
 

 

 

Developing a Quantitative Framework to Track the Fate and 

Transport of Estrogens on a Watershed Scale 

 

A Dissertation Presented to 

The Faculty of the School of Engineering and Applied Science 

University of Virginia 

 

In partial fulfillment of the requirements for the degree 

Doctor of Philosophy in Civil Engineering 

 

By 

Xiaomin Zhao 

August 2018



i 

 

 

Acknowledgment 

First and foremost I would like to thank my adorable advisor Dr. Wu-Seng Lung. I deeply 

appreciate his advice and guidance on my research. Without his support or encouragement, I 

wouldnôt be able to complete this dissertation. 

I would also like to express gratitude to my committee members, Dr. Lisa Colosi Peterson, Dr. 

Jonathan L. Goodall, Dr. Matthew A. Reidenbach, and Dr. Sen Bai for their advice and help on 

my graduate study. Each of the committee members has provided me extensive professional 

guidance. I am extremely grateful to Dr. Sen Bai of Tetra Tech, Inc. for his guidance on 

watershed hydrological modeling.  

My completion of this project could not have been accomplished without the support of my dear 

friends. I have acquired a lot of inspiration and encouragement from my friends. Special thanks 

to Kassandra Grimes for her warm help in my English writing.  

Finally, I would like to take this opportunity to express my deepest appreciation to my beloved 

family for their support. Their encouragement and confidence in me have shaped me to be the 

person I am today. 

  



ii  

 

Abstract 

Estrogens are female sex hormones, and the major naturally occurring estrogens are estrone (E1), 

17Ŭ-estradiol (E2Ŭ), 17ɓ-estradiol (E2ɓ), and estriol (E3). Concentrated animal feeding 

operations (CAFOs) and wastewater treatment facilities release a large amount of estrogens into 

surface water. Additionally, livestock manure and biosolids, which are widely used as fertilizers, 

have the potential to spread estrogens onto agricultural land. Estrogens either in surface water or 

on land surface go through prevalent and complex attenuations and transformations due to bio-

transformation, sorption, photo-transformation, and plant uptake. Estrogens on the land surface 

can be transported into surface water through various pathways such as the surface runoff. Once 

estrogens get into surface water, they can impair the normal reproductive functions of aquatic 

animals at low concentrations. Thus, it is quite important to estimate estrogen levels in surface 

water in order to assess and mitigate the potential health risks caused by those estrogens. As a 

modeling framework can help to conduct this analysis, the goal of this study is to develop a 

quantitative modeling framework to simulate levels of the three most prevalent natural estrogens, 

E1, E2Ŭ, and E2ɓ, in rivers. This study first adopted a wash-off model to quantify the transport 

of E1, E2Ŭ, and E2ɓ from land to rivers by surface runoff. This study also developed a 

comprehensive transformation model to quantify the transformation and attenuation of E1, E2Ŭ, 

and E2ɓ. This study then assembled these two mathematical models to develop a quantitative 

modeling framework, which can be implemented by the Hydrological Simulation Program - 

FORTRAN (HSPF), to simulate estrogen levels in rivers. Finally, this modeling framework was 

applied to the South River Watershed in Virginia and the Redwood River Watershed in 

Minnesota to track the fate and transport of estrogens from various sources such as wastewater 
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treatment plants (WWTPs), manure and biosolids used for land application, grazing farm 

animals, and septic systems. For both watersheds, a component analysis was conducted to 

quantify estrogens contributed by each source and a sensitivity analysis was conducted to 

investigate factors that can impact estrogen levels in rivers. The modeling results for both 

watersheds indicate that storm events just after manure land application can transport a large 

amount of estrogens to surface water and elevate estrogen levels. Buffer stripes are suggested in 

this case to reduce the mass of estrogens that are flushed into surface water. The modeling results 

for both watersheds also show that the simulated estrogen levels are sensitive to cattle grazing 

time in streams, and thus fencing off rivers to keep cattle out of the water is recommended to 

reduce the amount of estrogens that are directly released into streams by cattle. Additionally, the 

modeling results for both watersheds show that manure used for land application release a large 

amount of estrogens onto the land surface and the simulated estrogens levels are sensitive to the 

manure application rate, the manure storage before land application is thus encouraged in order 

to reduce the estrogen content in manure. This framework can be applied to watersheds to predict 

the temporal and spatial variation of estrogens in rivers, to quantify estrogens contributed by 

various sources, to investigate the factors that can lead to high estrogen levels, and to determine 

the best management practices (BMPs) of controlling estrogens in surface water.  
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Chapter 1 Introduction  

1.1 Background 

Endocrine disruptors (EDs) or endocrine disrupting chemicals (EDCs) can bind to hormone 

receptors in aquatic organisms and disrupt normal hormone synthesis and metabolism (Birnbaum 

& Fenton, 2003; Bhandari et al., 2015). As a result, research interest in EDs, and estrogens in 

particular, has been increasing in recent years (Hutchinson & Pickford, 2002; Daston et al., 2003; 

Vandenberg et al., 2012). Estrone (E1), 17ɓ-estradiol (E2ɓ), 17Ŭ-estradiol (E2Ŭ), estriol (E3), 

and 17Ŭ-ethinyloestradiol (EE2) are the most prevalent estrogens found in the natural 

environment (De Rudder et al., 2004; Soto et al., 2004; Combalbert et al., 2012; Conley et al., 

2017). The most apparent risk of estrogens is their effect on the reproductive functions of 

mammals, birds, fish, reptiles, amphibians and aquatic invertebrates (Tarrant, 2005; Waring & 

Harris, 2005; Lafont & Mathieu, 2007; Bhandari et al., 2015). Concentrations of E2ɓ as low as 

100 ng/L can cause a change of manifestation of the urogenital papillae in male zebrafish 

gonadal growth (Brion et al., 2004). EE2 concentrations as low as 4.5 ng/L can cause 

estrogenicity of male rainbow trout and promote the production of vitellogenin (VTG) mRNA 

and protein for both male and female fathead minnows, trout, and Japanese medaka (Sumpter & 

Jobling, 1995; Larsson et at., 1999; Kidd et al., 2007; Lei et al., 2013). In addition to fish, EE2 at 

a half-maximal effective concentration (EC50) dose as low as 1.8 ng/L can also cause 

feminization and sex reversal of the males of various amphibian species such as wood frogs 

(Pettersson et al., 2006; Hogan et al, 2008; Berg et al., 2009; Gyllenhammar et al., 2009; 

Tompsett et al., 2013; Bhandari et al., 2015). ɓ-estradiol 17-valerate has been shown to disturb 
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the normal hatching processes of Japanese medaka embryos (Lei et al., 2013). There are 

inconsistencies in the literature as to which estrogens have the greatest ED potencies. For 

example, Nghiem et al., 2004 reports that E1 and E2ɓ have the largest endocrine disrupting 

potency. However, Thorpe et al., 2003, Cao & Connell, 2010, and Bhandari et al., 2015 report 

that EE2 is 10 times more potent than E2ɓ for estrogen receptors (ERs) ESR1 and ESR2 and 

imposes the highest level of health risks. Despite the inconsistencies as to which estrogens are 

most potent, all of the literature agrees on the fact that estrogens in the environment are a threat 

to aquatic health.   

Estrogens exist and travel through the environment via a number of different pathways, as shown 

in Figure 1.1. Livestock such as cattle, pigs, and sheep are generally considered as the major 

sources of estrogens in the environment (Hanselman et al., 2003; Andaluri et al., 2012; Bartelt-

Hunt et al., 2012; Bartelt-Hunt et al., 2013). Livestock excrete estrogens during natural metabolic 

processes and release them into the natural environment mainly through feces and urine (Palme 

et al., 1996; Lange et al., 2002; Ying et al., 2002; Raman et al., 2004; Schoenecker et al., 2004; 

Combalbert et al., 2012; Bai et al., 2015). In the U.K., the estimated average daily excretion of 

E1 and E2ɓ by a dairy cow through feces and urine is 0.306 Õg and 0.140 Õg, respectively 

(Johnson et al., 2006). The dominant natural estrogens excreted by livestock are E2Ŭ, E2ɓ, and 

E1, even though metabolites vary between species (Soto et al., 2004; Lorenzen et al., 2005; Kjær 

et al., 2007; Andaluri et al., 2012; Combalbert et al., 2012; Bartelt-Hunt et al., 2013). Poultry has 

also been shown to excrete E1, E2ɓ, and E3 (Zhang, Shi, Liu, Zhan, Dang & Bo, 2014). The 

annual production of estrogens by cattle, poultry, pigs, and sheep in the U.S is about 45 - 64.9 

tons, 3.44, 0.83 -1.2 tons, and 0.092 ton, respectively (Cromwell et al., 1993; Lange et al., 2002; 

Andaluri et al., 2012). Additionally, steroid hormones such as E2ɓ, E2 benzoate-progesterone, 
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E2 benzoate-testosterone, E2 benzoate- trenbolone acetate (TBA) and E2- TBA are supplied to 

farm animals as growth promotants and have the potential to alter the estrogen excretion amount 

(Biswas et al., 2013). Livestock excretes natural estrogens in both free and conjugated formats 

(Combalbert et al., 2012; Zhang, Shi, Liu, Zhan, Dang & Bo, 2014; Zhang, Shi, Liu, Zhan & 

Chen, 2014; Bai et al., 2015). These conjugated estrogens include estradiol-17-sulfate (E2-17S), 

estradiol-3-sulphate (E2-3S), estrone-3-sulphate (E1-3S), estradiol-3-glucuronide (E2-3G), and 

estrone-3-glucuronide (E1-3G) and can be converted into other conjugated or free estrogens 

through hydrolysis and biotic transformation (Isobe et al., 2003; Combalbert et al., 2012; Bai et 

al., 2015).  

Industrial wastewater and domestic sewage are considered another major source of estrogens into 

the environment (Standley et al., 2008; Johnson et al., 2000; Martinovic-Weigelt et al., 2013; 

Schultz et al., 2013). For example, manmade drugs such as oral contraceptives that contain 

synthetic estrogens such as EE2 are ingested by humans, excreted, and wind up in sewage 

treatment plants (STPs) and wastewater treatment plants (WWTPs) and eventually downstream 

(Crawford et al., 1990; Lai et al., 2000; Rosenfeldt & Linden, 2004). In addition to STPs and 

WWTPs, feedlot effluents have the potential to contribute and transport estrogens into water 

(Soto et al., 2004; Matthiessen et al., 2006; Kjær et al., 2007; Gall et al., 2011; Andaluri et al., 

2012).  
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Figure 1.1 The primary pathways for the occurrence, fate, and transport of estrogens in the 

natural environment. 
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Estrogens are frequently detected in natural water bodies including rivers, estuaries, ponds, lakes, 

coastal oceans and groundwater across the world (Wicks et al., 2004; Mansell & Drewes, 2004; 

Zuo et al., 2006; Standley et al., 2008; Singh et al., 2010; Aris et al., 2014; Griffith et al., 2016). 

Estrogens can enter groundwater sources via improperly managed septic systems or manure 

storage systems (Fine et al., 2003; Swartz et al., 2006). Estrogens in surface water primarily 

originate in domestic wastewater and feedlot effluents (Baronti et al., 2000; Jafari et al., 2009; 

Song et al., 2009; Bartelt-Hunt et al., 2012). Surface waters in China have been observed to 

contain some estrogens of high concentrations (Peng et al., 2008; Lei et al., 2009; Wang et al., 

2012; Yan et al., 2012; Zhang et al., 2012). For example, estrogen concentrations as high as 4100 

ng/L have been measured in WWTP effluents in Beijing, China (Zhou, Zha, Xu, et al., 2012; 

Zhou, Zha & Wang, 2012). Comparatively, the maximum concentrations of E1, E2ɓ, E2Ŭ, and 

E3 measured in cattle feedlot runoff for a study in Nebraska, USA, were 720 ng/L, 540 - 1250 

ng/L, 1100-1360 ng/L, and 1050-2600 ng/L, respectively (Bartelt-Hunt et al., 2012). Conversely, 

estrogen concentrations in rivers are usually less than 10 ng/L due to dilution and attenuation 

processes (Colucci & Topp, 2002; Lee & Liu., 2002; Lucas & Jones, 2006; Cao & Connell, 

2010; Dodgen et al., 2017). 

Estrogens are also frequently detected in sludge from WWTPs (Mina et al., 2018). In the U.S., 

total detected estrogen concentrations have been reported up to 943 ng/g of dry solids from an 

activated sludge municipal WWTP (Andaluri et al., 2012). The estrogen concentrations 

measured in primary sludge are usually less than those in secondary and digested sludge (Muller 

et al., 2010; Martín et al., 2012). For example, in four WWTPs in Spain, the highest 

concentration of E2ɓ in digested, secondary and primary sludge were 836 ng/g-dry weight (DW), 

38 ng/g-DW and 25.4 ng/g-DW, respectively, and the highest concentration of E3 in digested, 
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secondary and primary sludge were 35.2 ng/g-DW, 23.4 ng/g-DW and 12.3 ng/g-DW, 

respectively (Martín et al., 2012). Concentrations of E1, E2ɓ, E3 and EE2 in sludge from two 

STPs in Paris were detected at 5 ± 2 to 43 ± 10 ng/g-DW, 3 ± 1to 10 ± 8 ng/g-DW, 2 ± 2 ng/g-

DW, and less than 3 to 5 ± 6 ng/g-DW, respectively (Muller et al., 2010). The highest 

concentration of E1, E2ɓ, E3 and EE2 detected in sludge from six STPs in China were 13.4 ng/g-

DW, 12.3 ng/g-DW, 1.5 ng/g-DW and 5.4 ng/g-DW, respectively (Huang et al., 2014).   

Estrogens also exist widely in surface water sediments. A study measuring estrogen 

concentrations in sediments from 3 rivers in Tianjin, China found that the concentrations of E1, 

E2ɓ, E3, and EE2 ranged from 0.98 to 21.6 ng/g-DW, below detection limit to 9.70 ng/g-DW, 

below detection limit to 7.29 ng/g-DW, and below detection limit to 9.26 ng/g-DW, respectively 

(Lei et al., 2009). The highest detected concentrations of E1, E2ɓ, and EE2 in water sediments 

from Xiamen Bay, China were 7.38 ng/g, 2.35 ng/g, and 2.18 ng/g, respectively (Zhang et al., 

2009). The highest detected concentrations of E1, E2ɓ, E3, and EE2 in Dianchi Lake sediments 

were 13.2 ± 3.8 ng/g-W, 5.5 ± 2.3 ng/g-DW, 2.6 ± 2.5 ng/g-DW, and 2.5 ± 2.3 ng/g-DW, 

respectively (Huang et al., 2013). 

Overall, the presence of estrogens in detectable concentrations in the environment and the variety 

of risks associated with them underscores the need for appropriate ways to best manage the 

release of estrogenic compounds. 

1.2 Motivation and Objectives 

In order to minimize the potential risks caused by estrogens to aquatic animals, it is quite 

important to assess variation patterns of estrogens in the surface water in order to mitigate the 
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potential health risks caused by those estrogens in aquatic environments and determine the best 

management practices (BMPs) for estrogen. Even though several studies tried to explore the 

distribution patterns of estrogens, they all have some limitations. On-site measurement studies 

usually cannot obtain enough data points to draw a whole picture for estrogen distribution 

characteristics (Conley et al., 2017). Most measurements of estrogens are conducted in the 

influents and effluents of WWTPs, as well as the surface runoff from the agricultural land, which 

are not the living environments of aquatic animals (Atkinson et al., 2012; Gall et al., 2014; Gall 

et al., 2015). Most measurements of estrogens in the living environments of aquatic animals such 

as rivers and streams are sporadic, making it difficult to quantify the spatial and temporal 

variations of estrogens (Soto et al., 2004; Bradley et al., 2009). In addition, the estrogen levels in 

surface waters are usually quite low, or even below the detection limits, and are thus hard to be 

accurately measured (Bradley et al., 2009). 

Modeling work can effectively help to understand the variation of estrogens in the natural water 

bodies at low costs. However, most of such studies did not work on multiple estrogens due to the 

complex interconversion and transformation of estrogens (Johnson, 2010). E1 usually works as 

an intermediate of E2Ŭ and E2ɓ attenuation (Colucci & Topp, 2002; Steiner et al., 2010). Zheng 

et al., 2012 also observed reversible conversions between E2Ŭ and E1, and between E2ɓ and E1. 

Additionally, E2ɓ is identified as a degradation product of E2Ŭ (Lee & Liu, 2002; Robinson et 

al., 2017). Those processes make the pattern of estrogen levels in streams really complicated. For 

example, one on-site study conducted in Minnesota tried to measure the attenuation rates of E1 

and E2ɓ in Redwood River. However, they observed an increase rather than a decrease of E1 

levels, which is caused by the conversion of E2ɓ into E1 (Writer et al., 2011). Thus more studies 

are still needed to address these issues.  
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Taking the issues listed above, a study to investigate both the spatial and temporal estrogen 

distributions integrating their excretion, transport, interconversion, and attenuation processes is 

thus necessary for a better understanding of estrogens. The goal of this study is to develop a 

quantitative framework to simulate estrogen levels in rivers on a watershed scale integrating 

these excretion, transport, interconversion, and attenuation processes. This framework is aimed 

at tracking the fate and transport of estrogens from various sources such as human actives, 

agricultural activities and other possible sources. This framework can be used to characterize the 

temporal and spatial variation of estrogens in streams, to explore the impacts of the 

interconversions on their levels in waters, and to investigate the factors that can lead to high 

estrogen levels and cause potential health risks to aquatic animals.  

1.3 Outline of the Dissertation 

The research presented here explains the rationale and methodology of developing a complete 

model framework to track the fate and transport of estrogens. This dissertation consists of eight 

chapters. Chapter 1 introduces the hazardous, generation and occurrence of estrogens in surface 

water and states the motivation and objectives. Chapter 2 reviews the literature related to 

attenuation and transport of estrogens. Chapter 3 presents the mathematical model to track the 

attenuation and transformation of estrogens in the natural environment. Chapter 4 presents the 

mathematical model to track the transport of estrogens from land to surface water by surface 

runoff. Chapter 5 presents the development of the model framework to track the fate and 

transport of estrogens on a water scale integrating their generation, attenuation/transformation, 

and transport using Hydrological Simulation Program ï FORTRAN (HSPF) program. Chapter 6 

provides an application of the model framework to a single estrogen, E2ɓ, in the South River 
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Watershed, Virginia. Chapter 7 provides an application of an application of the model 

framework to multiple estrogens, E1, E2Ŭ, and E2ɓ, in the Redwood River Watershed, 

Minnesota. Chapter 8 discusses the conclusions and recommendations for future research.  
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Chapter 2 Literature Review 

2.1 Attenuation and Transformation Process 

2.1.1 Adsorption  

Estrogens can quickly sorb to soil and the apparent sorption equilibrium is observed to reach 

within a few hours (Lee et al., 2003). Estrogen sorption behaviors are determined by both their 

physicochemical properties and the soil or sorbent type (Ying et al., 2002; Casey et al., 2003; 

D'Alessio et al., 2014). In soils, estrogen adsorption rates increase with higher moisture content 

and temperature (Colucci et al., 2001). Additionally, estrogens typically have both low water 

solubilities and low Kow values, meaning that they are hydrophobic and have a high potential to 

bind to sediments in water (Nghiem et al., 2004). Yu et al., 2004 and Brett et al., 2014 observed 

that 80 - 90% of E1 and EE2 can be adsorbed to suspended solids within one day and reach a 

steady-state within ten days. In addition to solid particles, estrogens can also be adsorbed to 

humic acids (HAs) in water (Chowdhury et al., 2011). Guo et al., 2018 also observed that the 

sorption of EE2 onto sediments is affected by rhamnolipidic biosurfactants. The presence of 

saline compounds such as NaCl induces flocculation and aggregation, which can promote 

sorption processes (Lai et al., 2000; De Mes et al., 2005). Estrogen sorption capacity is also 

positively related to total organic carbon (TOC) content as the sorption occurs through hydrogen 

bonding reactions between organic carbon and estrogen compounds (Lai, et al., 2000; Nghiem et 

al., 2004; D'Alessio et al., 2014).  

The Freundlich sorption isotherm (Equation 2.1) is commonly used to describe the adsorption of 

estrogens to soils and sediments (Casey et al., 2005; Bai et al., 2015): 
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3 ὑὅ            (2.1) 

where Ce and Se are aqueous and solid concentrations at equilibrium, respectively, N is a 

dimensionless constant, and Kf is the Freundlichôs constant. When N = 1, the sorption is a linear 

process, and Kf equals Kd, which is the partition coefficient; when N > 1, the sorption is a non-

linear process; and when N < 1, the sorption process is limited (Lai et al., 2000; Bai et al., 2015). 

Many studies observed that the sorption of estrogens follows a non-linear pattern (Lai et al., 

2000; Casey et a., 2003; Yu et al., 2004). However, some studies have found the linear model to 

accurately describe the estrogen sorption process (Casey et al., 2003; Casey et al., 2005). 

Typically, a larger octanol-water partition coefficient (Kow) and a larger Kf indicate more 

significant sorption to particles. Casey et al., 2005 and Andaluri et al., 2012 observed log Kow 

ranges for E2Ŭ, E2ɓ, and E1 of 3.4-4.0, 2.59-3.29, 2.82-3.32, respectively and a log Kow for  17Ŭ-

dihydroeuilin of about 6.21. The similar log Kow-values indicate that E1 and E2ɓ have similar 

water solubility and therefore, similar parameter values for sorption (Jürgens et al., 2002).   

2.1.2 Biotransformation 

Estrogens can be chemically degraded or transformed via microbial interactions in a process 

known as biotransformation in both soils and water (Colucci et al., 2001; Mashtare et al., 2013). 

Historically, estrogens have often been observed to biotransform rapidly without an observed lag 

phase, even at very low concentrations (Colucci & Topp, 2002; Lee et al., 2003). Estrogens can 

be biotransformed by microbes under aerobic, anoxic, and anaerobic conditions in both soils and 

water (Colucci et al., 2001; De Mes et al., 2005; Mashtare et al., 2013). Usually, estrogen 

biotransformation rates and efficiencies under aerobic conditions are usually much higher than 
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those under anaerobic conditions (Lee & Liu., 2002; De Mes et al., 2005; Carr et al., 2011; 

Robinson et al., 2016). In the natural environment, aerobic biotransformation of estrogens is 

usually much greater than anaerobic biotransformation (Bradley et al., 2009). In addition to 

oxygen availability, biotransformation rates are also affected by estrogen properties, the initial 

estrogen concentration, temperature, moisture content, and biological activity in a particular 

environment (Zheng et al., 2012; Stadler & Love, 2016). The biological activity, which is 

assessed via biomass concentration and organic matter measurements, is the most important 

factor affecting the biotransformation rate (Lee & Liu., 2002; Xuan et al., 2008; Robinson et al., 

2016). Zheng et al., 2012 observed the largest estrogen decay rate to occur at 35°C, at which 

temperature the biological activity was the greatest. The biotransformation rate also increases 

with higher moisture content (Xuan et al., 2008). At present, most studies on biotransformation 

of estrogens focus on WWTP processes. In a WWTP in Japan, Ermawati et al., 2007 reported 

that anaerobic biological treatment removed 80% of hormones while aerobic biological treatment 

removed up to 95% of hormones from the wastewater. The actual biotransformation rates and 

efficiencies in natural water are assumed to be lower than those measured in WWTPs due to 

lower microbial densities. It is also worth noting that biotransformation in sediments occurs 

mainly via combined biotransformation and sorption processes since the microbes that 

biotransform the estrogens also grow and attach to sediment surfaces (Bradley et al., 2009; 

Robinson et al., 2016).  

Elucidation of the pathways for estrogen biotransformation reveals that many estrogen 

compounds are readily interconverted into other estrogenic compounds. Colucci & Topp, 2002 

and Lee & Liu., 2002 investigated the biotransformation pathways of free estrogens and 

determined that E1 is an intermediate of E2ɓ biotransformation. They observed that 
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microorganisms first convert E2ɓ into E1 and then further degrade E1 into CO2 or other polar 

compounds (Fan et al., 2007; D'Alessio et al., 2014; Huang et al., 2016). E1-3S, E3, 16Ŭ-

hydroxyE1, 2-methoxyestradiol, 2-methoxyE1 and a lactone are also identified as 

biotransformation products of E2ɓ (Goeppert et al, 2014). E3 is also identified as a 

biotransformation metabolite of E1 and E2Ŭ (Xuan et al., 2008; Li et al., 2013). However, these 

metabolites are unstable and can be further degraded by microorganisms (Lee & Liu., 2002). As 

a result of the frequent conversion of E2ɓ to E1 during biotransformation, E2ɓ typically exhibits 

higher biotransformation rates than E1 under the same conditions (Jürgens et al., 2002; Casey et 

al., 2005; Zheng et al., 2012). Under anaerobic conditions, E1, E2ɓ, and E2Ŭ have also been 

observed to biotransform into one another (Mansell et al., 2011; Zheng et al., 2012). Under both 

aerobic and anaerobic conditions, Robinson et al., 2016 observed that E2Ŭ can be biotransformed 

into E1, E2ɓ, and E3. Overall, pathways for estrogen biotransformation are complex due to the 

various intermediates and final products that depend on many factors. 

Some studies have also elucidated the mechanisms for some estrogen biotransformations. Lee & 

Liu., 2002 reported that E2ɓ biotransformation by sewage bacteria appeared to initiate at the 

hydroxy group at C-17 (ring D) of the molecule while Bradley et al., 2009 and Yu et al., 2013 

observed that biotransformation of estrogens involves cleavage of the moleculeôs A-ring. Yu et 

al., 2013 proposed four microbial degradation pathways for E2ɓ: 1) hydroxylation of the A-ring 

at C-4; 2) hydroxylation of the saturated ring; 3) dehydration of D-ring at C-17; and 4) 

dehydrogenation of D-ring at C-17. Likewise, Yu et al., 2013 also proposed five microbial 

degradation pathways for EE2: 1) A-ring C-2 hydroxylation; 2) A-ring 3-OH conversion to 3-

keto; 3) B-ring C-6 hydroxylation; 4) D-ring C-17 conversion to keto; and 5) conjugation of 

EE2. 
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In addition to free estrogens, biotransformation also involves conjugated estrogens, which are 

estrogen that conjugated with glucuronide and/or sulfate groups, are converted into other 

conjugated or free estrogens through hydrolysis and biotic transformations (Combalbert et al., 

2012; Bai et al., 2015). Bai et al., 2013 observed that E2-17S can be hydrolyzed into mono-E2-

17S (OH-E2-17S) and di-hydroxy E2-17S (diOH-E2- 17S). In agricultural soils in New Zealand, 

Scherr et al., 2008 and Scherr et al., 2009 observed that E2-3S is first converted into E2ɓ and E1-

3S and then converted into E1 with the catalysis of arylsulphatase. Similarly, E2-3G is first 

converted into E1-3G and then converted into E1 and E2ɓ. D'ascenzo et al., 2003 assessed 

biotransformation of conjugated estrogens in Italy and concluded that the deconjugation process 

is prevalent in sewage transport. Generally, the deconjugation rate is affected by the initial 

conjugated estrogen concentration and the conjugate moiety and sulfate conjugated estrogens are 

more resistant than glucuronide ones (Gomes et al., 2009; Bai et al., 2013). As a primarily biotic 

process, the deconjugation rate is also affected by temperature with the highest deconjugation 

rate observed at about 35°C (Scherr et al., 2008; Scherr et al., 2009; Zheng et al., 2013). In 

addition to the transformation of conjugated estrogens into free estrogens, free estrogens are also 

converted into conjugated formats (Shrestha et al., 2012). Goeppert et al., 2015 first proposed 

that microbes can convert E2ɓ into E1 followed by E1 into E1-3S and later verified the assertion 

(Goeppert et al., 2017). In general, conjugated estrogens are more recalcitrant to biodegradation 

than free estrogens (Goeppert et al., 2015; Ben et al., 2017). Figure 2.1 summarizes some of the 

observed pathways for estrogen biotransformation reported in the literature. 
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Figure 2.1 Observed pathways for estrogen biotransformation as reported in previous studies. 

Fungi have also been shown to effectively biotransform estrogenic compounds. For example, 

Cajthaml et al., 2009 determined eight ligninolytic fungal strains including Irpex lacteus 617/93, 

Bjerkandera adusta 606/93, Phanerochaete chrysosporium ME 446, Phanerochaete magnoliae 

CCBAS 134/I, Pleurotus ostreatus 3004 CCBAS 278, Trametes versicolor 167/93, Pycnoporus 

cinnabarinus CCBAS 595, and Dichomitus squalens CCBAS 750 can effectively degrade EE2. 

Blánquez & Guieysse, 2008 also observed Trametes versicolor to be effective in removing E2ɓ 

and EE2. The enzymes contained in fungi may play an important role in the estrogen 

biotransformation process, as they can reduce their estrogenic potencies. For example, Suzuki et 

al., 2003 and Tamagawa et al., 2006 found ligninolytic enzymes from white rot fungi to be 

effective in removing the estrogenic potencies of E1, E2ɓ, and EE2. 
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2.1.3 Photo-transformation 

Photo-transformation processes, whereby a compound is transformed via a direct or indirect 

transfer of light energy, can also play an important role in estrogen removal in sunlit 

environments (Lin et al., 2005; Qu et al., 2012; Chen et al., 2013). Direct photo-transformation 

occurs when photons of a specific energy are absorbed by a compound and its impact depends on 

both the light absorption rate and the reaction quantum yield of the excited state of the compound 

(Whidbey et al, 2012). Indirect photo-transformation occurs when free radicals are produced 

from photosensitizers such as natural organic substances and mediate the photo-transformation 

reactions (Chowdhury et al., 2010). Indirect photo-transformation is generally thought to play a 

more important role than direct photo-transformation in estrogen degradation (Caupos et al., 

2011; Writer et al., 2011). For example, Caupos et al., 2011 observed 60% removal of E1 via 

indirect photo-transformation. Conversely, Chowdhury et al., 2010 observed 67% removal of E1 

via direct photo-transformation, which indicates that direct photo-transformation was more 

important than indirect photo-transformation for degradation of E1. Photo-transformation of 

estrogenic compounds is dependent on the available wavelengths of light energy and their 

specific light absorbances at those wavelengths.  

The potential pathways of photo-transformation of estrogens have also been investigated.  

Whidbey et al., 2012 observed that E1, E2ɓ, and EE2 generate inactive products of the phenol 

moiety through indirect photo-transformation and E2ɓ and EE2 also generate inactive 

compounds through direct photo-transformation. Conversely, Whidbey et al, 2012 observed the 

generation of other estrogenically potent compounds during direct photo-transformation of E1, 

which were primarily identified as lumiE1. Leech et al., 2009 postulates that indirect photo-
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transformation of E2ɓ is caused by reactive oxygen species (ROS) formed by photo-

transformation with dissolved organic carbon (DOC) (Leech et al., 2009; Caupos et al., 2011): 

E2ɓ + O2 + hv Ÿ Products + ROS 

ROS + E2ɓ Ÿ Products 

Photo-transformation of estrogens generates photo-products that are related to the hydroxylation 

of estrogens (Mazellier et al., 2008; Puma et al. 2010; Caupos et al., 2011; Chen et al., 2013). 

Mazellier et al., 2008 observed more than nine primary and secondary products of photo-

transformation of E2ɓ and EE2, which correspond with hydroxylated phenolic- or quinone-type 

compounds. Caupos et al., 2011 identified one direct photo-transformation product of E1 and 

four other DOC photo-induced (indirect) transformation products. They identified the major 

degradation product of E1 as an isomer of E1. During their observed photo-transformation of E1, 

the steroid moiety changed, but the aromatic moiety remained intact. In a study of photo-

transformation of E2ɓ, Chowdhury et al., 2011 inferred that the aliphatic rings of the compound 

were resistant to degradation while the aromatic ring was easily broken. Figure 2.2 presents some 

of the pertinent photo-transformation metabolites of estrogens.  
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Figure 2.2 The major identified metabolites of estrogen photo-transformation reported in the 

literature. 

Estrogen photo-transformation is also impacted by the presence of other chemical compounds in 

a system. For example, dissolved organic carbon, Fe3+, TiO2, H2O2, and HA can greatly enhance 

estrogen photo-transformation rates and efficiencies by generating OH·, a ROC that reacts with 

estrogens (Rosenfeldt & Linden, 2004; Feng et al., 2005; Leech et al., 2009; Chowdhury et al., 
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2010; Puma et al., 2010; Chowdhury et al., 2011). However, Chowdhury et al., 2011 observed 

inhibition of E2ɓ photo-transformation at HA concentrations higher than 8 mg/L. Feng et al., 

2005 hypothesized a photo-transformation pathway for E1 due to OH radicals: first, reactions 

between OH radicals and E1 are initiated at the aromatic ring; second, the ring is cleaved off; and 

third, the organic molecule is mineralized.  

Estrogen photo-transformation rates are also largely dependent on physical experimental 

conditions. The photo-transformation rate typically decreases when the initial concentration of an 

estrogen is high (Chowdhury et al., 2010; Chowdhury et al, 2011; Chen et al., 2013). Estrogen 

photo-transformation rates are also affected by pH and are typically greatest at a pH of 7 (Leech 

et al., 2009; Chowdhury et al., 2010; Chowdhury et al., 2011). The photo-transformation rate of 

E2ɓ in alkaline conditions is slower than that in acidic conditions, while the rates of E1 and E3 in 

acidic conditions are slower than those in alkaline conditions (Chowdhury et al., 2010; 

Chowdhury et al., 2011; Chen et al., 2013).  Light intensity is another factor impacting both 

photo-transformation rate and efficiency (Leech et al., 2009). Chowdhury et al., 2010 and 

Chowdhury et al., 2011 observed that the photo-transformation rate is proportional to light 

intensity for E1 and proportional to the square root of light intensity for E2ɓ. The turbidity of 

water, which affects the light penetration, can also affect the photo-transformation rate of 

estrogens (Chowdhury et al., 2011). Maximum estrogen photo-transformation is greatest under 

full sunlight with UV-B (290-320 nm) typically occurs at the water surface and decreases with 

depth (Leech et al., 2009). Indirect photo-transformation via ROS generated by UV-A (320ï400 

nm) and visible light (400ï720 nm) predominates in deep water (Leech et al., 2009). Puma et al., 

2010 observed more rapid degradation of E1, E2ɓ, EE2, and E3 via UVC (100ï280 nm) 

wavelengths than UVA (315ï400 nm) wavelengths.  
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2.2.4 Vegetation Uptake 

 

Figure 2.3 Vegetation uptake of estrogens. 

Estrogens released into soils and streams can be assimilated by vegetation. Currently, there are 

few studies focusing on vegetation uptake of estrogens. Sabourin et al., 2012 performed an 

assessment in Canada on the vegetative uptake of estrogens and did not find detectable estrogen 

concentrations in sweet corn, carrots, tomatoes or potatoes. However, the accumulated estrogens 

may still be present at concentrations that are below the detection limit. Card et al., 2012 

observed that E1 and E2ɓ can be effectively transported to root tissues of maize seedlings from 
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autoclaved hydroponic solutions originally containing 2ÕM E1 or E2ɓ. They detected both E1 

and E2ɓ in root tissues, but E2ɓ was only detected in shoot tissues, indicating that the plant 

enzymes can promote estrogen transformation. They also reported half-lives for E1 and E2ɓ of 

1.44 days and 1.26 days via maize seedlings uptake, respectively. Bircher et al., 2015 found that 

poplars can rapidly absorb E2ɓ and EE2 from aqueous solutions and transform them into E1 and 

E3. Imai et al., 2007 reported that in Japan, portulaca oleracea can effectively remove E2ɓ and 

other phenolic estrogenic compounds from water. They indicated that the removal ability of 

portulaca was unaffected by E2ɓ concentrations below 250 ÕM, sunlight, temperatures ranging 

from 15°C to 30°C, or pH ranging from 4 to 7 (Imai et al., 2007).  In summary, estrogens are 

first absorbed by the roots through passive and active transport processes and travel upward to 

the shoots and other parts of the plant, as depicted in Figure 2.3 (Collins et al., 2006; Adeel et al., 

2017). Some of the organic compounds assimilated by vegetation can be further degraded by 

plant metabolisms, but others are photo-transformed on the surface of leaves (Collins et al., 

2006).  

2.2 Transport of Estrogens from Land to Surface Water 

Widespread manure and biosolids land application processes allow the estrogens present in 

manure to contaminant soils (Lorenzen et al., 2004; Khanal et al., 2006; Shargil et al., 2015). 

About 50% of estrogens are sorbed in the top 10 cm of soils and can persist for at least 4 months 

following land application (Sangsupan et al., 2006; Langdon et al., 2014). Following land 

application, estrogens can then be transported into nearby water bodies during hydrological 

events and through advection (Manshell et al., 2011; Chambers et al., 2014). Surface runoff 

during rainfalls is a major mechanism in the transport of estrogens from land to water. The 
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highest estrogen concentrations are usually detected during the first storm event following an 

animal manure land application (Shore, 2009; Gall et al., 2011). Subsurface tile drains installed 

in agricultural land where manure is applied receive particularly high loads of estrogens during 

storm events (Kjær et al., 2007; Gall et al., 2014). In addition to surface runoff, irrigation can 

promote the transport of estrogens from soils to water (DuránïÁlvarez et al., 2014). Preferential 

flow and pronounced macropore flow are also important mechanisms in the transport of 

estrogens from soils to aquatic environments (Sangsupan et al., 2006; Kjær et al., 2007). 

Additionally, feedlot runoff can also directly deliver estrogens in farm animal wastes into 

streams and rivers (Soto et al., 2004; Mansell et al., 2011). Estrogens can also filter through soils 

and enter groundwater (Khanal et al., 2006). D'Alessio et al., 2014 observed rapid transport of 

estrogens in soils with large particles, limited fines contents, and low total organic carbon (TOC) 

contents. The transport rate of estrogens is also affected by vegetation cover and tillage (Jenkins 

et al., 2008; Dutta et al., 2010). However, the effects of these factors on the transport behaviors 

of estrogens are unclear.  

2.3 Modeling Estrogen Attenuation 

Models can be used to describe and predict the attenuation of estrogens in the environment. 

Casey et al., 2005, Goeppert et al., 2014, and Bai et al., 2015 have found that the attenuation of 

estrogens resulting from individual processes can be described as a pseudo-first-order kinetic 

model as below: 

Ὧὅ           (2.2) 

and 
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Ὧ Ὧ  Ὧ  Ὧ  Ὧ  Ὧ       (2.3) 

where C0 is the initial concentration (ng/L), k is the lumped first-order sorption rate, ksorp, kbio, 

kupt, kdirect, kindirect are the first-order decay rates via sorption, biotransformation, plant uptake, 

direct photo-transformation, and indirect photo-transformation, respectively (day-1), C is estrogen 

concentrations (ng/L), and t is time (day).  

Although the pseudo-first-order kinetics model can closely simulate the attenuation process of 

estrogens at low concentrations, it is not accurate to describe the complex attenuation of 

estrogens that includes the interconversion processes between estrogenic compounds. Colucci & 

Topp, 2002 and Steiner et al., 2010 further modified the pseudo-first-order kinetic model by 

assuming that E1 is a major intermediate of E2ɓ degradation and that the conversion of E2ɓ to 

E1 is irreversible. Therefore, the concentration of E1 at a certain time is determined by both the 

E2ɓ ɓtransformation rate and the E1 attenuation rate, as shown in Equation 2.4: 

ὨὅὉρ
Ὠὸ

ὯὉρὅὉρ ὯὉςὅὉς         (2.4) 

where kE1 is the first-order attenuation rate of E1 (day-1), kE2 is the first-order attenuation 

(conversion) rate of E2ɓ (day-1), and CE1 and CE2 are concentrations of E1 and E2ɓ, respectively. 

Although this model includes the conversion of E2ɓ to E1 during the attenuation process, it has 

several limitations. First, this model assumes that all of the E2ɓ degrades into E1 before further 

degradation. Second, it assumes that the conversion of E2ɓ to E1 is irreversible and does not 

consider the conversion process of E1 to E2ɓ. Third, this model does not include E2Ŭ. To 

address these issues, Zheng et al. 2012 further developed the attenuation model of estrogens to 

describe the reversible conversion process among E2Ŭ, E2ɓ, and E1 as follows: 
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Ὧ ȟ ὅ Ὧ ȟ ὅ         (2.5) 

Ὧ ȟ ὅ Ὧ ȟ ὅ         (2.6) 

Ὧ ȟ ὅ Ὧ ȟ ὅ Ὧ ȟ ὅ Ὧ ȟ ὅ     (2.7) 

where CE2Ŭ, CE2ɓ, and CE1 are the initial concentration or mass of E2Ŭ, E2ɓ (Õg), respectively, 

kE2Ŭ,E1 is the transformation rate of E2Ŭ to E1(day-1), kE2ɓ,E1 is the transformation rate of E2ɓ to 

E1 (day-1), kE1,E2Ŭ is the transformation rate of E1 to E2Ŭ (day-1), kE1,E2ɓ is the transformation rate 

of E1 to E2ɓ (day-1), and t is time (days). Compared to Colucci & Toppôs model, Zhengôs model 

includes more estrogen categories and describes more complex attenuation processes. However, 

it also has limitations. As shown in Figure 2.2, the estrogen transformation and interconversion 

processes are more complex than those described by Zhengôs model. Zhengôs model fails to 

include the degradation processes other than the interconversion between E1, E2Ŭ, and E2ɓ. 

Therefore, the model results in a constant total mass of E1, E2Ŭ, and E2ɓ, but the measured data 

shows a decrease in the total mass of the three estrogens due to attenuation and conversion into 

other compounds (Zheng et al. 2012). Despite these limitations, Zhengôs model provides the 

methodology for further model development by including the interconversion processes for a 

greater number of estrogens than previously described. However, a further mathematical model 

is still needed to address the complex transformation of estrogens.  
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2.4 Modeling Estrogen Transport from Land to Surface Water 

Estrogen transport in the environment can also be described via modeling. Jones et al., 2014a 

derived a one-dimensional diffusion model to estimate the mass of the metabolite trenbolone 

acetate (TBA) leaching from manure due to irrigation: 

ὒὸ Ⱦ•ὅὸȾ          (2.8) 

where L(t) is the area-normalized mass leached (ng/cm2), Cw is the aqueous equilibrium 

concentration (ng/cm3) in manure, D is the steroid diffusivity (cm2/s), f is the dissolved fraction 

of TBA metabolites (unitless), ű is the porosity (unitless), and t is the exposure contact time (s). 

Jones et al., 2014b then further modified this model to estimate the TBA concentration in 

irrigation runoff: 

ὅ ὃὓὛὠ
Ⱦ

•ὅ ὸȾ        (2.9) 

where Cr is irrigation runoff concentration of TBA (ng/L), A is the interfacial manure/water 

surface area (cm2/kg- DW), M is the manure mass excreted onto the land surface (kg-DW/AU), S 

is the stocking density (AU/ha), V is the applied irrigation volume (L/ha), Cm is the total mass of 

17Ŭ-TBOH in manure (ng/g-DW), t is the total manure/water contact time (s), and KD is the 

manure/water equilibrium partitioning coefficient (cm3/g). Although these two models were 

developed for TBAs, they can be adapted for estrogens since TBAs and estrogens are chemically 

similar. However, those models are complicated and involve multiple parameters. Thus those 

modeling can be hardly applied to large-scale watersheds.   
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Lee et al., 2015 developed a model to describe a more complex transport mechanism. This model 

assumes that the estrogens are classified into adsorbed and dissolved estrogens. The adsorbed 

and dissolved estrogen masses can be calculated by the Freundlich sorption isotherm, as shown 

in Equation 2.1 (Bai et al., 2015). The dissolved estrogens are transported through surface runoff, 

percolate through, and become available in soil water. The dissolved estrogens mass can be 

calculated using the equation below (Lee et al., 2015): 

ὓ ὅ           (2.10) 

where Mw is the dissolved estrogen mass transported from land to water, P is the rainfall depth 

(mm), and Q is the discharge in units of mm. The adsorbed estrogens are transported via soil 

transport and can be calculated using the equation below (Lee et al., 2015): 

ὓ
Ȣ
ὠή ȢὑὒὅὛὛ”Ⱦρππ        (2.11) 

Where Ms is the adsorbed estrogen mass transported from land to water, K, LS, C, and Sp are the 

standard soil erodibility, topographic, cover, and supporting practice factors, respectively, A is 

the field area (ha), Vt is the runoff volume (m2), qt is the peak runoff (m2/s), and ɟ is the soil bulk 

density (g/cm). This considers the sorption of estrogens and assumes that the adsorption is 

occurring at a steady state. However, those models are also complicated and involve multiple 

parameters. Thus those modeling can be hardly applied to large-scale watersheds.   

Compared to those complicated models, an empirical relationship developed by Gall et al., 2015 

is simple. The model is expressed as: 
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ὓ ὥὗ            (2.12) 

where M is the estrogens mass transported by surface runoff (µg), Q is the discharge (L/min), 

and a and b are unitless constants. Gall et al., 2015 reported values of a ranging from 0.562 to 

0.955, and values of b ranging from 0.92 to 0.98 for E1.  

The empirical model simplifies the transport of estrogens from land to water by discharge and 

does not consider the realistic and complex transport mechanisms of estrogens. Compared to 

other models, this model involves fewer parameters and can be easily adapted to large-scale 

modeling for estrogens, and are thus more applicable to large-scale modeling. However, this 

model does not consider the impact of the total estrogen mass on land. The estrogen mass storage 

on land during storm events can greatly impact the mass transported by the surface runoff and 

the large mass transported by surface runoff is observed during the first storm event just after the 

manure land application (Gall et al., 2014). Additionally, a widely used wash-off model has not 

been adapted to estrogens. Thus, further studies are needed to explore simple transport models 

for estrogens.   
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Chapter 3 Attenuation and Transformation of Estrogen 

3.1 Development of the Comprehensive Transformation Model 

The attenuation and transformation process of estrogens is complex. E1 is a prevalent 

biodegradation intermediate of E2ɓ and E2Ŭ during attenuation and degradation, and E1 is then 

further degraded into other polar compounds by microorganisms, such as E3 and EE2 (Fan et al., 

2007; D'Alessio et al., 2014; Robinson et al., 2017). Reversible conversions between E2Ŭ and 

E1, and between E2ɓ and E1 are also observed (Zheng et al. 2012). Additionally, E2ɓ is 

identified as a degradation product of E2Ŭ, whereas E2Ŭ is not identified as a major degradation 

metabolite of E2ɓ by bacteria (Lee & Liu, 2002; Robinson et al., 2017). Thus, the degradation 

and transformation of E1, E2Ŭ, and E2ɓ can be described through four processes: first-order 

reversible conversion between E1 and E2Ŭ, as well as between E1 and E2ɓ; the irreversible 

transformation of E2Ŭ into E2ɓ; and irreversible degradation of E1 into other compounds. The 

complex interconversion and degradation processes depicted by this model is illustrated in 

Figure 3.1. 
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Figure 3.1 The kinetics and mechanism of the attenuation and degradation of estrogens. 

The transformation and degradation of E1, E2Ŭ, and E2ɓ can be described by the three first-order 

equations as below: 

Ὧ Ὧ ὅ Ὧ ὅ        (3.1) 

Ὧὅ Ὧ Ὧ Ὧ ὅ Ὧὅ       (3.2) 

Ὧὅ Ὧ ὅ Ὧὅ         (3.3) 
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where CA, CB, and CC are the concentrations of E2Ŭ, E1, and E2ɓ, respectively, t is time, k1 is the 

transformation rate constant of E2Ŭ to E1, k-1 is the transformation rate constant of E1 to E2Ŭ, k2 

is the transformation rate constant of E2ɓ to E1, k-2 is the transformation rate constant of E1 to 

E2ɓ, k3 is the transformation rate constant of E2Ŭ to E2ɓ, and k4 is the transformation rate of E1 

to other compounds. 

This model assumes that the transformation and degradation of the estrogens occur in stable 

environments and conditions, such as oxygen supply, temperature, and biomass. Additionally, 

this model assumes that the transformation rate of estrogens is only affected by the estrogen 

concentrations and the rate constants. This model also assumes that the rate constants are 

independent of estrogen concentrations. Equations 3.1 to 3.3 can be solved by a mathematical 

approach such as the Laplace Transform. In this study, a matrix method was employed to solve 

this system of ordinary differential equations (ODEs) (Holt, 2012).  

Eqs. 3.1 to 3.3 can be rewritten as a matrix format: 

ở

Ở
ờ

Ợ

ỡ
Ỡ

Ὧ Ὧ Ὧ π

Ὧ Ὧ Ὧ Ὧ Ὧ
Ὧ Ὧ Ὧ

ὅ
ὅ
ὅ

ὓ

ὅ
ὅ
ὅ

  (3.4) 

The eigenvalues of the matrix M1 can be calculated using the equation below: 

Ὧ Ὧ ‗ Ὧ π

Ὧ Ὧ Ὧ Ὧ ‗ Ὧ
Ὧ Ὧ Ὧ ‗

π     (3.5) 
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The characteristics polynomial of the matrix M1 was calculated as below: 

‗ Ὧ Ὧ Ὧ Ὧ Ὧ Ὧ ‗ ὯὯ ὯὯ ὯὯ ὯὯ ὯὯ ὯὯ

ὯὯ Ὧ Ὧ ὯὯ ‗ ὯὯὯ ὯὯὯ π      (3.6) 

The roots of Equation 3.6 are the eigenvalues of the matrix M1: 

‗ ςÃÏÓ 
Ȣ

        (3.7) 

‗ ςÃÏÓ 
Ȣ

        (3.8) 

‗ ςÃÏÓ 
Ȣ

        (3.9) 

Where, 

ὥ Ὧ Ὧ Ὧ Ὧ Ὧ Ὧ        (3.10) 

ὦ ὯὯ ὯὯ ὯὯ ὯὯ ὯὯ ὯὯ ὯὯ Ὧ Ὧ ὯὯ  (3.11) 

ὧ ὯὯὯ ὯὯὯ          (3.12) 

           (3.13) 

            (3.14) 
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M1 can be converted into the following equations: 

Ὧ Ὧ ‗ὼ Ὧ ώ π         (3.15) 

Ὧὼ Ὧ Ὧ Ὧ ‗ώ Ὧᾀ π       (3.16) 

Ὧὼ Ὧ ώ Ὧ ‗ᾀ π         (3.17) 

According to Equations 3.15 to 3.17, the relations of x, y, and z can be described by the 

following equations: 

ώ ὼ          (3.18) 

ᾀ ὼ         (3.19) 

where, i = 1,2, and 3. 

The initial concentrations of E2Ŭ, E1 and E2ɓ are imposed as CA0, CB0, and CC0 at t = 0, x, y and 

z can be solved by the matrix below: 

ở

ờ

ρ ρ ρ

 

ὅ
ὅ
ὅ
Ợ

Ỡ       (3.20) 

By row reduction, the solutions of x1, x2, and x3 were calculated to be: 
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ὼ ὅ ρ

       (3.21) 

ὼ Ὧ Ὧ ‗

        (3.22) 

ὼ Ὧ Ὧ ‗

Ὧ ‗         (3.23) 

Finally, the mass of E2Ŭ, E1, and E2ɓ can be expressed as follows: 

ὅ ὼὩὼὴ‗ὸ ὼὩὼὴ‗ὸ ὼὩὼὴ‗ὸ     (3.24) 

ὅ ὼὩὼὴ‗ὸ ὼὩὼὴ‗ὸ ὼὩὼὴ‗ὸ  (3.25) 

ὅ ὼὩὼὴ‗ὸ ὼὩὼὴ‗ὸ

ὼὩὼὴ‗ὸ        (3.26) 

3.2 Model Validation and Determination of Parameter Values 

In order to validate the general application of this model, the model was applied to data 

measured under various experimental conditions, which are summarized in Table 3.1. Those 

additional datasets include estrogen levels measured both in anaerobic and aerobic conditions as 
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well as in aqueous solutions and solids with various initial estrogen concentrations. The 

simultaneous transformation and degradation processes among various estrogens make it 

difficult to directly measure the values of rate constants in the Equations 3.24 to 3.26. Instead, 

those rate values can be estimated by optimizing the fit of the predicted values to the measured 

data. The measured estrogen concentrations reported by previous studies were fitted to the model 

in order to derive the values of the attenuation and conversion rates used in the model. 

Table 3.1 The data used to verify the general application of the model.  

ID 

Initial 

E2Ŭ 

conc. 

Initial 

E2ɓ 

conc. 

Initial 

E1 

conc. 

Oxygen 

condition 

Tem. 

(°C) 
Medium Reference 

Z-1 
5×106 

ng/L 
0 0 Anaerobic 35 

Aqueous solutions mixed 

with dairy lagoon water 
Zheng et al. 2012 

Z-2 0 
5×106 

ng/L 
0 Anaerobic 35 

Aqueous solutions mixed 

with dairy lagoon water 
Zheng et al. 2012 

Z-3 0 0 
5×106 

ng/L 
Anaerobic 35 

Aqueous solutions mixed 

with dairy lagoon water 
Zheng et al. 2012 

Z-4 
5×103 

ng/L 
0 0 Anaerobic 35 

Aqueous solutions mixed 

with dairy lagoon water 
Zheng et al. 2012 

Z-5 0 
5×103 

ng/L 
0 Anaerobic 35 

Aqueous solutions mixed 

with dairy lagoon water 
Zheng et al. 2012 

Z-6 0 0 
5×103 

ng/L 
Anaerobic 35 

Aqueous solutions mixed 

with dairy lagoon water 
Zheng et al. 2012 

M-1 
5×104 

ng/L 
0 0 Aerobic 21 ± 2 Coloma soil Mashtare et al., 2013 

M-2 0 
5×104 

ng/L 
0 Aerobic 21 ± 2 Coloma soil Mashtare et al., 2013 

M-3 
5×104 

ng/L 
0 0 Aerobic 21 ± 2 Drummer soil Mashtare et al., 2013 

M-4 0 
5×104 

ng/L 
0 Aerobic 21 ± 2 Drummer soil Mashtare et al., 2013 

R-1 
106 

ng/L 
0 0 Aerobic 20 ± 2 

Taunton River water - 

loam 
Robinson et al., 2017 

R-2 
106 

ng/L 
0 0 Anaerobic 20 ± 2 

Taunton River water - 

loam 
Robinson et al., 2017 

R-3 
106 

ng/L 
0 0 Aerobic 20 ± 2 

Weweantic River water - 

sand 
Robinson et al., 2017 

R-4 
106 

ng/L 
0 0 Anaerobic 20 ± 2 

Weweantic River water - 

sand 
Robinson et al., 2017 

B-1 0 1.1 ng/g 24 ng/g Aerobic 6-60 Cattle manure 
Bartelt-Hunt et al., 

2012 
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Table 3.2 The values of degradation/transformation rates derived from the measured data 

ID 
Transformation/Degradation rate (day-1) 

r2 
k1 k-1 k2 k-2 k3 k4 

Z-1 
0.41 ± 

0.0030 

0.44 ± 

0.00050 

0.075 ± 

0.00050 

0.045 ± 

0.0014 

0.011 ± 

0.00010 

0.0086 ± 

0.00022 
0.92 

Z-2 
0.041 ± 

0.0014 

0.012 ± 

0.00025 

1.3 ± 

0.0050 

0.37 ± 

0.0010 

0.026 ± 

0.0015 

0.013 ± 

0.00010 
0.94 

Z-3 
0.074 ± 

0.0024 

0.013 ± 

0.00015 

1.12 ± 

0.0050 

0.24 ± 

0.0055 

0.015 ± 

0.0036 

0.0060 ± 

0.00015 
0.99 

Z-4 
0.18 ± 

0.00050 

0.12 ± 

0.00050 

3.0 ± 

0.0050 
1.8 ± 0.025 

0.018 ± 

0.00085 

0.018 ± 

0.0018 
0.95 

Z-5 
0.050 ± 

0.0060 

0.028 ± 

0.00030 

2.2 ± 

0.0050 

0.92 ± 

0.015 

0.050 ± 

0.0013 

0.019 ± 

0.00030 
0.93 

Z-6 
0.026 ± 

0.0040 

0.015 ± 

0.0011 

0.52 ± 

0.013 

0.23 ± 

0.012 

0.048 ± 

0.0052 

0.013 ± 

0.00055 
0.96 

M-1 2.5 ± 0.050 2.1 ± 0.20 5.3 ± 0.31 6.7 ± 0.25 
0.011 ± 

0.00065 

0.22± 

0.0050 
0.98 

M-2 2.7 ± 0.24 
1.09 ± 

0.049 

2.52 ± 

0.057 
1.30 ± 0.22 

0.071 ± 

0.0075 

0.18 ± 

0.00025 
0.97 

M-3 
3.50 ± 

0.090 
2.9 ± 0.28 5.9 ± 0.55 7.9 ± 1.85 0.70 ± 0.10 1.1 ± 0.443 0.98 

M-4 2.6 ± 0.050 3.1 ± 0.16 3.4 ± 0.015 1.6 ± 0.065 
0.10 ± 

0.0030 

0.98 ± 

0.00025 
0.96 

R-1 
0.087 ± 

0.005 

0.055 ± 

0.017 

0.12 ± 

0.0060 

0.032 ± 

0.012 

0.0042 ± 

0.00080 
1.7 ± 0.245 0.94 

R-2 
0.059 ± 

0.013 

0.13 ± 

0.010 

0.11 ± 

0.0098 

0.024 ± 

0.015 

0.0046 ± 

0.00060 

0.24 ± 

0.036 
0.96 

R-3 
0.0089 ± 

0.00035 

0.00047 ± 

0.00040 

0.010 ± 

0.00015 

0.0037 ± 

0.0014 

0.0024 ± 

0.000065 

0.046 ± 

0.013 
0.99 

R-4 
0.0075 ± 

0.00042 

9.6E-07 ±  

5.0E-08 

0.0080 ± 

1.0E-04 

4.01E-08 ± 

0.00 

0.0026 ± 

0.00012 

0.020 ± 

0.00050 
0.96 

B-1 
0.078 ± 

0.0010 

0.0021 ±  

0.0011 

0.0036 ± 

0.0040 

0.0052 ± 

5.0E-0.5 

0.0014 ± 

0.00035 

0.049 ± 

0.0045 
0.84 

 

The transformation and degradation rate constants estimated by each dataset are summarized in 

Table 3.2. The r2-values for most of the datasets are high, while the r2-value for data measured in 

cattle manure is lower than others. As only one dataset measured in cattle manure was used, and 
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the low r2-value for data in solid formats may be random. Despite the relatively low r2-value for 

the dataset B-1, the model fits the data well for estrogen transformation under both anaerobic and 

aerobic conditions as well as in aqueous solutions and solids. The rate constants vary greatly 

under these different experimental conditions, showing that the transformation and degradation 

rates change with the environment. This proves that the CTM developed in this study can be 

applied to estrogen transformation and interconversion in various environments and conditions. 

Based on the assumption of the model, the datasets Z-1 to Z-6 are expected to derive the same 

rate constant as they were measured at identical experimental conditions, and datasets Z-2, Z-3, 

Z-5, and Z-6 induced comparable rate constants. 

However, datasets Z-1 and Z-4, which use E2Ŭ as the source of estrogen, induce rate constants 

which are distinct from those of other datasets. This result may be explained by the fact that E2Ŭ 

has additional degradation and transformation pathways that are not investigated in this model. 

These additional degradation pathways have little impact on the model results when E2Ŭ is at 

relatively low concentrations compared to E1 and E2ɓ. Conversely, these additional pathways 

are significant when E2Ŭ has a relatively larger concentration. The values of k1 and k2 are larger 

than other rate constants, which is consistent with the observed rapid transformation of E2Ŭ and 

E2ɓ into E1. The relatively smaller values of k-1 and k-2 than those of k1 and k2 show that the 

transformation of E1 into E2Ŭ and E2ɓ is not as significant as their corresponding reverse 

processes. This agrees with the fact that the biodegradation process of E2Ŭ and E2ɓ can be 

estimated using the simple pseudo-first-order kinetics when E1 is at low concentrations. Small 

values of k3 imply that the transformation of E2Ŭ to E2ɓ is not as significant as that of E2Ŭ to E1. 
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The modeling results with the derived rate constants for each set of data by Zheng et al., 2012 are 

shown in Figure 3.2. The solid line represents the simulation results by the comprehensive 

transformation model developed in this study, and the dashed line represents the simulation 

results by the reversible transformation model adapted by Zheng et al., 2012. The difference 

between the simulating results of these two models is not significant at the initial stage. 

However, the reversible transformation model tends to overestimate the estrogen concentrations 

at later stages. The difference between the two models is apparent for the total estrogens. The 

reversible transformation model results in a constant total mass of E1, E2Ŭ, and E2ɓ over time, 

while the comprehensive transformation model produces more accurate simulation results for the 

decreasing total mass by inducing the further degradation of E1 into other compounds. Overall, 

the comprehensive transformation model generates more precise prediction results for 

biodegradation of estrogens under anaerobic conditions.  
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Figure 3.2 The simulation results from the comprehensive transformation model (solid line) and 

the reversible transformation model by Zheng et al., 2012 (dashed line). Symbols represent 

measured data by Zheng et al., 2012 with IDs of Z-1 to Z-6: ƺ- E1+E2Ŭ+E2ɓ, ö---E2ɓ, Ǐ---

E2Ŭ, ȹ---E1. 






































































































































































































































