with the  

following information: location ID, date, sample type, preservatives added, if applicable; 

sampler’s initials.  

Sample collection activities shall proceed progressively from the least suspected 

contaminated area to the most suspected contaminated area. If possible, a control sample 

should be collected from a location not affected by the possible contaminants of concern 

and submitted with the other samples. Equipment blanks should be collected if equipment 

is field cleaned and re-used on-site or if necessary to document that low-level 

contaminants were not introduced by pumps, bailers or other sampling equipment. 
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For quality assurance/quality control, keep sample containers capped during storage at 

the laboratory and throughout the entire sampling run, except at the exact sampling 

period. A clean pair of new, non-powdered, disposable gloves will be worn each time a 

different location is sampled and the gloves should be donned immediately prior to 

sampling. The gloves should not come in contact with the media being sampled. 

STANDARD OPERATING PROCEDURE FOR SAMPLE PREPARATION, 

EXTRACTION AND ANALYSIS 

This Standard Operating Procedure (SOP) is used for determination of the chemical 

markers used in this thesis work, by ultra performance liquid chromatography combined 

with tandem mass spectrometry (UPLC/MS/MS), which involves sample filtration, 

sample preparation, sample extraction, and sample analysis. This SOP is applied for 

wastewater samples, surface water samples and stormwater outfalls samples. 

Equipment, reagents and supplies 

 Media bottles, clear glass, 1000 mL and 500 mL capacity, with screw cap 

 Vacuum conical flasks, 4000 mL, glass 

 Vacuum filtration assembly – 1000 mL funnel, glass, 47 mm; support base, glass, 

47 mm; clamp, aluminum, 47 mm; vacuum tubing 

 Membrane filter, nitrocellulose – 47 mm diameter, 8.0, 5.0, 0.8 and 0.45 micron 

pore size 

 Vacuum source  

 pH meter, with combination glass electrode 
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 Balance, analytical 

 SPE cartridge – Hydrophilic-Lipophilic-Balance (HLB) 60 mg, Waters Oasis, 

20cc/1 g LP, 60 µm, or equivalent 

 Vacuum conical flask, 3000 mL, glass, with sidearm; fitted with solid rubber 

stopper (perforated multiple times), and valves (stopcocks) with needle tip 

 SPE tubing, with cartridge adapter and male/male luer fitting 

 Vacuum extraction manifold – Waters, 20 positions, or equivalent  

 Test tubes, 10 mL, glass 

 Centrifugal evaporator – Genevac EZ-2 series, or equivalent 

 Ultrasonic mixer 

 Amber glass LC vials, 2 mL with fluoropolymer-lined screw cap 

 Waters Acquity UPLC
TM

 system, coupled with a Waters Xevo
TM

 mass 

spectrometer with a Z-Spray
TM 

Electrospray Ionization (ESI) source, positive and 

negative; or equivalent 

 Acquity UPLC, Ethylene Bridged Hybrid (BEH) C18 column (1.7 µm particle 

size, 2.1 × 50 mm), or equivalent 

 Personal protective equipment, including lab coat, goggles, and powder-free 

gloves 

 Miscellaneous labware – pipetter, pipet tips, Pasteur pipettes, beakers, syringes, 

plastic spatulas, Erlenmeyer flasks, volumetric flasks 

 Hydrochloric acid – reagent grade, 6N 

 Ammonium hydroxide – reagent grade 
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 Solvents – acetone, acetonitrile, ammonium acetate, formic acid, methanol,  

HPLC water, ammonium formate 

 Tetrasodium ethylenediamine tetraacetate dihydrate (Na4EDTA∙2H2O) – reagent 

grade, used as received 

 Milli-Q water – prepared on site by passage through activated carbon 

 Solution 2% formic acid v/v in methanol 

 Solution acetone:methanol (1:1) – mix 250 mL methanol and 250 mL acetone 

 Mobile phase solution acetonitrile:methanol (1:1) – mix 500 mL methanol and 

500 mL acetonitrile 

 Mobile phase solution 0.3% formic acid, 0.1% ammonium formate in water – 

dissolve 3 mL of formic acid and 1 mg of ammonium formate in 1.0 L of  

HPLC water 

 Mobile phase solution 10 mM ammonium acetate in water – dissolve 770 mg of 

ammonium acetate in 1.0 L of HPLC water 

Summary of procedure 

Once the sample is collected following the above SOP, the bottles are stored in coolers 

filled with ice packs, until the arrival to the lab, where they are stored at 4 ºC. 

In the next 12 hours after sampling, the samples should be filtered, using a vacuum 

conical flask, the vacuum filtration assembly, and membrane filters. The content of each 

sampling bottle is filtered through each filter size. If the sample is wastewater, four filter 

sizes will be used: 8.0, 5.0, 0.8, and 0.45 µm.  
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If the sample is surface water or stormwater outfall, two filter sizes will be used: 5.0 and 

0.45 µm. The minimum amount of filters should be used. After filtering one location and 

before filtering the next one, the vacuum conical flask and the filtration assembly are 

rinsed once with methanol, and twice at least with milli-Q water, to avoid contamination. 

Once the sample is filtered, extraction should take place in the next 48 hours. Each 

sample is divided in aliquots, 500 mL aliquots for wastewater samples, and 1000 mL 

aliquots for surface water and stormwater outfalls samples. Four aliquots are needed in 

total: one acid and one base, in duplicates. The aliquots are poured in clear media bottles. 

The pH of the aliquots is adjusted with hydrochloric acid (HCl), reagent grade; for the 

acid aliquots, approximately 10-15 drops, until pH is 2.00 ± 0.05. It is important that the 

pH does not drop below 1.95, to ensure the stability of the internal standards. For the base 

aliquots, the pH is adjusted with ammonium hydroxide (NH4OH), reagent grade; until pH 

is 10.00 ± 0.05. 

The acid aliquots are then stabilized with Na4EDTA, 300 mg for wastewater samples, and 

400 mg for surface water and outfalls samples. The acid and base aliquots are then spiked 

with the labeled standards spiking stock: 75 µL in wastewater samples, and 62.5 µL in 

surface water and outfalls samples. Samples are then ready for extraction. 

Blank aliquots (consisting of milli-Q water), and Ongoing Precision and Recovery (OPR) 

aliquots (milli-Q water blank spiked with known quantities of analytes) are extracted with 

each sample batch for quality assurance/quality control, both acid and base fractions.  
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For the OPR aliquots, a known amount of the intermediate stock mixture of all the 

markers considered is spiked before adjusting pH. The volume of intermediate stock 

spiked in the OPR aliquots is 75 µL for wastewater samples and 62.5 µL for surface 

water and outfalls samples. The blank aliquots are handled exactly as the sample aliquots. 

One acid and one base blanks, and one acid and one base OPR are extracted per  

batch of samples. 

Solid Phase Extraction (SPE) tubing is rinsed with methanol, two times; and with  

milli-Q water, four times. SPE cartridges are placed into the stopcocks in a vacuum 

conical flask, and then conditioned with 20 mL milli-Q water, 20 mL methanol, and 20 

mL milli-Q water. It is crucial that the cartridge does not go dry after passing methanol. 

After conditioning the cartridges, the samples are loaded into the cartridges through the 

SPE tubing previously rinsed. Vacuum is applied and adjusted with the stopcock valves to 

create an approximate flow of 5 mL/min. When the entire aliquot of sample has passed 

through, the media bottle is rinsed with 20 mL of milli-Q water and also loaded to the 

cartridge. 

The cartridges are then placed in the vacuum manifold, where vacuum is applied to dry 

the cartridges, to ensure that no water stays on the cartridge. After drying, the cartridges 

are eluted, with different solvents for acid and base, and in two separate test tubes, I and II: 

 Test tube I, acid aliquot: 9 mL methanol 

 Test tube II, acid aliquot: 3 mL methanol + 6 mL 1:1 acetone:methanol 

 Test tube I, base aliquot: 6 mL methanol + 3 mL 2% formic acid in methanol 

 Test tube II, base aliquot: 6 mL 2% formic acid in methanol 
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When the solvents have passed through, vacuum is applied into the manifold to capture 

any remaining solvent, for at least 10 minutes, with careful not to splash solvent out of 

the test tube if the vacuum is too strong. 

After the eluates are collected in the test tubes, these are placed into the evaporator, at a 

maximum temperature of 45 ºC and 12 mbar vacuum. It should take around two hours to 

evaporate the eluates to dryness.  

Then, the samples are reconstituted, adding 1.25 mL of methanol to the corresponding 

test tube I, sonicating for 1 minute, and transferring it to the corresponding test tube II. 

Then, 1.25 mL of milli-Q water are added to test tube I, sonicating for 1 minute, and then 

mixing it with the methanol in test tube II, and sonicating again for 1 minute. Finally, 50 

µL of the injection standard spiking solution is added to the LC vials where the samples 

will be transferred into. These volumes used are for surface water and  

outfalls samples.  

For wastewater samples, 1.5 mL of methanol and 1.5 mL of milli-Q water are used for 

reconstitution, following the same procedure. From the 3 mL final volume, 2 mL are kept 

apart, and the remaining 1 mL is further diluted with 4.5 mL of methanol and 4.5 mL of 

milli-Q water, to a final volume of 10 mL, in order to keep the instrument clean. 

The samples are ready to be run in the LC. Mobile phases are prepared fresh for every 

batch of samples. Two sets of mobile phases are used, 10 mM ammonium acetate in 

HPLC water, A1; and 1:1 acetonitrile:methanol, B (set 1); and 0.3% formic acid and 

0.1% ammonium formate in HPLC water, A2; and 1:1 acetonitrile:methanol, B (set 2). 
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Each sample is injected four times: set 1, positive ionization mode; set 1, negative 

ionization mode; set 2, positive ionization mode; set 2, negative ionization mode. 

Appendix C includes a table with the markers analyzed for each mobile phase and 

ionization mode. 

The volume of injection is 10 μL in each injection, and the analysis time is  

6 minutes for each injection, at a flow rate of 0.3 mL/min. The solvent gradient used in 

each injection is: 0 min (10% B), 1.10 min (15% B), 2.10 min (95% B), 3.10 min  

(100% B), 4.10 min (95% B), 5.10 min (10% B), 6.1 min (10% B) ; where B is the 

mobile phase 1:1 acetonitrile:methanol. The column is maintained at 40 °C. The mass of 

the parent markers, their corresponding daughters, the cone voltage and the collision 

energy for each marker and labeled standard is compiled in the next table. 

TABLE 15: MRMS TRANSITIONS FOR MARKERS AND LABELED STANDARDS, CONE 

VOLTAGES AND COLLISION ENERGIES (CONTINUES IN NEXT PAGE) 

Compound 
Parent 

m/z 

Cone 

Voltage 

Daughter 

1 

Collision 

Energy 

Daughter 

2 

Collision 

Energy 
Mode 

17-Estradiol 271.30 56 145.10 40 183.10 38 ES- 

5-HIAA 190.08 24 143.97 20 115.96 34 ES- 

Acesulfame 162.11 24 81.98 14 77.93 20 ES- 

Acetaminophen 151.87 34 110.00 18 92.80 22 ES+ 

Atenolol 267.24 30 145.04 28 190.11 20 ES+ 

Caffeine 195.09 38 138.01 22 109.99 24 ES+ 

Carbamazepine 237.16 34 179.05 44 165.11 42 ES+ 

Cotinine 177.00 40 79.95 24 97.95 22 ES+ 

Diltiazem 415.34 16 178.08 34 150.04 56 ES+ 

Diphenydramine 256.22 14 162.13 18 152.01 44 ES+ 

Estriol 287.30 50 171.03 35 145.00 40 ES- 

Estrone 269.30 55 145.20 35 - - ES- 

Gemfibrozil 249.42 24 120.99 10 127.05 14 ES- 

Guanylurea 102.96 18 59.97 12 43.04 16 ES+ 

Ibuprofen 205.16 16 161.52 6 - - ES- 

Metformin 130.10 4 60.02 16 70.99 22 ES+ 



105 

 

Compound 
Parent 

m/z 

Cone 

Voltage 

Daughter 

1 

Collision 

Energy 

Daughter 

2 

Collision 

Energy 
Mode 

Naproxen 229.16 10 170.07 16 - - ES- 

Nicotine 163.20 40 117.00 25 130.20 20 ES+ 

Salicylic Acid 137.02 30 64.95 25 93.00 20 ES- 

Sucralose 397.11 30 361.51 12 361.12 10 ES- 

Sulfamethoxazole 254.06 32 155.92 16 92.00 28 ES+ 

Triclocarban 315.13 30 162.38 18 161.93 12 ES- 

Trimethoprim 291.22 40 230.16 32 123.06 32 ES+ 

Urobilin 591.36 54 343.18 38 136.04 62 ES+ 

5-HIAA-d5 192.22 24 145.14 22 117.13 40 ES- 

Acesulfame-d4 166.16 22 86.05 14 77.91 24 ES- 

Atenolol-d7 274.03 18 145.01 30 190.15 20 ES+ 

Carbamazepine-d8 244.80 36 184.92 36 - - ES+ 

Diltiazem-d6 378.97 30 177.94 26 149.94 42 ES+ 

Diphenhydramine-d6 262.26 8 152.01 46 167.13 16 ES+ 

Gemfibrozil-d6 255.35 22 121.03 14 133.03 10 ES- 

Metformin-d6 136.11 8 60.2 18 77.04 22 ES+ 

Salicylic Acid-d6 141.22 26 69.05 24 77.77 26 ES- 

Sucralose-d6 403.18 36 367.12 14 - - ES- 

Sulfamethoxazole-d4 258.16 20 159.93 12 96.02 24 ES+ 

Triclocarban-
13

C 319.16 26 159.90 16 132.02 24 ES- 

Trimethoprim-d3 294.32 18 123.06 32 - - ES+ 
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APPENDIX F: CHEMICAL MARKERS CONCENTRATION 

DETAILED RESULTS 

TABLE 16: POSITIVE CONTROL RESULTS –WWTP I  

Marker 

 

 

Concentration 

Primary (ng/L) 

Concentration 

Secondary (ng/L) 

Acesulfame  9600  4080 

Acetaminophen  967000  < 60 

Atenolol  4760  1200 

Caffeine  90300  < 60 

Carbamazepine  238  499 

Cotinine  2420  928 

Diltiazem  170  173 

Diphenhydramine  4230  1690 

Estradiol  < 150  < 150 

Estriol  < 60  < 60 

Estrone  < 30  140 

Gemfibrozil  4470  1750 

Guanylurea  < 30  1730 

Ibuprofen  84400  3120 

Meprobamate  1800  2080 

Metformin 
 

11200  3210 

Naproxen  75700  2880 

Nicotine  < 300  < 300 

Salicylic Acid  24000  < 150 

Sucralose  149000  53100 

Sulfamethoxazole  10700  2800 

Triclocarban  174  27 
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TABLE 17: POSITIVE CONTROL RESULTS – WWTP I (SECOND SAMPLING) 

Marker 
Concentration 

Primary (ng/L) 

Concentration 

Secondary (ng/L) 

5-HIAA* 116000 < 1000 

Acesulfame* 16400 573000 

Acetaminophen 818000 < 200 

Atenolol* 7230 872 

Caffeine 361000 < 200 

Carbamazepine* 3480 3090 

Cotinine 5590 < 40 

Diltiazem* 2920 381 

Diphenhydramine* 11000 628 

Estradiol < 500 < 500 

Estriol < 500 < 500 

Estrone < 200 < 200 

Gemfibrozil* 9500 2050 

Guanylurea 6140 14200 

Ibuprofen 140000 249 

Meprobamate 2230 3070 

Metformin* 917000 16600 

Naproxen 154000 < 40 

Nicotine 33200 < 40 

Salicylic Acid* 203000 < 200 

Sucralose* 265000 270000 

Sulfamethoxazole* 5000 4000 

Triclocarban* < 40 < 40 

Trimethoprim
*
 3880 1550 

Urobilin 1233000 2380 

 

 

                                                 

*
 Compounds with labeled matching standard 
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TABLE 18: POSITIVE CONTROL RESULTS – WWTP II 

Marker 
Concentration 

Primary (ng/L) 

Concentration 

Secondary (ng/L) 

5-HIAA* 87500 < 1000 

Acesulfame* 70100 50200 

Acetaminophen 790000 < 200 

Atenolol* 7830 1500 

Caffeine 754000 < 200 

Carbamazepine* 6470 2330 

Cotinine 8700 460 

Diltiazem* 1950 280 

Diphenhydramine* 11800 1550 

Estradiol < 500 < 500 

Estriol < 500 < 500 

Estrone < 200 < 200 

Gemfibrozil* 13100 1080 

Guanylurea 5060 17600 

Ibuprofen 134000 790 

Meprobamate 3660 2690 

Metformin* 713000 79600 

Naproxen 128000 221 

Nicotine 43200 < 40 

Salicylic Acid* 277000 < 200 

Sucralose* 219000 158000 

Sulfamethoxazole* 6600 1960 

Triclocarban* < 40 < 40 

Trimethoprim
*
 4080 1400 

Urobilin 2536000 1880 

 

 

                                                 

*
 Compounds with labeled matching standard 
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TABLE 19: POSITIVE CONTROL RESULTS - WWTP III 

Marker 

Concentration 

Primary 

(ng/L) 

Concentration 

Secondary 

(ng/L) 

Concentration 

Final 

(ng/L) 

Concentration 

Composite 

(ng/L) 

Acesulfame 8470 2420 3550 12300 

Acetaminophen 936000 2550 < 60 < 60 

Atenolol 1530 1060 851 784 

Caffeine 23500 3710 < 150 < 150 

Carbamazepine
* 51.0 50.0 82.9 117 

Cotinine 872 1120 < 30 < 30 

Diltiazem 30.0 33.0 28.5 31.2 

Diphenhydramine 339 522 492 512 

Estrone < 30 569 < 30 < 30 

Gemfibrozil 2470 575 627 815 

Guanylurea < 30 < 30 < 30 < 30 

Ibuprofen 89800 1050 1400 3490 

Meprobamate 372 395 405 409 

Metformin 1900 2170 3360 3250 

Naproxen 38800 7070 4450 7810 

Nicotine 1870 < 150 < 150 < 150 

Salicylic Acid 4800 < 60 < 60 < 60 

Sucralose 47700 24400 28900 35800 

Sulfamethoxazole
* 

345 212 131 125 

Triclocarban
* 

39.0 25.0 14.8 19.1 

Trimethoprim 148 136 204 174 

Urobilin 44600 762 < 6 < 6 

 

 

 

 

                                                 

*
 Compound with labeled matching standard 
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TABLE 20: POSITIVE CONTROL RESULTS - WWTP III (SECOND SAMPLING) 

Marker 
Concentration 

Primary (ng/L) 

Concentration 

Secondary (ng/L) 

5-HIAA
*
 3110 ND

†
 

Acesulfame* 15500 317000 

Acetaminophen 652000 < 300 

Atenolol* 4000 7410 

Caffeine 272000 < 300 

Carbamazepine* 1560 2570 

Cotinine 12000 3870 

Diltiazem* 2190 3760 

Diphenhydramine* 8310 11600 

Estradiol ND ND 

Estriol ND ND 

Estrone < 60 1210 

Gemfibrozil* 5340 5120 

Guanylurea < 300 4010 

Ibuprofen 87500 1610 

Meprobamate 1680 1890 

Metformin* 375000 764000 

Naproxen 185000 3680 

Nicotine 27400 < 120 

Salicylic Acid* 4000 < 120 

Sucralose* 10500 19000 

Sulfamethoxazole* 7000 7050 

Triclocarban* 133 147 

Trimethoprim
*
 2990 4810 

Urobilin 317000 7830 

 

                                                 

*
 Compounds with labeled matching standard 

†
 ND: Non Detected 
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TABLE 21: NEGATIVE CONTROL RESULTS - HEADWATERS 

Marker 
Upstream WWTP 

(ng/L) 

Downstream WWTP 

(ng/L) 

5-HIAA
*
 ND

†
 ND 

Acesulfame* 89.3 1030 

Acetaminophen < 12.5 < 12.5 

Atenolol* < 2.5 < 2.5 

Caffeine < 12.5 140 

Carbamazepine* < 2.5 364 

Cotinine < 5 68.7 

Diltiazem* 10.3 223 

Diphenhydramine* < 2.5 115 

Estradiol < 125 < 125 

Estriol < 25 < 25 

Estrone < 2.5 < 2.5 

Gemfibrozil* 4.10 17.2 

Guanylurea < 12.5 9140 

Ibuprofen < 2.5 11.8 

Meprobamate < 2.5 158 

Metformin* < 5 554 

Naproxen < 2.5 13.2 

Nicotine < 5 < 5 

Salicylic Acid* < 5 < 5 

Sucralose* ND 10300 

Sulfamethoxazole* < .625 485 

Triclocarban* < 0.625 26.5 

Trimethoprim* < 0.625 < .625 

Urobilin < 5 36.4 

 

                                                 

*
 Compounds with labeled matching standard 

†
 ND: Non Detected 
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TABLE 22: IN-STREAM SAMPLES RESULTS 

Marker 

Gage 

1473950 

(ng/L) 

Gage 

1473980 

(ng/L) 

WISS 140 

(ng/L) 

Gage 

1474000 

(ng/L) 

WISS 125 

(ng/L) 

5-HIAA
*
 ND

†
 ND ND ND ND 

Acesulfame* 569 411 310 360 218 

Acetaminophen ND ND ND ND ND 

Atenolol* 8.10 4.40 3.00 3.80 2.50 

Caffeine 165 51.2 80.1 169 226 

Carbamazepine* 114 74.1 46.7 63.0 56.3 

Cotinine 16.4 14.4 9.90 14.4 12.2 

Diltiazem* 15.4 8.30 6.90 5.00 4.10 

Diphenhydramine* ND ND ND ND ND 

Estradiol ND ND ND ND ND 

Estriol ND ND ND ND ND 

Estrone ND ND ND ND ND 

Gemfibrozil* 5.80 2.90 2.40 4.60 3.70 

Guanylurea < 5 < 5 < 5 < 5 < 5 

Ibuprofen < 12.5 < 12.5 < 12.5 < 12.5 < 12.5 

Meprobamate 67.4 41.2 23.9 28.2 27.5 

Metformin* 543 432 296 341 345 

Naproxen 11.6 5.50 5.20 3.80 4.50 

Nicotine ND ND ND ND ND 

Salicylic Acid* < 12.5 < 12.5 < 12.5 < 12.5 < 12.5 

Sucralose* 4610 3130 2660 2830 2440 

Sulfamethoxazole* 389 243 199 162 186 

Triclocarban* 3.00 2.00 1.60 1.60 2.00 

Trimethoprim* 4.60 2.10 2.30 1.80 1.90 

Urobilin < 5 < 5 < 5 < 5 < 5  

 

                                                 

*
 Compounds with labeled matching standard 

†
 ND: Non Detected 
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TABLE 23: STORMWATER OUTFALLS RESULTS 

Marker 
MC – 05 

(ng/L) 

MC – 09 

(ng/L) 

MC – 10 

(ng/L) 

WC-01 

(ng/L) 

5-HIAA
*
 796 ND

†
 ND < 125 

Acesulfame* 5920 1030 987 366 

Acetaminophen 3260 ND 33.0 < 12.5 

Atenolol* 91.3 ND < 2.5 < 2.5 

Caffeine 3220 < 25 47.3  ND 

Carbamazepine* 28.4 12.8 15.5 1930 

Cotinine 81.2 < 2.5 8.10  ND 

Diltiazem* 22.0 < 0.625 < 0.625 < 5 

Diphenhydramine* 487 < 12.5 < 12.5 < 125 

Estradiol ND  ND ND ND 

Estriol < 25 < 25 < 25 < 62.5 

Estrone 7.80 < 2.5 < 2.5 < 12.5 

Gemfibrozil* 7.20 < 1.25 < 1.25 < 12.5 

Guanylurea ND ND ND < 12.5 

Ibuprofen 1510 8.90 36.8 34.0 

Meprobamate 762 < 1.25 8.00 < 25 

Metformin* 12000 < 1.25 276 275 

Naproxen 1580 7.40 25.7 < 12.5 

Nicotine 553 ND ND ND  

Salicylic Acid* 2800 < 62.5 < 62.5 < 25 

Sucralose* 4230 499 1180 4640 

Sulfamethoxazole* 283 7.60 8.10 29.0 

Triclocarban* 56.9 2.20 < 0.625 < 5 

Trimethoprim* 107 ND ND < 0.625 

Urobilin 32300 19.7 < 5 109 

 

                                                 

*
 Compounds with labeled matching standard 

†
 ND: Non Detected 


