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Abstract

Estroges arefemale sex hormongandthe major naturally occurring estrogens are estrone (E1),
1 7-éstradiol (ER), 1 7-@stediol ( E 2 dndlestriol (E3) Concentrated animal feeding
operationfCAFOs)and wastewater treatment facilities release a langeuntof estrogens into
surface waterAdditionally, livestock manurand biosolidswhicharewidely used asertilizers,

have the potential tspreadestrogens onto agricultural lartestrogens eithan surface wateor

on land surface go through prevalent and complex attenuations and transformations due to bio
transformation, sorption, pheteansformation, and plant uptakestrogens on the land surface

can be transported into surface wakeoughvarious pathways such as the surface rurrfice
estrogens get inteurface watertheycanimpair the normateproductivefunctions of aquatic
animalsat low concentrationg hus it is quite important to estimate estrogen levels in surface
water in order to assess and mitigate the potential health risks caused by those e8sagens.
modeling framework can help to conduct this analybisgoal of this study is to develop a
guanttative modelingframework to simulatéevels of the three most prevalent natural estrogens,
E1, E2U,inraarsdThisEstudyfirst adopteda washoff modelto quantify the transport

of E1, E2U0, and E20b frunofinThis siaty disodeveloped v e r s by
comprehensiveransformation model to quantify thensformatiorand attenuaton & 1, E 2 U,
a nd . EB btudythen assembled these two mathematical mddelevelop ajuantitative
modelingframework which can be implemented bye Hydrological Simulation Program
FORTRAN (HSPF)to simulate estrogen levels in riveFnally, this modelingframeworkwas
applied to the South River Watershed in Virginia and the Redwood River Watershed in

Minnesota to trackhe fate and transpaot estrogens from various sources suctvastewater



treatment plants (WWTPs), manwed biosolidsised for land application, grazing farm
animals, and septic systeni®r both watersheda component analysis was conducted to
guantify estrogens contribed by each source and a sensitivity analysis was conducted to
investigate factors that can impact estrogen levels in riveemodeling results for both
watershedsdicate thastorm events just after manure land application can transport a large
amourt of estrogens to surface waterdelevateestrogen levelBuffer stripes are suggested in
this case to reduce the mass of estrogjemisareflushed into surface wateéfhe modeling results
for both watershedslsoshowthat the simulated estrogen levate sensitive to cattle grazing
time in streams, and thésncing off rivers to keep cattle out of the wasarecommendetb
reducethe amount oéstiogensthat aredirectlyreleased into streams by cattle. Additionathe
modeling results for botivatershedshow that manure used for land application release a large
amount of estrogens onto the land surfacethadimulatd estrogens levels are sensitive to the
manure application rate, the manure storage before land application entiousagedn order

to reduceaheestrogen content in manufhis framework can bapplied to watersheds predict
the temporal and spatial variation of estrogens in rivergyantify estrogens contributed by
various sourcego investigate the factors that caadeto high estrogelevels and to determine

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

1.1Background

Endocrine disruptors (EDs) or endocrine disrupting chemicals (EDCs) can bind to hormone
receptors in aquatic organisms and disrupt normal hormone synthesis and metabolisauiin

& Fenton, 2003Bhandari et al., 20)5As a result, research interest in EDs, and estragens

particular,has been increasing in recent yeatstthinson& Pickford, 2002 Daston et al., 20G3

Vandenbergetal.,20)2. Estr ofest(BM), lels{tiE 2fd)i,ol 1 TE2U0U), es

a n d -ethinylbestradiol EE2)are the most prevalent estrogens found in the natural

environmentDe Ruddelet al., 2004Soto et al., 2004Combalbert et al., 201 Zonley et al

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

mammals, birds, fish, reptiles, amphibians and aquatic invertebratesr{t, 2005Waring &

Harris, 2005 Lafont & Mathieu, 2007Bhandariet al., 201% . Concentrations of

100 ng/L can cause a change of manifestation afithgenitalpapillae in maleebrafish

gonadal growthErion et al., 200% 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 Japaesea Sumpter &

Jobling, 1995Larsson et at., 199¥idd et al., 2007Lei et al., 201R In addition to fish, EE2 at

a half-maximaleffective concenttagon (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., 200Hogan et al, 2008Berg et al., 2009Gyllenhammar et al., 2009

Tompsett et al., 201 Bhandariet al., 201) .-estbadiol 1#valerate has been shown to disturb




the normal hataing processes of Japanese medaka emifrygost al., 2013 There are

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

exampleNghiemetal., 2006 eports that E1 and E2b have the

potency. HoweverThorpe et al., 2003ao & Connell, 2010andBhandari et al., 201feport

that EE2 is 10timesmoe pot ent t han EZ2(BRSESRLaelEIR2anden r ec e
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 estrogéreemvironmentre athreat

to aquatic health.

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

in Figurel.l. Livestock such as cattle, pigs, and sheep are generally considered as the major

source of estrogens in the envirorant (Hanselman et al., 20pAndaluri et al., 2012Bartelt

Hunt et al., 2012BarteltHunt et al., 2018 Livestock excretestrogens during natural metabolic

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

et al., 1996Lange et al., 2002(ing et al., 2002Raman et al., 20046choenecker et al., 2004

Combalbert et al., 201 Bai et al., 201} In theU.K., theestimated average daily excretion of

Eland E2b by a dairy cow through feces and wuri

(Johnsonetal.,2006T he domi nant natural estr &@dnds excr e

E1, eventhoughmetabolites vary between spes Goto et al., 2004_orenzen et al., 200%Kjzer

et al., 2007Andaluri et al., 2012Combalbert et al., 201 BarteltHunt et al., 2018 Poultryhas

also been shown &xcreteEl, E 2 and E3 Zhang, Shi, Liu, Zhan, Dang & Bo, 2014 he

annual production of estrogens by cattle, poultry, pigs, anghshéee U.Sis about 45 64.9

tons, 3.44, 0.831.2 tons, and 0.092 ton, respectivelydmwell et al., 1993 ange et al., 2042

Andaluri et al., 201p Additionally, stero d hor mones s uc hprogesteran2,b , E2 L




E2 benzoatdestosterone, E2 benzoateenbolone acetate (TBA) and EPBA are supplied to
farm animals as growgbromotantsaand have the potential to alter the estrogen excretion amount

(Biswas et al., 2003 Livestockexcrete natural estrogens in both free and conjugated formats

(Combalbert et al., 201Zhang, Shi, Liu, Zhan, Dang & Bo, 201Zhang, Shi, Liu, Zhan &

Chen, 2014Bai et al., 201p These conjugated estrogens incledegadiol17-sulfate (E217S),

estradiol3-sulphate (EZS), estrone-sulphate (E43S), estradieB-glucuronide (2-3G), and
estrone3-glucuronide (E43G) andcan be converted into other conjugated or free estrogens

through hydrolysis and biotic transformatidadbe et al., 2003 ombalbert et al., 201 Bai et

al., 2019.

Industrial wastewateand domestic sewagae considered another major source of estrogens into

the environmenfStandley et al., 2008ohnson et al., 200Martinovic-Weigelt et al., 201:3

Schultz et al., 200)3For example, manmade drugs such as oral contraceptives that contain

synthetic estrogens such as EE2 are ingested by humans, excreted, and wselvagéen
treatment plants (STPs) andstewater treatment plan#&/\WTP9 and eventually downstream

(Crawford et al., 1990 ai et al., 2000Rosenfeldt & Linden, 2004In addition toSTPs and

WWTPs,feedlot effluents have the potential to contribute and transport estrogens t@to wa

(Soto et al., 200Matthiessen et al., 2008 jzer et al., 2007Gall et al., 2011Andaluri et al.,

2012
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Estrogens are frequently detected in natural water bodies including rivers, estuaries, ponds, lakes,

coastalbceans and groundwater across the wotlecks et al., 2004Mansell & Drewes, 2004

Zuo et al., 2006Standley et al., 200&ingh et al., 201:QAris et al., 2014Griffith et al., 20186.

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

storage system&ine et al., 2003Swartz et al., 2006 Estrogens in surface water primarily

originate in domestic wastewater and feedlot efflueB#sdnti et al., 200Q]afari et al., 2009

Song et al., 200BarteltHunt et al., 201 Surface waters in China have been observed to

contain some estrogens of high concentrati®es( et al., 2008 ei et al., 2009Wang et al.,

2012 Yan et al., 2012Zhang et al., 2002 For example, estrogen concentrations as high as 4100

ng/L have been measured in WWTP effluentBeqing, China Zhou, Zha, Xu, et al., 2012

Zhou, Zha & Wang, 20)2. Compar atively, the maxi mum conce

E3 measured in cattle feedlot runoff for a study in Nebraska, USA,#26rag/L, 540 1250

ng/L, 11001360ng/L, and 10562600 ng/L, respectivelyBarteltHunt et al., 201p Conversely,

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

processe (Colucci & Topp, 2002Lee & Liu., 2002 Lucas & Jones, 200€ao & Connell,

2010 Dodgen et al., 2007

Estrogens aralso frequently detected in sludge from WWTRs@ 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 sludgenunicipal WWTP Andaluri et al., 201p The estrogen concentrations

measured in primary sludgeeusually less than those in secondary and digested slitge

et al., 2019QMartin et al., 201 For example, ifiour WWTPs in Spain, the highest

concentration of E2b in digesteddryweight@@M,dary a

38 ng/gDW and 25.4 ng/@W, respectively, and the highest concentration of E3 in digested,

5



secondary and primary sludgere352 ng/gDW, 23.4 ng/gDW and 12.3 ng/®dW,

respectivelyMartin et al., 201p . Concentrations of E1, E2b, E3

STPs in Paris were detected at 5 + 2 to 43 £ 10-Dylg 3 + 1to 10 £ 8 ngiPW, 2 + 2 ng/g

DW, and less than 3 to 5 = 6 nglV, respectivelyMuller et al., 2010 The highest

concentration of E1, E2b, ESIPsaRChina&de2l3.4dng/gect ed

DW, 12.3 ng/gDW, 1.5 ng/gDW and 5.4 ng/PW, respetively (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,
E 2 b ,,andEE2 raged from 0.98 to 21.6 ngl@W, below detection limit to 9.70 nglgW,

below detection limit to 7.29 ngMW, and bela detection limit to 9.26 ngf®W, respectively

(Lei et al., 200% The highest detected concentrations of EE2, land EE2 in water sediments

from Xiamen Bay, Chinavere7.38 ng/g, 2.35 ng/g, and 2.18 ng/g, respectiv&hafg et al.,
2009 . The highest detected concentrations of E
were 13.2 + 3.8 fg-W, 5.5 + 2.3 ng/ePW, 2.6 £ 2.5 ng/PW, and 2.5 = 2.3 ngfdW,

respectivelyHuang 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 toassessariation patterns of estrogeimsthe surface water in order to mitigate the

6



potential health risks caused by those estrogeaquaticenvironments and determine the best
management practices (BMPs) for estrod@ren though several studies tried to explore the
distribution patterns of estrogens, they all have some limitationsit®measurement studies
usually cannot obtain enough data pototdraw a whole picture for estrogen distribution

characteristicsGonley et al., 201)7 Most measurements of estrogens are conducted in the

influents and effluents of WWTPs, as well as the surface runoff from the agricultutaiMaich

arenot the living environments of aquatic animaiskinson et al., 2012Gall et al., 2014Gall

et al., 201} Most measurements of estrogens in the livingrenments of aquatic animals such

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

variations of estrogen$¢to et al., 2004Bradley 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 measure@&iadley et al., 2009

Modeling work careffectivelyhelp to understand thariationof estrogens in the natural water
bodies at low costdHowever mostof such studieslid not work on multiple estrogens duethe
complexinterconversiorand transformation adstrogensJohnson, 2000E1 usually works as

an intermediate of Cduzcll Tapp.R200F2emer attilt 2090xhartyi o n

etal.,201Zal so observed reversible c¢comrewar sEi2dn sa nkde tEv

Addi ti onsdldleyn,t i EHdbed as a delga&did @02 Robinsgnetoduct o

al., 2017. Those processes make the pattern of estrogen levels in streams reallgatechpfor

example, one osite study conducted in Minnesota tried to measure the attenuation rates of E1
and Ed in Redwood River. However, they observed an increase rather than a decrease of E1

levels, which is caused by the conversion db Ei2o E1 (Vriter et al., 201). Thusmore studies

are still needed to address these issues.



Taking the issues listed above, a study to investigate both the spatial and temporal estrogen
distributions integrating their excretion, transparterconversion, and attenuation processes
thus necessary for a better understanding of estrogens. The goal of this study is to develop a
guantitativeframework to simulate estrogen levels in rivers on a watershed scale integrating
these excretigrtransport, 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 ubedacierize 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 toiagumtnals.

1.3 Outline of the Dissertation

The research presented here explains the rationale and methodology of developing a complete
modelframeworkto track the fate and transport of estrogens. This dissertation consists of eight
chapters. Chapter htroduces the hazardowggeneratiorandoccurenceof estrogens in surface
water and states the motivation angechives. Chapter 2 reviews theerature related to

attenuation and transport of estrogedisapter 3 presents tiheathematical model to trla¢che
attenuation and transformation of estrogens in the natural environGreyter 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 nicatekwork to trackthe fate and

transport of estrogens on a water scale integrating their generation, attenuation/transformation
andtransportusing Hydrological Simulation PrograimlFORTRAN (HSPF) progranChaptei6

provides an application of the model framewo t o a singl e estrogen, E2



Watershed, Virginia. Chapterpfovides an application @ application of the model
framework to multiple estrogen®aterdhdd, E2U, and

Minnesota Chapter 8 discusses the clusionsand recommendations for future research.



Chapter 2 Literature Review

2.1 Attenuation and Transformation Process

2.1.1 Adsorption

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

within a few hoursl(ee et al., 2008 Estrogen sorption behaviors are determined by both their

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

D'Alessio et al., 2014 1n soils, estrogen adsorption rates increase with higher moisture content

and temperaturgColucci et al., 200)L Additionally, estrogens typically have both low water

solubilities and lowKow values, meaning that they are hydrophobic and héwgh potential to

bind to sediment® water(Nghiem et al., 2004 Yu et al., 200dandBrett et al., 201®4€bserved

that 80- 90% of E1 and EE2 can be adsorbed to suspended witlis one dayand reacla
steadystate within ten days$n addition to solid particless&rogens can also be adsorbed to

humic acids (HA) in water Chowdhury et al., 20)1Guo et al., 201&lso observed thatbe

sorption of EE2 onto sedimentsaffected byrhamnolipidicbiosurfactants. The presence of
saline compounds such as NaCl induces flocculation and aggregation cahiplomote

sorption processegdi et al., 2000De Mes et al., 2005Estrogen sorption capacity is also

positively related to total organic carbon (TOC) conssthe sorption occurs through hydrogen

bondng reactions between organic carbon and estrogen compadumdst(al., 200QNghiem et

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

TheFreundlich sorption isotherm (Egtion2.1) is commonly used to describe the adsorption of

estrogens to soils and sedimeriisgey et al., 200Bai et al., 2015

10
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whereCe and& are aqueous and solid concentrations at equilibrium, respectivisiya
dimensionless constg@ndKsi s t he Fr eund| iINeh thesoptomisatlimeart . Wh €
process, an#s equalsKq, which is the partition coefficient; whéh> 1, the sorpon is a non

linear process; and whéh< 1, the sorption process is limiteda( et al., 2000Bai et al., 201k

Many studies observed that the sorption of estrogens follows-br@amn patternl(ai et al.,

2000 Casey et a., 200¥u et al., 200% However, some studies have found the linear model to

accurately describe the estrogen sorption processely et al., 200&asey et al., 2005

Typically, a larger octanelater partition coefficient{ow) and a largeKs indicate more

significant sorption to particleSasey et al., 200&ndAndaluri et al., 201®bserved lodKow

ranges for E2U;4.0R.39.29, 288382, Eedpectivély aBd addgwuf or - 17 U
dihydroeuilinof about 6.21. The similar ld§ow-v a1l ues i ndi cate tlarat E1 an

water solubility and therefore, similar parametaiuesfor sorption (urgens et al., 2002

2.1.2 Biotransformation

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

known addiotransformationn both soils and watdéColucci et al., 200 IMashtare et al., 20).3

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

phase, eveat very low concentration€olucci & Topp, 2002Lee et al., 2008 Estrogens can

be biotransformed by microbes under aerobic, anoxic, and anaerobic conditiotis soils and

water(Colucci et al., 200;1De Mes et al., 20Q9viashtare et al., 20).3Usually, estrogen

biotransformation rates and efficiencies under aerobic conditions are usually much higher than

11



those under anaerobic conditionsé & Liu., 2002 De Mes et al., 20Q%Carr et al., 2011

Robinson et al., 20)6In the natural environment, aeroliotransformation of estrogens is

usually much greater than anaerobic biotransformabBoad(ey et al., 2009 In addition to

oxygen availability, biotransformation rates are also affected by estrogen properties, the initial
estogen concentration, temperature, moisture content, and biological activity in a particular

environment Zheng et al., 201, Stadler & Love, 2016 The biological activity, which is

assessed via biomassncentration and organic matter measurements, is the most important

factor affecting the biotransformation ratee¢ & Liu., 2002 Xuan et al., 2008Robinson et al.,

2019. Zheng et al., 201@bserved 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 contenk(ian et al., 2008 At present, most studies brotransformation

of estrogens focus on WWTP processesa WWTP in JaparErmawati et al., 200reported

that anaerobic biological treatment removed 80% of hormones whilei@aérological 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 notithgt biotransformation in sediments occurs
mainly via combined biotransformation and sorption procesises the microbes that

biotransform the estrogens also grow and attach to sediment suBaasgiey et al., 2009

Robinson et al., 2036

Elucidation of the pathways for estrogen biotransformation reveals that many estrogen

compounds are readily interconverted into other estrogenic compdlwidsci & Topp, 202

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

determined that E1l1 is an intermediate of E2Db

12



mi croorganisms first c¢ ondegeadeE]l iBtd GOoriother polarE 1

compoundsKan et al., 200D'Alessio et al., 201:Huang et al., 200)6E1-3 S, E-3,

hydroxyE1, 2methoxyestradigl2-methoxyE1 and attone are also identified as

bi otransf or mat iCGCoappeg ¢t al, PU)SES 5 alsw fdentfiddbas g

and

16U

bi otransformati on eaha bl.o2A0GAt e al.2013. HdweverntideseE 2 U (

metabolites are unstable and can be further degraded by microorgamsngsi(iu., 2003. As

a result of the frequent conversion of

higher botransformation rates than E1 under the same conditiamgens et al., 200Zasey et

E2b to

al., 2005 Zheng et al., 2072 . Under anaerobic condibeénons, E1l,

observed to biotransform into one anothéafsell et al., 201:17Zheng et al., 20102 Under both

aerobic and anaerobic conditiombinsonetal., 2016 bser ved t hat E2U

into E1, E2b, and E3. Overall, pathways

various intermediates and final products that depend on many factors.

Some studies have also elucidated the mechanismsrite estrogen biotransformatiohse &

Liu., 2002r e p o r t e diottartsfarmati@h Dypsewage bacteria appeared to initiate at the

hydroxy group at €7 (ring D) of the molecule whilBradley et al 2009andYu et al., 2013

can b

for e

observed that biotransformati on of-ringsuer ogens

al.,2013pr oposed four microbial degr adoatheiAany

at G4; 2) hydroxylation of the saturated ring; 3) dehydration @iy at G17; and4)

dehydrogenation of Bing at G17. Likewise,Yu et al., 2013lso proposed five microbial

degradation pathways for EE2: 1Jring G2 hydroxylation; 2) Aring 3-OH conversion to -3
keto; 3) Bring C-6 hydroxylation; 4) Bring C-17 conversion to ket@nd5) conjugation of

EE2.
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In addition to free estrogens, biotransformation also involves conjugated estrogens, which are
estrogen tat conjugated with glucuronide and/or sulfate groups, are converted into other

conjugated or free estrogens through hydrolysis and biotic transformatiombélbert et al.,

2012 Bai et al., 201p Bai et al., 201®bserved that E27S can be hydrolyzed into mo#®-

17S (OHE2-17S) and dhydroxy E217S (diOHEZ2- 17S). In agricultural soils in New Zealand,

Scherr et al., 2008ndScherr et al., 2008bservedthatE2 S 1 s f i r st converted

3S and then converted into E1 with the catalysis of arylsulphatase. Simila®¢ EXfirst

convertedintoEEB G and t hen ¢ onyv ératcenzb etialn POGBsésded and E2 b .

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 conceation and the conjugate moiety and sulfate conjugated estrogens are

more resistant than glucuronide onésines et al., 200®Bai et al., 2018 As a primarily biotic

process, the deconjugation rataliso affected by temperature with the highest deconjugation

rate observed at about 35°8cherr et al., 200&cherr et al., 200Zheng et al., 201)3In

addition to thdransformation of conjugated estrogens into free estrogens, free estrogens are also

converted into conjugated formatshfestha et al., 20).Z50eppert et al., 201ftrst proposed

that microbesca convert E2D i nt o -3Idhndiawrdvéribed thedasseryion E1 i n

(Goeppert et al., 20).7In general, conjugated estrogens are more recalcitrant to biodegradation

than free estrogenspeppert et al., 201 B8en et al., 201)/ Figure 21 summarizes some of the

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

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

Cajthaml et al., 2008etermined eight ligninolytic fungal straiimncludinglrpexlacteus617/93

Bjerkanderaadusta606/93 PhanerochaetehrysosporiunME 446 Phanerochaetenagnoliae

CCBAS 134/IPleurotus ostreatus 3004 CCBAS 2TBametesersicolor167/93 Pycnoporus

cinnabarinusCCBAS 595andDichomitussqualensCCBAS 75@an effectively degrade EE2.

Blanquez & Guieysse, 20@dso observedrametessersicolort o

be

effecti

ve in r

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 ekamilest

al., 2003andTamagawa et al., 20Géund ligninolytic enzymes from white rot fungi to be

effective

n
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2.1.3 Photetransformation

Phototransformation processes, whereby a compound is tranefl via a direct or indirect
transfer of light energy, can also play an important role in estrogen removal in sunlit

environmentsl(in et al., 2005Qu et al., 2012Chen et al., 200)3Direct photetransformation

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, 201%. Indirect photetransformation occurs when free radicals are produced

from photosensitizers such as natural organic substances and mediate theapkfiomation

reactions Chowdhury et al., 20)0Indirectphototransformation is generally thought to play a

more important role than direct phettansformation in estrogen degradati@a(pos et al.,

2011, Writer et al., 201). For exampleCaupo<et al., 201lobserved 60% removal of E1 via

indirect photetransformation. Converselgzhowdhury et al., 2016bserved 67% removal of E1

via direct photetransformation, which indicates that direct phtremsformation was more
important than indirect photivansformation for degradation of E1. Phttansformation of
estrogenic compounds is dependent on thdablaiwavelengths of light energy and their

specific light absorbances at those wavelengths.

The potential pathways of phet@ansformation of estrogens have also been investigated.

Whidbey etal., 201 bser ved tmd&E2 générate ita@ibe,products of the phenol

moiety through indirectphoto r ansf or mati on and E2b and EE2

compounds through direct phett@nsformation. Converselyhidbey et al, 201®bserved the

geneation of other estrogenically potent compounds during direct ghemsformation of E1,

which were primarily identified as lumiELeech et al., 200postulates that indirect pheto

16
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transformation of E2 bspecges (R@S)fermatl byophiotor eact i ve o

transformation with dissolved organic carbon (DOIGgch et al., 200¥aupos et al., 20)1

E2b 2+hv® Products + ROS

ROS + E2b Y Product s

Phototransformation of esbgens generates phegpooducts that are related to the hydroxylation

of estrogensNlazellier et al., 2008Puma et al. 20%aupos et al., 201 Chen ¢al., 2013.

Mazellier et al., 200®bserved more than nine primary and secondary products of photo

transformation of E2b and EEZ2, whbrigwnbnetgper r espo

compoundsCaupost al., 2017%identified one direct phottransformation product of E1 and

four other DOC photanduced (indirect) transformation products. They identified the major
degradation product of E1 as an isomer of E1. During their observedtpliaséomation of E1,
the steroid moiety changed, but the aromatic moiety remained intact. In a study ef photo

t ransf or mahdwohary e dl., 2E1hflerred that the aliphatic rings of the compound

were resistant to degtation while the aromatic ring was easily broken. FiguPpresents some

of the pertinent phottransformation metabolites of estrogens.
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Figure 2.2 The major identified metabolites of estrogen pktoeamsformation reported in the

literature.

Estrogen photdransformation is also impacted by the presence of other chemical compounds in
a system. For example, dissolved organic carboti, F&,, H.O,, and HA can greatly enhance
estrogen phottransformation rates and efficiencies by generating OH-, a ROC that reacts with

estrogensKosenfeldt & Linden, 20Q4-eng et al., 20Q3_eech et al., 20Qhowdhury et al.,
18




201Q Puma et al., 202@howdhury et al., 20)1However,Chowdhury et al., 201@bserved

i nhi bi ti o ntramsform&i@ntat HA lcamderrations higher than 8 mgéng et al.,
2005hypothesized a photivansformation pathway for E1 due to OH radicals: first, reactions
between OH radicals and E1 are ii¢id at the aromatic ring; second, the ring is cleaved off; and

third, the organic molecule is mineralized.

Estrogen photdransformation rates are also largely dependent on physical experimental
conditions. The phottransformation rate typically decresswhen the initial concentration of an

estrogen is highdhowdhury et al., 203@howdhury et al, 203 Chen et al., 2003 Estrogen

photatransformation rates arésa affected by pH and are typically greatest at a pH 6E&dh

et al., 2009Chowdhury et al., 203@Chowdhury et al., 20)1The photetransformation rate of

E 2 ib 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 conditiGhs\vdhury et al., 2030

Chowdhury et al., 201;1Chen et al., 2003 Light intensity is another factor impacting both

photatransformation rate and efficienclygech et al., 2009Chowdhury et al., 20land

Chowdhury et al., 201abserved that the phoeteansformation rate is proportional to light

intensity for E1 and proportional to the squa
water, which affects thedht penetration, can also affect the phiwémsformation rate of

estrogens@howdhury et al., 20)1Maximum estrogen photipansformation is greatest under

full sunlight with UV-B (290-320 nm) typically occurs dhewatersurface and decreases with

depth (eech et al., 2009 Indirect photetransformation via ROS generated by 44&\{320i 400

nm) and visible light (400720 nm) predominates in deep watezdch et al., 208). Puma et al.,
20l0observed more rapid degradati 6280rmm) E1, E2Db,

wavelengths than UVA (31800 nm) wavelengths.
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2.2.4 Vegetation Uptake

Evapotranspiration
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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 estrogeasourin et al., 201@erformed an

assessment in Canadatbe vegetativauptake of estrogens and did not find detectable estrogen
concentrations in sweet corn, carrots, tomatoes or potatoes. However, the accumulated estrogens

maystill be present at concentrations that adewehe detection limitCard et al., 2012

observed that E1 and E2b can be effectively
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autoclaved hydroponic solutions originally <co
aad E2b in root tissues, but E2b was only dete
enzymes can promote estrogen transformation. They also reportédihalfe s f or E1 and

1.44 days and 1.26 days via maize seedlings uptake, respediiveher et al., 201Ffound that

poplars can rapidly absorb E2b and EE2 from a

E3.Imai et al., 200Feported that in Japaportulacaoleraceacan effectivelyremve E2b and

other phenolic estrogenic compounds from water. They indicated that the removal ability of
portulacawas wunaffected by E2bD concentrations belo

from 15°C to 30°C, or pH ranging from 4 tolmgi et al., 200). In summary, estrogens are

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

the shots and other parts of the plant, as depicted in FiguréC2@ns € al., 2006 Adeel et al.,

2017. Some of the organic compounds assimilated by vegetation can be further degraded by
plant metabolisms, but others are phtvemsformed on the surface of leav€s|(ins € al.,

20086.

2.2 Transport of Estrogensfrom Land to Surface Water

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

manure to contaminant soilsdrenzen et al., 2004&hanal et al., 2006Shargil et al., 2016

About 50% ofestrogens are sorbed in the fdjpcm of soils and can persist for at least 4 months

following land application§angspan et al., 2008.angdon et al., 20)4Following land

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

events and through advectidvignshell et al., 201; Chambers et al., 20).4Surface 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 applicatioBi{ore, 2009Gall et al., 201). Subsurface tile drains installed

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

storm eents Kjeer et al., 2007/Gall et al., 201) In addition to surface runoff, irrigation can

promote the transport estrogens from soils to watébirari Alvarez et al., 204). Preferential

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

estrogens from soils to aquatic environmegisgsupan et al., 2006jser et al., 200).

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

streams and river$(to et al., 2004viansell et al., 2011 Estrogens can also filter through soils

and engr groundwaterihanal et al., 2006 D'Alessio et al., 201débserved rapid transport of

estrogens in soils with large particles, limited fines contents, and low total organic carbon (TOC)
contents. Théransport rate of estrogens is also affected by vegetation cover and fitagené

et al., 2008Dutta et al., 20100 However, the effects of these factors on the transport behaviors

of estrogensre unclear.

2.3Modeling Estrogen Attenuation

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

Casey et al., 200%50eppert et al., 20]4andBai et al., 201%Have found that the attenuation of

estrogens resulting from individual processes camtelseribedas apseudefirst-orderkinetic

modelas below:

— Qb 2.2)

and
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0 0 0 Q Q 0 (2.3)

whereCy is the initialconcentratior{ng/L), k is the lumped firsbrder sorption ratksorp, Koio,
Kupt, Kdirect, Kindirect are the firstorder decay rates via sorption, biotransformatodant uptake,
direct photetransformation, anthdirect photetransformationrespectivelyday?), C is estrogen

concentrationgng/L), andt is time(day).

Although thepseudefirst-orderkinetics model can closely simulate the attenuation process of
estrogens at l@ concentrations, it is not accurate to describe the complex attenuation of
estrogens that includes the interconversion processes between estrogenic conjubunc st

Topp, 200ZandSteiner etl., 2010further modified thgseudefirst-orderkinetic modelby

assuminghat E1 is a major intermediate offE@egradation and that the conversion ob k2
El is irreversible. Therefore, the concentration of E1 at a certain time is determined theboth

E2Db btransformation rate and the E1 attenuation rate, as shown in EqRadtion

D T~ @ T w

wherekg: is the firstorder attenuation rate of E1 (d9ykez is the firstorder attenuation

(conversion) rate of E2(day?), andCg1 andCeg; are concentrations of E1 andfE2espectively.
Although this modeincludesthe conversion of H2to E1 during the attenuation process, it has
several limitations. First, this model assumes that all of tfedEg@rades into E1 before further
degradation. Second, it assumes that the conversiorbdbE2L is irreversible and does not
consider the conversion process of ELtbE2 Thi rd, this model does

address these issu&eng et al. 201further developed the attenuation model of estrogens to

describe the reversibl e caodiElasfolowson pr ocess
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— 06 0y 6 (25)

Q 0 Qp O (2.6)
— Q 06 Q f 06 Qp 6 Qi 6 (27)
whereCe2,Ce2@ndCezar e t he i nitial concentrati,on or ma

ke 2,enis the transformation ratd 0 E2 U tpkeEedi(sd atyhe transf or mati on
El (day'),key, edos t he transf or mat?,keneisteetransfaniatioBErate t o0 E 2
of E1 t o), aBdistime @ays). Comparedto ColucciRo ppds model , Zheng
includes more estrogen categories and describes more complex attenuation pidoesses,

it also has limitations. As shown in Figur@2he estrogen transformation and interconversion
processes are more complex thlaosed e s cr i bed by Zhengds model . Z|
include the degradation processes aodEBBr t han
Therefore, the model results in a constant to

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

other compound<Zheng et al. 2012 . Despite these Ipromdedthat i ons, Z
methodology for further model development by includingititerconversion processes for a
greater number of estrogens than previously describ@dever, a further mathematical model

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

Estrogen transport in the environment can also be described via modetiaget al., 2014

derived a onelimensional diffusion model to estimate the mass of the metabolite trenbolone

acetate (TBA) leaching from manure due tgyation:

Do — Tep 07 (2.8)

whereL(t) is the areanormalized mass leached (ngRnCy is the aqueous equilibrium
concentration (ng/cin manureD is the steroid diffusivity (cAis), f is the dissolved fraction
of TBA metabolites (unitless, U is the porosityfnitlesg, andt is the exposure contact time (s).

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

irrigation runoff:

6 00w — b o7 (2.9)

whereCr is irrigation runoff concentration of TBA (ng/LA is the interfacial manure/water
surface area (cftkg- DW), M is the manure mass excreted onto the land surfacB\WGAU), S

is the stocking density (AU/h&,is theapplied irrigation volume (L/halgmis the total mass of

1 7-TBOH in manure (ng/PW), t is the total manure/water contact time (s), pds the
manure/water equilibrium partitioning coefficient (#g). Although these two models were
developed for TBAsthey can badaptedor estrogens since TBAs and estrogens are chemically
similar. However, those models are complicated and involve multiple paramétersthose

modeling can be hardly appliedlayge scalewatersheds.
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Lee et al., 2018eveloped 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 calculatine Byreundlich sption isothermas shown

in Equation 2.1Bai et al., 201} The dissolved estrogens are transported through surface runoff,

percolate througrandbecome available in soil water. The dissolved estrogens mass can be

calculated usinghe equation belowLge et al., 20156

b -5 (2.10)

whereMy is the dissolved estrogen mass transported from land to Wwasethe rainfall depth
(mm), andQ is the discharge ianitsof mm. The adsorbed estrogens are transported via soil

transport and can be calculated using the equation belwe( al., 2016

0 -2 of Bo0&YY T (2.11)
WhereM;s is the adsorbed estrogerass transported from land to wat€yLs, C, andS, arethe
standard sokerodibility, topographic, cover, and supporting practice factors, respectiviedy
the field area (ha) is the runoff volume (1), gt is the peak runoff (Ats), and; is the soil bulk
density (g/cm)This considers the sorption of estrogens and assumes that the adsorption is
occurring ata steady sate.However, those models are also complicated and involve multiple

parameters. Thus those modeling can be hardly appliadye scalewatersheds.

Compared to those complicated modelsempirical relationship developed Gyll et al., 2015

is simple. The model is expressed as:
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0 @0 (2.12)

whereM is the estrogens mass transported by surface runoff@Quig)the discharge (L/min),

anda andb areunitlessconstantsGall et al., 201%eported values a ranging from 0.562 to

0.955, and values &franging from 0.92 t6.98 for E1.

The empirical model simplésthe transport of estrogens from land to water by discharge and
doesnot consider the realistic and complex transport mechanisms of estrogens. Compared to

other models, his model involve$sewerparametersndcan be easilpdaptedto largescale

modeling for estrogens, and are thus more applicable tocdaasje modelingdowever, this

model does not consider the impact of the total estrogen mass on land. The estrogen mass storage
on land during storm eventsrcgreatly impact the mass transported by the surface runoff and

the large mass transportey surface runofis observed during the first storm event just after the

manure land applicatiofGall et al., 201}t Additionally, a wdely used waslff model has not

been adapted to estrogens. Thus, further studies are needed to Eirghbe&ransport modsl

for estrogens.
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Chapter 3  Attenuation and Transformation of Estrogen

3.1 Development of theComprehensiveTransformation Model

Theattenuation and transformation process of estrogens is complex. E1 is a prevalent
bi odegradation intermediate of E2b and E2U du
further degraded into other polar compounds by microorganisms, such as E IEEt al.,

2007 D'Alessio et al., 201 4Robinson et al., 20}7. Reversible conversions

E1, and between E2Db Zeengetac202Ad e i ali smadlh yer ERd

identified as a degradation product of E2U, w

met abol ite oflLeeRdib, 200§ Robiresan etalr, 2047Thius, he degradation

and transformation of E1l, E2 U, and -d&kd&rb can be
reversible conversion between E1 and E2U, as
transformatonb E2U into E2b; and irreversible degrac

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

Figure3.1.
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Other
Compounds

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

The transformation and degradati on o f-orderl, E20

eguations as below:

— D 06 Q6 (3.0
— 05 @ T Qs 0 (3.2
— 05 Q6 Qb (3.3
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whereCa, Cg andCcar e t he concentrations

transformati on r akidsthe tanotmationratech s Eabtt ol EE 1

i's the transf or mat i okaisthearansformmabian sate aonstantoffE1 t& 2 b

E 2 hz,s the transformation rate constant oflE20 E 2 I is theatrardsformation rate of E1

to other compounds.

This modelassumes 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 affectecebydgen
concentrations and the rate constants. This model also assumes that the rate constants are
independent of estrogen concentrationsudigpns3.1to 3.3 can be solved by a mathematical
approach such as the Laplace Transform. In this study, amegthod was employed to solve

this system of ordinary differential equations (ODE®)I{, 2019).

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

S Q @) m 6 6
A—#& ko) T 0 TN o) 0 o) (3.9
. Q Q Q 6 6

¢ O

The eigenvalues of the matii#. can be calculated using the equation below:

T O _ ko) T
Q T O T _ o) T (3.5
ko) ko) o)
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The characteristics polynomial of the mat¥lx was calculated as below:

T T M O O ._ O Q0 QO QO 100

V0 Q0 Q0_ VR0 Q0

The roots of Egation3.6 are the eigenvalues of the matvix:

@ 00 MO0 Mo W0 Mo Mo W0 00 00

® KoXo ol oXoXo)
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(3.13
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Mz can be converted into the following equations:

N 0 _o Qw n (3.19
Mo 0 0 T _ow Qa m (3.16
Vo Qw 0 _a m (3.17

According to Egations3.15to0 3.17, the relations of x, y, and z can be described by the

following equations:

@ (3.18

ol W (3.19

where,i = 1,2, and 3.

Theni ti al concentrations 0QGn GRAddCo&L=0axnyandE2 b ar

z can be solved by the matrix below:

O=

2
Os

(3.20

Os

By row reduction, the solutions of xx, and x were calculated to be:
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(3.20)
) T O _
(3.22
) T o _
Q _ (3.23

Finally, the mass of E2U, E1, and E2b <can

5 ODOOR_0 ®QOR_0 ®QMA_o (3.24)
8 @QoOR_ 0 DQ0_ o DQOA_ 0 (3.29
8 ©Qon_ o DQOA_ 0

©QOA_ 0 (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 estrogewdls measured both in anaerobic and aerobic conditions as

33



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 theafons3.24 to 3.26. Instead,

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

data. The measured estrogen concentrateparted bypreviousstudies were fitted to the model

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

Table3.1 The data used to verify the general application of the model.

Initial

Initial Initial

ID E2U0 E260b E1l CS;%’%%?\ 1(-?8 Medium Reference
conc. conc. conc.
71 10 0 Anaerobic 35  Aqueoussolutions mixed o o ot o) 2012
ng/L with dairy lagoon water
5x10 . Aqueous solutions mixed
Z-2 0 ng/L 0 Anaerobic 35 with dairy lagoon water Zheng et al. 2012
73 0 0 510 A oerobic 35  Adueous solutions mixed oo 9012
ng/L with dairy lagoon water
5x1C° . Aqueoussolutions mixed
Z-4 ng/L 0 0 Anaerobic 35 with dairy lagoon water Zheng et al. 2012
75 o  °x10 0 Anaerobic 35  /queoussolutions mixed o Lo ot o1 2012
ng/L with dairy lagoon water
5x1C° . Aqueoussolutions mixed
Z-6 0 0 ng/L Anaerobic 35 with dairy lagoon water Zheng et al. 2012
M-1 5r]><§;|(_)4 0 0 Aerobic 21+2 Coloma soil Mashtare et al., 201
5x10 . . )
M-2 0 ng/L 0 Aerobic 21+2 Coloma soil Mashtare et al., 201
M-3 E:};%lc_)“ 0 0 Aerobic 21+2 Drummer soil Mashtare et al., 201
M-4 0 5;;}84 0 Aerobic 21+2 Drummer soil Mashtare et al., 201
R-1 10° 0 0 Aerobic 20+ 2 Taunton River water Robinson et al., 2017
ng/L loam
R-2 10° 0 0 Anaerobic 20+ 2 Taunton River water Robinson et al., 2017
ng/L loam
R3 1© 0 0 Aerobic ~ 20+2 Veweantic Riverwater o, ..con et al, 2017
ng/L sand
R-4 10° 0 0 Anaerobic 20+ 2 Weweantic River water Robinson et al., 2017
ng/L sand
B-1 0 1.1 ng/g 24 ng/g Aerobic 6-60 Cattle manure BarteltHunt et al.,

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

Transformation/Degradation rate (day?)

ID r2
kl k-l kz k-z k3 k4

., o4lz 044% 0075+ 0045 00llx 00086% o
0.0030  0.00050 0.00050  0.0014  0.00010 000022 ©

., 004l%  0012% 13+ 037+  0026% 0013 .
00014 000025 00050  0.0010 00015 000010 O

s 0074% 0013+  112% 024+ 0015+ 00060%
00024 000015 00050  0.0055  0.0036 000015 O
018 < 012+ 30+ 0018+ 0018 +

24 0.00050 0.00050 00050 L18%0025 55085 00018 09

s 0050% 0028+ 22+ 002+ 0050+ 0019+ -
00060  0.00030  0.0050 0.015 00013 000030 ©

5 0026% 0015f 052+ 023+ 0048+ 0013
00040  0.0011 0.013 0.012 00052  0.00055 O

0011+ 022+
M1 25:008 21020 53031 67%025 Jor D22 098
100« 552+ 0071+ 018+
M2 27:024 £ o 130022 JONLE DI8S 097
M-3 %‘%%5—“ 29+028 59+055 7.9+1.85 070+0.10 11+0.443 0.98
0.10% 0.98%

M4 26+0050 3.1%0.16 34%0015 16£0.065 oor0  oonosc  0.96
0087+ 0055+  012% 0032« 0.0042+

R1 - 5005 0.017 0.0060 0012 000080 L-7*0.245 0.94

Ny 00D: 0.13% 011+ 0024x 00046t  024%
0.013 0.010 0.0098 0015 000060  0.036 :

~g 00089 000047 0010+ 00037+ 00024t 0046t o
0.00035 000040 0.00015  0.0014  0.000065  0.013 :

~a 00075: 0.6E07% 00080 40lE08= 00026t  0020r o
0.00042 50E-08  1.0E-04 0.00 000012  0.00050

5, 0078t 00021+ 00036t 00052¢ 00014 008

0.0010 0.0011 0.0040 5.0E0.5 0.00035 0.0045

The transformation and degradation rate constants estimated by each dataset are summarized in
Table 3.2. The?-values for most of the dataset®high, while ther?-value for data measured in

cattle manure is lower than others. As only one dataset negsucattle manure was used, and
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the lowr2-value for data in solid formats may be random. Despite the relatively*4oatue for

the dataset B, the model fits the data well for estrogen transformation under both anaerobic and
aerobic conditions as weds 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 dhisets Z1 to Z6 are expected to derive the same

rate constant as they were measured at identical experimentdlamydndatasetZ-2, Z-3,

Z-5, and Z6 induced comparable rate constants.

However, datasets-Zand 24, whi ¢ h uswcedEestidgen, ndutelrage constants

which are distinct from those of other datasets. Thisresayo e e x pl ai ned by t he
has additional degradation and transformation pathways that are not investigated in this model.
These additional degradation pathways have |
relatively low concentrationscgmar ed t o E1 and E2b. Conversely,
are signi fi c areativelywdrgemconEetidtiom fhe valmeskafandk; are larger

than other rate constants, which is consisten
E2b into E1. The r ekiantkithanthgse ckiradk, shew thavtleel ues of
transformation of E1 into E2U and E2b is not
processes. This agrees with the fact that the biodegradation prboces@ U and E2b can
estimated using the simple psetfiast-order kinetics when EL1 is at low concentrations. Small

values oksimplyt hat the transformation of E2tEXLo E26b
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The modeling results with the deriveate constants for each set of dataZbgng et al., 201are

shown in Figure 3.2. The solid line represents the simulation results bgrtiprehensive
transformation modealeveloped in this study, and the dashed line represenssitiulation

results by the reversible transformation model adaptethbyg et al., 201.2The difference

between the simulating results of these two modeist significant at the initial stage.

However, the reversible transfoation modetendsto overestimate the estrogeoncentratias

at later stages. The difference between the two models is apparent for the total estrogens. The
reversible transformation modelandE@dubwvweri hi ame
while thecomprehensive transformation mogebduces more accuragenulationresults for the
decreasing total mass by inducing the further degradation of E1 into other compounds. Overall,
thecomprehensive transformation modeherates wreprecise prediction resultior

biodegradation of estrogens under anaerobic conditions.
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Figure 3.2 The simulation resultBom thecomprehensive transformation mo@sdlid line) and
the reversible transformation model Bigeng et al., 201@ashed line). Symbols represent

measured data b¥heng et al., 201@ith IDs of Z1t0 Z6: 3-E1 + E2 U HER D ) -

E 2 Uz--E1l.
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