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ABSTRACT

Biodegradation of Estrogenic Steroidal Hormones.
(August 2010)
Sang Hyun Kim, B.S., Chonnam National University;
M.Eng., Texas A&M University, College Station

Chair of Advisory Committee: Dr. Robin L. Autenrieth

Natural and synthetic estrogens are some of the most potent hormones detected
in the environment. Agriculture fields often release higher concentrations of natural
estrogens to the environment, but wastewater treatment plants (WWTPs) commonly
release higher concentrations of synthetic estrogens. Estrogens can disrupt endocrine
functions in wildlife and humans. Less attention has been paid to the fate and occurrence
of estrogens in agricultural operations than WWTPs. Their fate is influenced by major
mechanisms such as sorption and biodegradation. Sorption typically accounts for less
than 10% of estrogen removal in WWTPs. However, biodegradation is a primary
method for estrogen loss at high ammonia concentration in the agricultural and
municipal operation. Less attention has been paid to the biodegradation kinetics of
estrogens in the field application. Therefore, this dissertation focused on the occurrence
of estrogens in agricultural fields and their biodegradation by a mixed culture and a pure
culture. The estrogens in turkey litter amended fields might be biodegraded to some

degree by turkey litter borne bacteria. The estrogen biodegradation by a mixed culture



showed different mechanisms for each estrogen. E1 and E2 were easily degraded as a
carbon source of the mixed culture. E3 and EE2 were favorable for cometabolic
degradation by AOB. EE2 was not readily biodegraded by the mixed culture due to a
steric hindrance of enzyme expression and EE2 metabolism in the ethynylgroup of EE2.
The cometabolic kinetics of individual estrogen was evaluated by using a pure culture.
The cometabolism of estrogen was demonstrated by a reductant model. This model
appropriately estimated the cometabolic kinetics of individual estrogens. In addition, the
effect of antibiotics on the hormone degradation was investigated in Sequencing Batch
Reactors (SBRs). No significant difference was detected for the removal efficiency of
target compounds in the SBRs in presence or absence of antibiotics (oxytetracycline and
chlortetracycline) during long sludge retention time (SRT). However, the effluent
organic matter (EfOM) was less decomposed with the presence of antibiotics, especially
causing less degradation of the humic-like substances in EFOM. The results indicated the
flux of antibiotics to WWTPs did not affect hormone degradation, but reduced the
decomposition of humic-like substance. Finally, the findings from the research provide
insight into how biodegradation influences estrogen removal in agricultural fields and
municipal WWTPs. The models developed in this research yielded valuable predictive

values for engineered systems.
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CHAPTER |

INTRODUCTION

STATEMENT OF PURPOSE

The occurrence and fate of steroidal hormones and antibiotics has become a
concern because of the endocrine disrupting effects and the growth and dispersion of
antibiotic resistant bacteria, respectively (Hwang et al., 2001; Nash et al., 2004). The
steroidal hormones exhibit high estrogenic potency compared to other endocrine
disrupting chemicals (EDCs) and are often resistant to microbial degradation in
ecosystems and engineered systems (Hoogenboom, 2001; Khanal., 2006). The risk of
EDCs was listed on the EPA’s endocrine disruptor screening program as a priority issue
(EPA. 2009). Widespread use of antibiotics at confined animal feeding operations
(CAPOs) results in their co-excretion with the steroidal hormones. Two significant
sources of environmental exposure to the steroidal estrogens and antibiotics are non-
point source runoff from agricultural operations associated with animal manures and
litters and effluents from wastewater treatment plants (WWTPs). Agricultural operations
are reported to contribute more to estrogenic contamination than municipal WWTPs
(Colucci et al.,, 2001; Khanal et al., 2006). Exposure to the Antibiotics promotes
antibiotic resistance in the environment. Understanding the fate of hormones and
antibiotics in agricultural operations is necessary to initiate effective management

practices and to prevent the exposures.

This dissertation follows the format of Chemosphere.



Characterizing the release, mobility, degradability and fate of steroidal estrogens
in both natural and engineered systems for the purpose of identifying controlling
parameters is the focus of this research. To understand the prevalence and mobility of
the estrogens, bench and field studies were conducted to develop predictive models for
the extent of release and rate of degradation. Monitoring microbial activity elucidated
the degradation kinetics, extent of release, and antibiotic inhibition. The inhibitory effect
of antibiotics on microbial activity is largely unknown in municipal operations. There is
a critical need to understand and describe the dominant characteristics that govern the
fate of estrogen in agricultural and municipal operations. This research addressed the

fate and degradability of estrogen and antibiotic inhibition in municipal operations.

BACKGROUND
Chemical properties

Steroidal estrogens can be classified into two types of compounds. Natural
estrogens include 17B-estradial (E2), estrone (E1), and estriol (E3). The synthetic
hormone, 17a-ethynylestradiol (EE2), is primarily used for human contraception.
Steroidal estrogens are characterized by three six-carbon rings (A, B, and C) attached to
a fourth ring (D) with distinguishing functional groups, either -OH or C=0 (Fig. 1.1.).
The synthetic hormone (EE2) has an additional acetylene group on C17, on the fourth
ring. This has triple bonding on D-ring. EE2 is the most persistent estrogen in many
municipal operations, likely because of its extended molecular structure, which reduces

enzyme activity. E1 has one — OH on the C3 position of estrogen skeleton; E2 has two —



OH groups on the C3 and C17 position; and, E3 has three —OH groups on C3, C17, and
C19 position. The side chain functional groups of the different estrogens can be seen in

Fig. 1.1. These subtle differences substantially alter the activity of these compounds.

OH o
CH3

CH3

/
OH
a) 17p-Estradiol (E2) oH b) Estrone (E1)
CH3
~
OH
c) Estriol (E3) d) 17a-Ethynylestradiol (EE2)

Fig. 1.1 Molecular structure of steroidal estrogens.



The physicochemical properties used to determine distribution and partitioning of
hydrophobic organic contaminants (HOC) in the environment are applicable for steroidal
hormones. The octanol-water partition coefficient (Kow) is directly related to
hydrophobicity and strongly correlated with the normalized organic carbon partition
coefficient (Ky) (Meylan and Howard, 1995). The water solubility of substrates (Sy) is
empirically related to the rates of biodegradation of some HOCs. Therefore, Koy and Sy,
should be considered important parameters governing the fate of hormones in
agricultural fields and water systems. EE2 is the most hydrophobic compound among
estrogenic hormones (Table 1.1). So, the sorption of EE2 is more favorable for its

degradation than biodegradation in wastewater treatment plants (WWTPs).

Table 1.1 Select physicochemical properties of steroidal estrogens.

Estrogen MW(g/mol) Sw(mg/L) T logKowi logK..(Sed)8
El 270.4 13 3.43 3.40-3.81
E2 272.4 13 3.94 3.71-4.12
E3 288.4 13 2.81
EE2 296.4 4.8 4.15 3.45-3.85

MW: Molecular weight,

T, Sw: Water solubility at 20 °C from Routledge et al. (1998).

1, log Kow: Octanol-Water partitioning coefficients from Lai et al. (2000).

§, log Ko (Sed): Normalized organic carbon partitioning coefficients in sediment from
Hanselman et al. (2003).



Physiological effects

Estrogen concentrations as low as 1-5 ng/L in water can adversely affect the
reproductive systems of wildlife and humans by disrupting the normal function of their
endocrine systems (Carlsen et al., 1995, Hoogenboom, 2001; Miller et al., 2007). E2 and
E1 are metabolized to 2-hydroxyestrone and 16a-hydroxyestrone, respectively, at either
the C2 or the C16 position (Zumoff, 1994; Eliassen et al., 2008). 2-hydroxyestrone
contributes a modest anti-estrogenic effect as “the good estrogen.” However, the 16a-
hydroxyestrone and estriol (E3) are estrogen agonists (Zumoff, 1994). The hydroxylated
E1l leads to tumor initiation in estrogen-sensitive tissue (Zumoff, 1994). This study
reported that estrogen-related cancers including breast, ovary, uterus, and prostate, may
be caused by increased 16a-hydroxylation of E2 or the ratio of 2-hyroxyestrone to 16a-
hydroxyestrone (Elisassen et al., 2008). Human health risk from estrogenic hormones
remains uncertain until estrogenic effects appear across the population.

The impact on wildlife exposed to estrogens has largely focused on aquatic
organisms such as fish and turtles. The protein vitellogenin, whose production is
stimulated upon exposure to estrogen in male and female organisms, serves as a good
marker to indicate environmental exposure of estrogens in non-mammalian vertebrates.
Several studies document that steroidal estrogens led to vitellogenin production at
concentrations as low as 1 ng/L, some refer to this condition as the demasculinization of
male fish (Irwin et al., 2001). The demasculization of fish can lead to an altered sex ratio
within a population and sex reversals (Hutchinson et al., 1999; Lai et al., 2002).

Physiological changes at three organizational levels in Xenopus laevis resulted from



exposure to E2 at 2.7 pg L™ (Kloas et al., 1999). In the experimental lake area of north
western Ontario, Canada, the population decrease of fathead minnow was caused by
exposure to EE2 (Kidd et al., 2007).

Humans and other animals excrete steroidal estrogens through urine and feces,
generating 25-100 ug per day depending on the phase of the menstrual cycle (Turan,
1995). Estrogens can be introduced to the environment through municipal and
agricultural activities as both point and nonpoint sources. Estrogen concentration ranging
0.1 - 82 ng/L was observed in effluent from WWTPs (Table 1.2). The presence of the
estrogens in the effluent of WWTPs is largely due to poor estrogen removal in activated
sludge processes. For example, it was indicated that E1, E2, and EE2 can be removed up
to 61%, 86%, and 85%, respectively, by the activated sludge process (Baronti et al.,
2000). Another study reported that E1 and EE2 were removed up to 60% and 65%,
respectively (Esperanza et al., 2004). Most WWTP effluents are discharged to surface
waters and groundwater. The presence of these chemicals, at trace quantities, is known
to have a negative impact on water quality.

Source of estrogens and antibiotics

Estrogens are released to the environment through human and animal urine and
feces. Two significant sources of environmental exposure to steroid hormones are 1)
non-point source runoff from agricultural lands with applied animal manures and litters;
and 2) effluents from WWTPs (Ingerslev et al, 2003). The detection of estrogen in the
effluent from WWTPs results from the endogenous excretion of hormones by humans.

The excretion values for normal woman range from 50 to 450 ug per day via the urine



(Aheren and Briggs, 1989). The concentrations of estrogens in a range of various

matrices from WWTPs are illustrated in Table 1.2.

Table 1.2 The detected concentration of estrogens in influent and effluent from WWTPs.

Estrogen Sewage Influent (ng/L)¥ Sewage effluent (ng/L)f Activated sludge (ng/g)8§
El 44-490 LOD-70 LOD-37
E2 11-180 LOD-64 LOD-49
E3 LOD-263 LOD-18 N.D
EE2 LOD-120 LOD-42 LOD-17

T, Busch et al., 2002; Sole et al., 2000; Baronti et al., 2000
1 Yingetal., 2002

§, Ternes et al., 2002

LOD: Below limit of detection, N.D: no detection.

The 2002 US Census of Agriculture reports that there are approximately 400,000
animal feeding operations in the US (USDA, 2002) with the number of operations
expected to increase. The poultry industry is the largest increased contributor among the
primary contributors (swine, beef, dairy, and poultry). The U.S. poultry industry
produced almost nine billion broilers with a total litter production of almost 13 billion kg
(2008) (USDA, 2009). Growth in the poultry industry has lead to an increasing number
of CAFOs (confined animal feed operations) that generate large quantities of animal
wastes. One of the most concentrated poultry areas in the U.S. is the eastern shore of
Maryland which produces 1.6 billion Ibs of poultry litter for 600 million birds annually
(USDA, 2002). Poultry litter is a good source of organic carbon and nutrients, but
naturally occurring estrogenic steroids in the litter are a concern to environmental health

(Nichols et al., 1997; Finlay-Moore et al., 2000; Shore et al., 2003; Raman et al., 2004).



The application of litter to soil is the primary means of disposal and utilization,
providing nutrient sources to agricultural land (Moffitt, 1996; Kellogg et al., 2000).
Poultry litter has been reported to contain up to 904 ng of E2 per gram of litter on a dry
weight basis (Shore and Shemesh, 2003). E2 is naturally present in poultry litter. It is not
legal to feed hormones to poultry in the U.S. The concentration of natural estrogens in
poultry litter is dependent on gender, age, and type of bird. In total, poultry in the US
produce approximately 160-760 ton/year of natural estrogens (Ingerslev et al., 2003).
While the generated litter is valuable for soil amendment, the presence of hormones and
antibiotics poses a concern if release in the watershed is not adequately controlled.
Agricultural runoff contributes to the deterioration of approximately 70% of
impaired streams and rivers in the U.S. (USDA/USEPA, 1999). Table 1.3 shows the
high concentrations of estrogens in various agricultural sources. Additionally, several
studies of E2 and testosterone mobility in runoff from agricultural fields report
measureable quantities of hormones (Nichols et al., 1997; Finlay-Moore et al., 2000). A
farm in central Virginia (U.S.) with a 1.2-km? agricultural watershed, had runoff with E2
concentrations as high as 120 ng L ™, that fed into a farm pond with E2 concentrations of
14 - 20 ng L™* (Shore and Shemesh, 2003). In 0.8 ha fescue plots, E2 ranging from 305 -
820 ng L™ was released into runoff following amendment with broiler litter (Finlay-
Moore et al., 2000). The levels of estrogen in the runoffs from these various farms are

high enough to cause harm to the health of fauna in the downstream ecosystems.



Table 1.3 Estrogen concentrations in runoff and lagoon from various sources at
agricultural operation sites.

Source Estrogen  Concentration (ng/L) Reference
Poultry litter E2 14-20 (Shore and Shemesh, 2003)
. El N.D.¥ .
Poultry litter 9 20-2330 (Finlay-Moore et al., 2000)
El 255-640
Dairy manure slurr hore and Shemesh, 2
airy manure slurry 9 170-1.230 (Shore and Shemesh, 2003)
. E2 1280 .
Poultry litter (Nicole et al., 1997)
El N.D.
Flushed dairy manure El 780
wastewater 9 <1310 (Hanselman et al., 2004)
El 650
Dairy waste lagoon Kolodziej et al., 2004
iry w. g 9 650 ( ziej )
. El N.D.
Diary manure (Raman et al., 2001)
E2 3300

1 N.D.: No detection

Antibiotics have been a great concern because of the development of antibiotic
resistance in bacteria in water systems (Colborn et al., 1993, Levy, 1997). Annually, 50
million pounds of antibiotics are produced in the United States (FDA, 1999). The family
of tetracycline antibiotics, such as chlortetracycline (CTC) and oxytetracycline (OTC),
are of greatest environmental concern because they are highly consumed by humans and
animal feeding operation (Col and O’Connor, 1987). Antibiotics have been detected at
concentrations of 25-1000 pg/L in swine lagoons and 0.1 - 10 pg/L in effluent from
wastewater treatment plants (Kolpin et al., 2002; Campagnolo et al., 2002; Karthikeyan
and Bleam, 2003). Moreover, antibiotics delivered through these sources may cause
long-term and irreversible change to the microorganism genome, subsequently reducing

bacterial activity in activated sludge to degrade ammonia and organic matter (Halling-
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Sgrensen, 2001; Klavarioti et al., 2009; Prado et al., 2009).
Environmental fate

The fate of steroidal estrogens is governed by many physical, chemical, and
biological processes, such as sorption, biodegradation, and photodegradation. These
processes are complex and largely uncharacterized for natural or engineered systems.
Moisture in agricultural soils favors estrogen biodegradation. Runoff and leaching from
the agricultural soils is also favorable for estrogen biodegradation. To confirm
biodegradation in agricultural soils, a dissipation study of estrogens in soils under
aerobic conditions was undertaken by spiking the soil with **C-labeled estrogens to an
initial concentration of 1-10 mg kg™. The results show that 91% of the total [**C] was
recovered during the experiment in natural soil: 6% of the total was trapped as **CO,.
12% was extracted from the soil; 73% was associated with natural organic matter
(NOM) that was composed of 37% humic acid, 17% fulvic acids, and 19% humin (Fan
et al., 2007). Twelve percent of the extracted [*“C] materials were transformed to E2
metabolites. This study suggests that sorption on NOM was mostly responsible for
hormone loss in field soils. The sorbed estrogen may easily be transported by leaching or
runoff to a downstream ecosystem, causing environmental problems to wildlife.

Sorption to various media, including soil, sediment, and colloids, affects the fate
and transport of steroidal estrogens in the environment (Yamamoto et al., 2003).
Sorption to soil can reduce the leaching potential to groundwater and reduce estrogen
bioavailability to microorganisms (Xia et al., 2006). Sorption to sediment and colloids,

such as clay and dissolved organic matter (DOM), can increase mobility through runoff
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or leaching and enhance bioavailability to fixed bacteria and biofilms (Yamamoto et al.,
2003; Das et al., 2004; Xia et al., 2006). Another study reports that estrogens were
adsorbed on the sediment, colloids, and soil mineral depending on particle size and
mineral type (Bonin and Simpson, 2007). Mineral influence on sorption increases when
organic matter content in soil is low (<0.01%). However, when organic matter content in
soil is high (6-8%), both the inorganic and organic composition affect sorption
predictions (Gao et al., 1998). In addition, organic carbon content plays a role as a
primary binding mechanism (Lee et al., 2003). The normalized organic carbon
distribution coefficient (Ko) is the distribution coefficient (Ky) normalized to total
organic carbon content, suggesting the tendency of compounds to partition to organic
matter. The log Ko of estrogen for various colloids is listed in Table 1.4. The high log
Koc Of estrogens promotes an affinity toward the organic matters. Therefore, log Ko is
useful in predicting the mobility of steroidal estrogens in agricultural and municipal
operations. Higher log K. values correlated to less mobile organic chemicals while
lower log K, correlated to more mobile organic chemicals, indicating that E2 is more
mobile in soil-water systems than E1 (Zhou et al., 2007; Young and Borch, 2009).
Additionally, NOM plays a role in estrogen sorption. As shown in Table 1.4, the order of
sorption capacity on various organic materials for estrogen is as follows: Tannic

acid>Humic acid>Fulvic acid> Polysaccharide (Table 1.4).
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Table 1.4 Organic carbon normalized partition coefficients (K, for the sorption of
steroidal estrogens to various compounds.

Estrogen Log Ko Type of sorbate C(a)rrbgj:lc Reference

3.5 River sediment 0.3-3.3 (%) Lai et al. (2000)

.16- 22-2.91

33526 Soil 0(‘7) 9 Lee et al. (2003)
. (0]
3.94 River colloids 3.0 mg/L Zhou et al. (2007)
E2 4.94 River humic acid 100 %
4.57 River Fulvic acid 100 % Yamamoto et al.
2.76 Polysaccharide 100 % (2003)
5.28 Tannic acid 100 %
. 0.94-3.76 Hidebrand et al.
3.69 Soil (%) (2006)
3.69 River sediment 0.3-3.3 (%) Lai et al. (2000)
332';8' Soil o.(%/z)-2.91 Lee et al. (2003)
. (o]
4.85 Stream colloids 2.3 mg/L
4.83 River colloids 3.0 mg/L
E1l i !
4.67 CF:)';’IET dLsAa 2.9 mg/L Zhou et al. (2007)
Seawater
5.04 colloids 0.4 mg/L
. 0.94-3.76 Hidebrand et al.

4.64 Soil (%) (2006)

Biodegradation is the primary removal mechanism for estrogens in natural and

engineered systems. Initially, inactive conjugated estrogens (E2-3-glucuonide and E2-3-

sulfate) are excreted to water systems (Ternes et al., 1999). The conjugated forms of

estrogen can be easily transformed to the active unconjugated forms (E2) by bacterial

enzymes (Ternes et al.,, 1999). The deconjugation occurs in thermodynamically

irreversible reaction (Dray et al., 1972, Ternes et al., 1999). Estrogen biodegradation in

municipal operations has been studied with activated sludge microorganisms, nitrifying

bacteria, and other pure cultures. Estrogens can be degraded by ammonia oxidation
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bacteria (AOB) or heterotrophic bacteria (Shi et al., 2004; Yoshimoto et al., 2004; Yu et
al., 2007). Rhodococcus zopfii and Rhodococcus equi isolated from activated sludge
degraded E1, E2, E3, and EE2 as their sole carbon and energy source under
heterotrophic conditions with much better degradation capacity (Yoshimoto et al., 2004).
Biodegradation of EE2 by nitrifying activated sludge was reported (Vader et al., 2000).
A study also demonstrated that four estrogens were degraded by a pure culture of
Nitrosomonas europaea (Shi et al., 2004). The results from both studies indicate that
estrogen can also be degraded via cometabolism (Vader et al., 2000; Shi et al., 2004).
Photodegradation is a significant abiotic degradation mechanism for estrogen
loss in natural water (Vialaton and Richard, 2002). Visible light, in the 200-700 nm
range, is not good for saturated organic compounds, i.e., molecules with single bonds
because visible light has low energy spectrum (Turro, 1991). However, unsaturated
molecules, such as ring A on estrogens, can absorb visible light (Turro, 1991). In this
manner, estrogens are photodegraded in natural ecosystems. In controlled experiments,
to mimic advanced municipal treatment technology, estrogens were photodegraded up to
99% in less than 30 min under UV light (intensity-6mW/cm?) by using a titanium
dioxide (TiO,) catalyst (Ohko et al., 2002). The efficiency of estrogen photodegradation
is pH dependent, but not temperature dependent. Results suggest faster degradation of
estrogens occur at pH 7+ (Liu et al., 2004; Kimura et al., 2004). Ideally,
photodegradation plays a greater role in estrogen loss from agricultural fields when

animal litters are applied because the urine is alkaline.
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Degradation kinetic modeling

Degradation Kkinetics are important in modeling the persistence of steroidal
estrogens in the agricultural and municipal WWTP operation. Data on estrogen
biodegradation kinetics by cometabolic processes are limited. Cometabolic degradation
of estrogen requires a reducing agent generated by primary substrate degradation and
enzyme activity induced by ammonia oxidizing bacteria (AOB) (Stein et al., 1998). A
kinetic model of estrogen cometabolic degradation was derived using four assumptions
based on trihalomethanes (THM) cometabolic studies (Wahman et al 2006; Alvarez-
Cohen and Speitel 2000; Arcangeli and Arvin 1997; Criddle 1993). The cometabolic
degradation of estrogen could have a similar process as suggested by other cometabolic
studies. The proposed metabolic pathway for cometabolism of estrogen by a nitrifier is
illustrated in Fig. 1.2. Generally, the biological transformation of ammonia nitrogen
(NHs), which typically occurs in its ionic form (NH,") in normal pH range, is oxidized to
nitrate (NO3) by nitrifying bacteria. AOB play a key role in the oxidation of NH3 to
NO; as a first step. Ammonia is initially oxidized to hydroxylamine by ammonia
monooxygenase (AMO) in Nitrosomonas europaea (N. europaea), and the
hydroxylamine is then further oxidized to NO, with four electrons from hydroxylamine
oxidoreductase (HAO) (Aziz et al., 1999; Ely et al., 1996). N. europaea is the most
widely used AOB for cometabolism research of various organic compounds (Vannelli et
al.,, 1990). Several studies indicate that estrogens can be biodegraded through
cometabolic oxidation using N. europaea and mixed cultures of nitrifying activated

sludge from WWTPs (Vader et al., 2000; Shi et al., 2004; Yi and Harper, 2007).
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Microbial kinetic parameters for estrogen removal through cometabolism are not

currently available.

0,+2H" H,O H,O
AMO "HAO
NH; =  NH,0OH — v 5 NO, +5H"+4e

" _cell synthesis

e de

2e-
AMO H,0 |
Estrogen . intermediate ? - CcO,
O, + 2H"

Fig.1.2. Proposed cometabolic pathway of estrogen using a nitrifier.

Effect of antibiotics

Antibiotics inhibit nitrification due to their potency against nitrifying bacteria
(Halling-Sgrensen, 2001). Different antibiotics can play a role in agricultural and
municipal operations as inhibitors or stimulators of nitrification (Halling-Sgrensen,
2001). The study reported inhibition levels of nitrification for 11 antibiotics by
measuring ECs, values using a pour plate method. It was demonstrated that tetracycline,
a broad spectrum antibiotic, inhibits the nitrification process, while sulfonamides
stimulate nitrifiers. For activated sludge, the ECso for chlortetracycline (CTC) and
oxytetracycline (OTC) were 28 pg L™ and 321 pg L™, respectively, by using a pour plate

method, and 2 pg L™ and 320 pg L™ for N. europaea (Halling-Sgrensen, 2001). Several
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studies reported that estrogen degradation is linked to ammonia oxidation due to
cometabolic degradation by AOB (Vader et al., 2000; Shi et al., 2004; Yi et al., 2006; Yi
and Harper, 2007). This cometabolic degradation of estrogens was explained by an
inhibition test using allythiourea, one of the AMO inhibitors in an aerobic batch test (Shi
et al., 2004). It effectively inhibited nitrification and estrogen biodegradation, suggesting
that hormone removal efficiency in WWTPs may be decreased by the presence of
antibiotics. The high influx of antibiotics to WWTPs may reduce nitrification
efficiencies by reducing enzymatic activity essential for cometabolism. The decreased
AOB activity reduces estrogen removal in aquatic systems.

The inhibition of nitrification for various compounds has been determined by
several standard methods. The extent of apparent nitrification inhibition by antibiotics
depends on the assay. A study indicated that short-term (six hours) effects of antibiotics
on nitrification might be less sensitive in standard methods (ISO 15522 and 1SO 9509)
than long-term test (3 days) (Backhaus et al., 1997). Alternatively, the long-term test
using pure plate method with activated sludge and N. europaea was sensitive for most
antibiotics compared to standard methods (Halling-Sgrensen, 2001). The study failed to
represent nitrification rates in batch tests. So, it was only possible to show the tendency
of nitrification as either level of increased or decreased nitrification rate compare to a
control, indicating that selective antibiotics including OTC and CTC are 10 times more
potent with pure plate method than the standard method (Halling-Sgrensen, 2001).
Inhibition of antibiotics can strongly depend on the test duration and type of compounds

(Kummerer, 2004). A long-term test via a sequential batch reactor (SBR) will be
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effective for evaluating the inhibition of nitrification in activated sludge. Troubles arose
with regard to the unknown length of the period in the inhibition test. Thus, the test
duration was extended up to 14 days due to slow growth rate of pure culture nitrifiers in
comparison to heterotrophic communities in activated sludge. Improved biodegradation
of estrogens in nitrifying process can be related to increased sludge retention time (SRT)
(Ternes et al., 1999; Holbrook et al., 2002; Anderson et al., 2003). Longer SRT for
estrogen cometabolism yields more extensive biodegradation (Demes et al., 2005).
Therefore, our study evaluated the effect of SRT on nitrification in the presence of
antibiotics.

The need for water reuse and recycling of biologically treated sewage effluent
(BTSE) is increasing as a strategy for conservation due to water scarcity and high rates
of urbanization (Shon et al., 2006). The BTSE generally contains three classes of organic
compounds, according to their sources, 1) natural organic matter (NOM), 2) synthetic
organic compounds (SOC) and disinfection by-products (DBP), and 3) soluble microbial
products (SMP) (Shon et al., 2006). The characteristic study of effluent organic matter
(EfOM) or NOM in BTSE is of high concern because DOM serves as a precursor of
disinfection byproducts (DBPs), which increases the amount of coagulants and oxidants
in water treatment process, and causes major fouling problems on membrane surfaces in
advanced processes (Singer, 1999; Lee et al., 2004; Sharp et al., 2004). However, little
is known about the effect of antibiotics on neither the degradation characteristics of
EfOM nor the degradation of xenobiotics in activated sludge processes of WWTPs. This

research hypothesizes that these antibiotics will affect the rate of degradation of
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activated sludge and other target bacteria in WWTPs, which will consequently cause
incomplete removal of hormones by nitrification inhibition and less decomposition of
organic matters in final effluents. Therefore, the objective of this study is to evaluate the
inhibitory effects of selected antibiotics on degradation characteristics for ammonia,
estrogen, and EfOM in SBR. Finally, the study will increase understanding of

antibiotics’ fate and transport in municipal and agricultural operations.

RESEARCH OBJECTIVES
The overall goal of this research was to evaluate the biodegradability of selected
estrogens in limited agricultural and municipal operations by determining their
occurrence and mobility, the kinetics of microbial degradation, and the antibiotic
inhibition of biological degradation. The biodegradability of estrogens was evaluated in
representative agricultural and municipal samples, and compared to the performance of a
pure culture of N. europaea. The specific objectives for each research question are as
follows:
1. To develop an optimized detection method for estrogen in solid (turkey litter)
and aqueous (runoff) matrices.
2. To measure biodegradation rate coefficients for individual estrogens (non-growth
substrate) via cometabolism with an autotrophic pure culture (N. europaea).
3. To evaluate the microbial effects of turkey litter enrichment culture (TLEC) on
estrogen biodegradation, using substrate utilization tests to discern key bacteria

in biodegradation of estrogen on turkey litter amended fields.
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4. To evaluate the inhibitory effects of selected antibiotics on hormone degradation

in WWTPs.
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CHAPTER II
GAS CHROMATOGRAPHIC-MASS SPECTROMETRIC DETERMINATION

OF STEROIDAL ESTROGEN IN TURKEY LITTER AMENDED FIELDS

OVERVIEW

Various analytical methods can detect trace levels of steroidal estrogens in
animal litter and runoff generated from litter amended fields, but the complexity of the
matrix challenges the accuracy and reproducibility of measurements. Agricultural
studies commonly use enzyme immunoassay techniques for quantification of the
steroidal estrogens due to the speed and simplicity of their use (no sample preparation).
Our study evaluated derivatization protocols published previously as a sample
preparation to determine the content of estrogens in field samples using gas
chromatograph-mass spectrophotometer (GC-MS) with an effective extraction method.
This sample preparation for a liquid and a solid matrix consists of sample preservation,
filtration (liquid matrix only), ultrasonic solvent extraction (USE, solid matrix only),
solid-phase extraction (SPE), aminopropil SPE as a cleanup step (solid matrix only), and
optimized derivatization. This sample preparation procedure achieved improved efficacy
to determine the concentration of steroidal estrogens in environmental samples. A
derivatization protocol to form derivatives with sufficient efficacy used N, O-Bis
trifluoroacetamide (BSTFA) as a silylation reagent, Trimethylchlorosilane (1% TMCS)
as a catalyst, and pyridine as a solvent. Compared to other protocols, this method

achieved better sensitivity immediately after 5 hours duration following a 30 minute
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sand-bath at 70 °C. Moreover, recovery tests using isotopes indicated that the optimized
method was suitable for determination of the steroidal estrogens in turkey litter and
runoff from turkey litter amended fields with an average recovery of approximately 90%
for liquid matrix and 50% for a solid matrix. As expected, only estrone (E1) and 1783-
estradaiol (E2) were detected in the two matrices (turkey litter and runoff). The
improved sample preparation protocol resulted in an optimized GC-MS analysis
compared to previous sample preparation techniques. The study suggests that this
sample preparation method is faster and simpler for determining the fate of estrogen

using GC-MS in the turkey litter amended field study.

INTRODUCTION

Poultry litter is widely used for soil amendment both providing fertilizer and
improving soil integrity to increase crop yield. The poultry litter contains natural
quantities of steroidal estrogens depending on the type, age, and gender of birds. As a
result of amending soil with the poultry litter, the steroidal estrogens can partition into
runoff produced from poultry litter amended fields (Nichols et al., 1997; Nichols et al.,
1998; Finlay-Moore et al., 2000; Shore and Shemesh, 2003). The occurrence of
estrogens even at trace levels (part per trillion: ppt) in the aquatic environment can
adversely affect the reproductive systems of wildlife and humans by disrupting the
normal function of their endocrine system (Jobling et al., 1998; Miller et al., 2007). The
number of published papers for quantification of estrogens in animal litter or manure is

limited (Wenzel et al., 1998; Vethaak et al., 2002; Okkerman and Groshart, 2003).
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Naturally occurring 17p3-estradiol (E2) is readily transformed to estrone (E1) and estriol
(E3) in soil and water systems. Relatively little is known of the fate of E1 or E3
compared to E2, even though it is likely that these metabolites would be detected on
agricultural lands applied with poultry litter. Concern over the fate of E1 in the
environment is due to its estrogenic activity, about one fifth that of E2, while that of E3
is much lower (Metcalfe et al., 2001; Conroy et al., 2007). E2 metabolites in agricultural
field studies have rarely been reported. Colucci et al. (2001) suggest the need to monitor
E1 in the agricultural non-point sources due to its high potency.

Various analytical techniques have been developed to monitor steroidal estrogens
in various matrices including surface water, sediments, sludge, and soil (Belfroid et al.,
1999; Lopez de Alda et al., 2000; Kolpin et al., 2002; Cargouet et al., 2004). However,
analytical methods can be limited for an agricultural study of land litter application due
to sample complexity (sample preparation is required), lower sample throughput, and
interferences due to the presence of natural organic matter (NOM) (Johnson et al., 1999;
Huang and Sedlak, 2001). Agricultural field studies evaluating the transport of steroidal
estrogens generally use enzyme immunoassay assay (EIA) or the enzyme-linked
immonosorbent assay (ELISA) methods due to their speed and simplicity of use (Finlay-
Moore et al., 2000; Shore and Shemesh, 2003; Raman et al., 2004; Jenkins et al., 2009).
However, these methods tend to overestimate the concentration of specific estrogens due
to the tendency to form cross-linkages binding other contaminants on estrogen receptors
resulting in overestimations (+63% and +49% in two studies) of the quantities of

estrogens (Holbrook et al., 2002; Farré et al., 2007). A reliable method is needed for
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accurate quantification of the estrogens in animal litter and runoff. Evaluation of the fate
of estrogen in agricultural fields requires a chromatographic technique with superior
separation and identification capabilities to quantify the low concentrations known to
cause environmental impact (Hanselman et al., 2003; Kumar et al., 2006).

Gas chromatography-mass spectrometry (GC-MS) is widely used to determine
the content of steroidal estrogens in environmental samples (Kolpin et al., 2002,
Cargouet et al., 2004, Peng et al., 2008). Although it has less sensitivity and selectivity
than GC-MS-MS or LC-MS/MS, it is significantly easier to use and more commonly
available (Young and Borch, 2009). To increase GC separation efficacy, effective
extraction and derivatization steps are essential steps in sample preparation. While there
are many methods capable of identifying specific hormones from complex matrices, an
effective sample preparation method is necessary for increasing the GC separation from
exogenous natural organic matter, e.g. of poultry litter origin. To achieve high GC
resolution, a derivatization step is needed to increase the volatility and thermal stability
of target compounds for GC-MS analyses (Ding and Chiang, 2003). Various reagents,
such as N, O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) and N-methyl-N-
trimethylsilyl trifluoroacetamide (MSTFA) are available for the derivatization. The
various reagents can derivatize organic compounds containing multiple hydroxyl groups
within their molecular structure for the detection of estrogens in complex matrices
(Huang and Sedlak, 2001; Kolpin et al., 2002; Ingersleve et al., 2003; Raman et al.,
2004). The reagents can convert an estrogen into trimethysilyl (TMS)-estrogen. Also, a

catalyst such as Trimethychlorosilane (TMCS) can improve derivatization yield (Ding et
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al., 2003). However, derivatization reagents can cause incomplete silylation or other
transformations to form a single product (Ding et al., 2003; Zhang and Zuo, 2005).
Shareef et al. reported that TMS-EE2 is partially converted to TMS-E1 when using
BSTFA as TMS reagent (Shareef et al., 2006). Several studies have employed various
final solvents, such as pyridine, acetonitrile, hexane and dichloromethane, for successful
determination of E1 and EE2 derivatives by GC-MS (Zue et al., 2005; Zhang and Zuo,
2005; Shareef et al., 2006; Zhang et al., 2006). Zhang and Zuo indicated that the stability
and efficiency of derivatization is dependent on the reagent, catalyst, final solvent,
temperature, reaction time, and time after the reaction of derivatization (Zhang and
Zuuo, 2005). Ideally, all hydroxyl groups on the estrogen’s molecular structure should
be replaced with TMS reagents to form TMS derivatives of estrogens for better
quantification by GC-MS. However, it is uncertain how to achieve the ideal efficiency of
the derivatization in sample preparation using complex matrices derived from turkey
litter and runoff. Therefore, the objective of this study was to determine a suitable
sample preparation method of turkey litter and runoff from an amended field for
detection and quantification of steroidal estrogens using GC-MS. Derivatization efficacy
was evaluated with the most relevant derivatization method among selected methods.
The results from this study provide an analytical basis using GC-MS as a reliable way

studying fate and behavior of steroidal estrogens in agricultural fields.
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MATERIALS AND METHODS
Chemicals and sample collection

Synthetic standards for steroid estrogens, isotopes, derivatization reagents, and
other solvents were purchased to evaluate peer reviewed protocols. E1, E2, E3, EE2
(17a-ethynylestradiol) and diethylestradiol (DES) were purchased from Sigma Aldrich
(St. Louis, MO). Deuterated estrogens (d4-E2 and d4-E1) were purchased from CDN
ISOTOPES (Quebec, Canada). Methanol, acetone, hexane, and diethyl ether were
obtained from Sigma Aldrich. Dimethylformamide (DMF), BSTFA, and BSTFA + 1%
TMCS were purchased from Supelco (Supelco Park, PA, USA). Pyridine was purchased
from MC&B (Norwood, OH, USA). Turkey litter samples were obtained from the
controlled field testing facility in Riesel, Texas. The collected samples were stored at -
48°C before analysis. Runoff samples were collected from the fields (USDA, Riesel,
TX) within 48 hours of a runoff event, and were acidified with concentrated HCI. The
samples were then stored at -20 °C until extraction.
Extraction method

An extraction method was chosen for revealing the most relevant chromatogram
in GC-MS analysis among previously published papers. Using diethyl-ether (liquid
extraction) or accelerated solvent extraction (ASE) suggested by Raman et al. (2004) and
Chun et al. (2005) respectively was not suitable for determination of estrogen in field
samples due to much interferences such as NOM in the raw samples, which resulted in
unsatisfactory selectivity in the generated chromatograms (data not shown). Our study

used a sample extraction method suggested by Lopez de Alda et al (2002). The
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extraction method consisted of ultra sonic extraction (USE) and solid phase extraction
(SPE). Removal of interference (NOM) in raw samples as a sample preparation step can
achieve better selectivity of GC-MS. A cleanup step was included into the extraction
method by using aminopropil (NH2) cartridge. Farré et al. demonstrated that addition of
a cleanup step using an aminopropil (NH2) cartridge was more reliable than use of
single SPE step for removal of the interferences (Farré et al., 2006). Based on each
method suggested by Lopez de Alda et al. and Farré et al., a sequential extraction was
used for determination of estrogens in the agricultural samples (Lopez de Alda et al.,
2002, Farré et al., 2006). This method was composed of ultrasonic solvent extraction
(USE), solid-phase extraction (SPE), and SPE for cleanup. The method was used for
detection of estrogens in field samples with the optimized derivatization method prior to
GC-MS analysis.

The turkey litter samples were pulverized, homogenized, and then sieved through
a filter (2mm mesh size). A portion of turkey litter was added to a 40ml test tube. The
samples were extracted with a mixture of methanol-acetone (1:1) while being
ultrasonicated for 5 minutes. Sequential extractions were performed with 25 ml, 15 ml,
and 15 ml of the mixed solvent. The liquid extracts were separated by centrifugation for
5 minutes, and then combined in 60 ml glass bottles. A total extract volume of 55 ml was
concentrated to dryness by rotary evaporation, and then diluted by 2 ml of a mixture of
acetone and methanol (1:1) and 18 ml of distilled deionized (DDI) water. The final
volume of 20 ml was prepared for SPE using HLB cartridges from Waters Inc. (Milford,

MA) in a 12 station vacuum manifold. The cartridges were conditioned with 3 ml of
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diethyl ether, methanol, and water, respectively. The 20 ml of the extracts was loaded on
the conditioned cartridges, and the cartridges were washed with 3 ml of DDI water, 40%
methanol, and 10% NH4OH. The cartridges were eluted with 6 ml of 10% methanol in
diethyl ether. The eluates were concentrated to 200 pl using a gentle stream of nitrogen.
The eluates were reconstituted with 1.8 ml hexane for further sample clean-up process.
For the sample cleanup and enrichment, an aminopropyl cartridge was used to remove
interferences from extracts. Sep-Pak plus NH2 cartridges from Waters Inc. (Milford,
MA) were conditioned with 2ml hexane, and then 2 ml of the extracts were added to the
conditioned cartridge. The cartridges were washed with 4 ml of 30% ethyl acetate in
hexane and eluted with 4 ml of 50% ethyl acetate in acetone. For the water sample
(runoff), the runoff sample was filtered with 0.45 pm glass filter using six stations
manifold with vacuum pump. The filtered runoff samples were prepared for the SPE the
same as described in sample preparation of turkey litters. 6 ml of diethyl ether as eluates
was generated for runoff samples. Finally the extracts were reduced to dryness under a
gentle stream of nitrogen gas at 60 °C. The extracts were analyzed by GC-MS after
derivatization.
Derivatization protocols

Four derivatization protocols used in previously published studies were evaluated
to achieve high GC resolution for detection of estrogen in the agricultural field study.
The protocols are listed in Table 2.1. Protocol A was formulated by using only BSTFA
and DMF in the absence of a catalyst for derivatization at 20 °C overnight. The BSTFA

and DMF are a derivatizing reagent and a final solvent used commonly in derivatization
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(Raman et al., 2004). Protocols B was tested by using pyridine and a catalyst (1% of
TMCS) at 70 °C sand-bath during 30 minutes. Also, protocols C and D were tested by
using dichloromethane (DCM) and hexane, respectively, as the final solvents. Each
protocol was evaluated with respect to a peak area based on the response of
chromatogram by GC-MS. To evaluate sensitivity after the derivatization reaction,
variable time durations subsequent to derivatization were tested, but only with the most

suitable protocol for these four protocols to avoid heterogeneity of derivatization.

Table 2.1 Four derivatization protocols (Protocol A-D); BSTFA - N, O
bis(trimethylsilyl) trifluoroacetamide; TMCS-Trimethychlorosilane; DCM-
Dichloromethan; DMF-Dimethylformamide; N/A-not available.

Silylation Catalyst Solvent Final Tempgrature & Reference
reagent solvent time
10.0 ul of 90 pl of 5 Raman et al.
A BSTFA N/A DME N/A 22°C-12hrs (2004)
0.5 pl of
49.5 pl of 50 ul of o . Zhang an Zuo
B 1% M N/A 70 °C-30 min
BSTFA TMCS pyridine (2005)
50 pl of 50 pl of 100 pl o~ Thorpe et al.
C | BSTFA NIA - oyridine pcm | B0°C-4hrs (2003)
0.5 ul of .
D 49.5 pl of 1% 50 pl_of 100 pl 70 °C - 30 min Zhang et al.
BSTFA TMCS pyridine Hexane (2006)

Recovery test using matrix spikes
Three matrices (DDI water, effluent and turkey litter) were used for recovery
test. Estrogen isotopes, such as deuterated estrogens (d4-E1 and d4-E2) were used for

recovery tests in order to reduce matrix effects for turkey litters. The percent recovery of
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the sample preparation method was calculated based on an extracted concentration of
estrogen in the spiked samples.
Estrogen analysis

A THERMO TRACE GC Ultra™ coupled with a mass selective detector and AS
3000 series autosampler was employed for all analyses. Samples were separated on a 30
m x 0.32 mm, 0.25 um, DB-5 fused silica capillary column. The column temperature
was programmed as follows: the initial temperature was 80 °C for 4 minutes, and
increasing 200 °C at a rate of 20 °C per minute, then increasing to 300 °C at a rate of 8
°C per minute and holding at that temperature for 2.5 minutes. The total run time was 30
minutes. Ultra high purity helium with an inline Alltech oxygen trap was used as carrier
gas. The carrier gas was set at 40 psi, column head pressure at 8 psi, injector temperature
at 280 °C, and injection volume was 1.0 pl of the splitless mode. The interface
temperature was held at 280 °C. Mass spectra were scanned from m/z 50-650 at a rate of

1.5 scan per second. The Electron impact ionization energy was 70 eV.
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RESULTS AND DISCUSSION
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Fig. 2.1. Comparison of area abundance for the steroidal estrogens (DES, E1, E2, E3,
and EE2) by four derivatization protocols published previously (Protocol A-D) in Table
2.1, spiked concentration of estrogens: 0.5 mg/L.

Derivatization is a key step in the analysis of steroidal estrogens using GC-MS.
The four derivatization protocols were evaluated by comparing their chromatographic
responses (peak area) of GC-MS in order to determine an optimized derivatization
procedure (Table 2.1). Area abundance for the steroidal estrogens based on the four
derivatization protocols was illustrated in Fig. 2.1. The results indicated that the use of
pyridine as a final solvent achieved better sensitivity in derivatization by comparison of
protocol B and other protocols (A, C, D). A study demonstrated that pyridine may
facilitate the derivatization of steroidal estrogens with BSTFA and lead to a completely
silylated product (Zhang and Zuo, 2005). It also indicates no favorable effects of other

solvents (DCM and hexane) without improvement of the signal of derivatized estrogens
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(Fig. 2.1.). The observation suggests that using pyridine with BSTFA+1%TMCS

achieved better derivatization performance for estrogen detection in field samples.
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Fig. 2.2. Comparison of area abundance of steroidal estrogens for different durations (0,
5, 20, 29 hours) using protocol B at spiked concentrations of 0.5 mg/L.
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Fig. 2.3. Comparison of area abundance of steroidal estrogens for different durations (0,
5, 20, 29 hours) using protocol B at spiked concentrations of 0.1 mg/L.
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The suitable reaction duration of the silylated derivatives of estrogens was
determined for increasing durations for two concentrations of estrogens (0.1 and 0.5 mg
L™Y). The area abundance of steroidal estrogens for different durations using the most
suitable protocol (protocol B) was illustrated in Figs. 2.2.-2.3. It was observed that
longer duration (more than 20 hours) became less satisfactory in derivatization of
estrogens. Especially, it was interesting to observe that E1 and E2 were comparatively
less stable than EE2 and E3 over the durations after derivatization. Using the area
abundance as an indication of the quantity of the estrogenic steroids extracted, the 5 hour
derivatization period resulted in higher areas abundance for all of the estrogenic steroids
at both concentrations than shorter or longer duration after derivatization. Consequently,
our study indicates that 5 hour duration after derivatization by protocol B achieved better

derivatization efficacy when determining steroidal estrogens.
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Fig. 2.4. TIC chromatogram (selected ion monitoring) of steroidal estrogens; Recovery test by

spiking isotopes (d4-E1, d4-E2) in turkey litter (@) — Blue: spiked sample, Black: standard
sample, and turkey litter (b) — Blue: standard sample, Black: turkey litters, 1.S.: internal standard.
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Fig. 2.4. Continued.

Three distinct peaks generated in the total ion current (TIC) chromatogram were
identified as DES, E2, and E1 in turkey litter (Fig. 2.4.). TIC chromatograms of a
recovery test were illustrated in Fig. 2.4a. For the recovery test, deuterated estrogens
(d4-E2 and d4-E1) were used as isotope. The standard chromatograms were well
overlapped with recovered chromatograms at the same retention time in Fig. 2.4a. The
TIC chromatogram yielded mass spectra of target estrogens using selected ion mode
(SIM). The mass spectra were 346 m/z and 220 m/z for d4-E1, 320 m/z and 289 m/z for
d4-E2 in the recovery test. TIC chromatogram of estrogen in turkey litter was exhibited
in Fig. 2.3b. The two peaks were identified in the turkey litter as E1 and E2 appeared at

23.82 minutes and 24.23 minutes of retention time respectively (Fig. 2.4b.). The mass
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spectra of target estrogens in turkey litter using selected ion mode (SIM) were 416 m/z
and 285 m/z for E2, and 342 m/z and 257 m/z for E1 and 412 m/z and 397 m/z for DES
as an internal standard.

Using the proposed extraction method and the optimized derivatization
methodology, the method detection limit (MDL) was determined to be 5 pg kg™ for E2,
10 pg kg™ for E1, 20 pg kg™ for EE2, and 50 pg kg™ for E3 for solid matrix. The MDL
for a liquid matrix was 5 ng L™ of E2, 10 ng L™ of E1, 50 ng L™ of EE2, and 100 ng L™
of E3. A percent recovery test of spiked estrogens on solid and liquid matrices was
conducted by spiking deuterated estrogens (d4-E1 and d4-E2) into DDI water, effluent
from WWTP, and turkey litter. The recovery of each estrogen was 115% of E2 and
106% of E1, 94% of EE2, and 92% of E3 for a liquid matrix using DDI water (Table
2.2). For the effluent, the recovery was 85% of E1, 59% of E2, 74% of EE2 and 84% of
E3 (Table 2.2). The difference of recovery between DDI water and effluent is likely due
to the presence of dissolved organic matter in the effluent. These interferences mask the
selectivity and sensitivity in GC-MS analysis. In a solid matrix, the recovery was 48.9 +
6.8% of E2 and 45.1 + 12.2% of E1 in turkey litter. Relatively low recovery for solid
matrix may be attributed from use of another SPE (NH2 cartridge) as a cleanup step.
Farre et al. (2007) indicated that use of sequential extraction (with a cleanup step) was
more reliable than use of single extraction (without a cleanup step) in estrogen analysis.
Though, a percentage recovery using the sequential extraction was reduced by

approximately 20%, comparing to use of single extraction (Farré et al. 2007). Further
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testing of the sequential extraction is required to enhance recovery of estrogen in a solid

matrix such as animal litter.

Table 2.2 The percent recovery of spiked estrogen and estrogen concentration in field
samples (Turkey litter and runoff), DDI (Distilled deionized): n=3, Effluent after UV
from WWTPs at College Station: n=2, turkey litter: n=2, N/D: not detected; N/A: not
available.

_ Recovery (%) Field samples
chemicals DDI water Effluent Turkey litter (IT] gnl(_)_lf; T%ngeig:ilt;er
El 129 - 135 75.3-87.6 36.4 - 53.7 2182 194.4
E2 115-135 445 -69.1 44.1 - 53.7 481 249.9
EE2 96 - 113 54.7-93.5 N/A N/D N/D
E3 78 - 134 80.2-87.1 N/A N/D N/D

Estrogen content of the field samples analyzed by the optimized method
compared favorably with other studies published previously for detection of estrogens in
poultry litter (Nichols et al., 1997; Nichols et al.; 1998; Finlay-Moore et al., 2000). In
these studies, E2 content ranged from 33 to 904 ug kg™ in poultry litter, with our study
showing that its content was 249.9 pg kg™ of E2, 194.4 pg kg™ of E1 ( no detection of
E3 and EE2) in turkey litter (Table 2.2). In a runoff matrix, Finlay-Moore et al. reported
that the concentration of E2 ranged from 20 to 2530 ng L™ in runoff generated from

broil litter amended fields at first storm by an immunoassay method (Finlay-Moore et
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al., 2000). Using our optimized method, the concentrations of estrogen were 481 ng L™
for E2 and 2182 ng L™ for E1 in the runoff generated from fields amended with
application quantities of 13.6 mega gram (10° gram) turkey litters per hectare in a
pasture field (Table 2.2). The higher concentration of E1 in runoff may be a result of
biodegradation by various bacteria activity in turkey litter after its field application. The
transformation was demonstrated in a laboratory test using turkey litter enrichment
culture (TLEC) in our other study. Finally, the sample preparation method, including the
optimized derivation followed by GC-MS, made it possible to determine estrogen
content in agricultural samples, providing a reliable quantification of estrogen for the

fate of estrogen in turkey litter amended field.

CONCLUSION

A method appropriate for sample preparation for the study of occurrence and
mobility of steroidal estrogens derived from turkey litter amended fields was developed.
The method using USE, two SPEs, and optimized derivatization based on published
papers proved to be relevant in determination of estrogens in field samples. The
derivatization protocol using BSTFA+1% TMCS and only pyridine as a final solvent,
and 5 hour duration after its reaction (30 minutes at 70 °C sand-bath) achieved better
efficacy for the analysis of estrogens with an average recovery of 90% in the liquid
matrix and approximately 50% in the solid matrix. Moreover, this method was
successfully applied to the analysis of estrogenic hormones in runoff and turkey litter

from turkey litter amended fields using GC-MS. However, an even more robust and
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reliable sequential method in sample preparation is needed for the quantification of

estrogens in the turkey litter with higher recovery.
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CHAPTER 11
DEGRADATION KINETICS OF STEROIDAL ESTROGEN VIA

COMETABOLIC REACTIONS

OVERVIEW

Steroidal estrogens are environmentally significant because of their high
estrogenic potency, toxicity, and persistence. Microbial degradation is considered to be a
major mechanism of estrogen removal from the environment. Biodegradation kinetics of
individual parent estrogen compounds by pure and mixed cultures are available, but not
for the cometabolic reaction of estrogen as a non-growth substrate. Biodegradation
kinetics of estrone (E1), 17B-estradiol (E2), 17a-ethynylestradiol (EE2), estriol (E3) and
17a-estradiol (17a-E2) were evaluated in the cometabolic system using N. europaea.
Four models to represent the cometabolism of estrogen were proposed. Normalized
residual sum of square (NRSS) analysis revealed that the reductant model is the most
appropriate method to yield biokinetic parameters, (Kuns, Ksa, Kestrogen) from individual
estrogen experiments. The model assumes that estrogen degradation requires both a
limited reductant generated from ammonia oxidation and no competition with ammonia
or its oxidative product (NO3™ or NO;"). The model predicted cometabolic degradation of
estrogens in high ammonia concentrations. The estimated estrogen degradation rate
constants were comparable to some previously reported values. Ninety-five percent
confidence limits were applied for individual estrogen rate constants to account for

culture variability. The ratio difference between two rate constants (Kestrogen/Kni3) resulted
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from differing cometabolic activity and enzyme activity for each estrogen. For EE2, the
higher ratio that EE2 is degraded faster cometabolically than other estrogens. The kinetic
coefficients determined by estrogen cometabolism help explain the limited removal of
estrogen by ammonia oxidation bacteria (AOB) cometabolism of the engineered and

agricultural systems.

INTRODUCTION

The presence of hormones in the environment can potentially have an adverse
effect on humans and ecosystem even at surprisingly low concentrations (ng/L).
Steroidal estrogens are of are more potency, compared to other endocrine disrupting
chemicals (EDCs) (Hanselman et al., 2003). Removal of the steroidal estrogens in
WWTPs is strongly associated with the sorption and biodegradation in the activated
sludge systems. Over the past 10 years, considerable research has been performed on the
fate of estrogen in wastewater treatment plants (WWTPs) (Ternes et al., 1999; Johnson
and Sumpter, 2001; Anderson et al., 2003). Reported results suggest that biodegradation
is the primary mechanism of estrogen removal in WWTP activated sludge systems
(Anderson et al., 2005).

Estrogen biodegradation has been studied extensively with various microbial
cultures, including activated sludge, enrichment cultures, and pure cultures (Vader et al.,
2000; Shi et al., 2004; Yoshimoto et al., 2004; Yu et al., 2007). Yoshimoto et al. isolated
four strains capable of heterotrophically biodegrading 17p-estradiol (E2), estrone (E1),

estriol (E3), and 17a-ethynylestradiol (EE2), using these estrogens as the sole carbon
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and energy source. In their study, Rhodococcus zopfii and Rhodococcus equi were
isolated from activated sludge at WWTPs, with a degradation efficiency of 70 - 96% in 6
hours (Yoshimoto et al., 2004). Vader et al. (2000) report that biodegradation of 17a-
ethynylestradiol (EE2) was performed by nitrifying activated sludge cometabolically.
The degradation of four estrogens (E1, E2, E3, and EE2) with a nitrifier, N. europaea
was reported by Shi et al (2004). In 2007, Yi and Harper showed that the nitrification
rate is significantly (R?=0.9432) related to EE2 biotransformation. The recent study by
de Gusseme suggests that AOB contributes to EE2 biodegradation in WWTPs (de
Gusseme et al., 2008). Low biodegradation rates of AOB bacterial activity may be
explained by reductant depletion, competition with key enzymes, or formation of toxic
intermediates in the cometabolic reaction (Aziz et al., 1999; Alvarez-Cohen et al., 2000).

N. europaea is the most commonly reported organism used to evaluate the
cometabolism of hormones. Shi et al. (2004) demonstrated that N. europaea can
cometabolize the steroid estrogens at rate ranging from 0.0384 mg/L day to 0.0528 mg/L
day ssuming pseudo-first order kinetics. The cometabolism of estrogens by N. europaea
is proposed to be in two steps. Generally, the nitrifying bacteria transform ammonia
(NH3) or ammonium (NH,") to nitrate (NO3). AOB plays a key role in the oxidation of
NH3 to NO; as the first step of estrogen degradation by cometabolism. Ammonia is
initially oxidized to hydroxylamine by ammonia monooxygenase (AMO) from N.
europaea. In the second step, the hydroxylamine is further oxidized to NO, by
hydroxylamine oxidoreductase (HAO) generating four electrons. The estrogens are

biodegraded through the cometabolic reaction with the electrons (as a reductant) and
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AMO (as an enzyme). The kinetic models for estrogen cometabolism were evaluated
based on the assumptions that estrogens might be cometabolized by two limiting
reactants without any competition between them (Wahman et al. 2006). Also, this kinetic
study revealed the underlying mechanism of the estrogen biodegradation by
cometabolism. The objective of our study is to determine the biodegradability of

estrogen using a represented model based on fitting of experimental results.

MATERIALS AND METHODS
Chemicals and chemical analysis

Steroidal estrogens E1, E2, E3, EE2, 17a-E2, and diethylstilbestrol (DES) with
high purity (+95%) (Sigma Chemicals Co., St Louis, MO) were used. BSTFA+1%
TMCS (Supelco, Supelco Park, PA) and pyridine (MC&B, Norwood, OH) were used for
derivatization. The protein assay was performed with the kits with Bovine Serum
Albumin (BSA) standard (Bio-Rad, Hercules, CA). For ammonia analysis, High Range
Test ‘N Tube Nitrogen-Ammonia reagents set for 0.4 to 50 mg/l NH3-N were used
(HACH CO., Loveland, CO).

A HP 5890 Series Il gas chromatographic-mass spectrometry (GC-MS) coupled
with a HP mass selective detector was used to quantify the steroidal estrogens. Samples
were separated on a 30 m x 0.32 mm, 0.25 pum, DB-5 fused silica capillary column. The
column temperature was programmed as follows: the initial temperature was 80 °C for 4
min and increase to 200 °C at 20 °C/min, and then it was increased to 300 °C at 8 °C/min

and held for 2.5 min. The total run time was 30 min. Ultra high purity helium with an
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inline Alltech oxygen trap was used as carrier gas. The carrier gas was set at 40 psi,
column head pressure at 8 psi, injector temperature was maintained at 280 °C, and the
injection volume was 1.0 pl in the splitless mode. The interface temperature was held at
280 °C. Mass spectra were scanned from m/z 50-650 at a rate of 1.5 scan/sec. The
electron impact ionization energy was 70 eV.
Cell growth

A pure culture of N. europaea (ATCC 19718) was obtained from American Type
Culture Collection (ATCC). The culture was grown in 2-L Erlenmeyer flasks with
aluminum foils on 1-L of media including 50 mM (NH,4),SO,, 43mM KH;PO4, 0.73 mM
MgSQy4, 0.2 mM CaCl,, 0.01 mM FeSOq4, 0.017 mM EDTA, 0.007 mM CuSOy, 4.4 mM
NaH,PO4, and 0.04% (wt/vol) Na,COs. Approximately 10% of the culture was used as
an inoculum for cell transfer every 10 days. The flasks were placed on rotary shakers in
a dark room at 30 °C. The suspension in the flasks should be turbid in 3 or 5 days after
cell transfer and before the kinetic experiment.
Batch kinetic assay

For kinetic experiments, pre-grown N. europaea organisms were harvested from
Erlenmeyer flasks by centrifugation, washing, centrifugation, and resuspension in fresh
buffer medium (8 mM phosphate and 10 mM carbonate, pH 8). The initial concentration
of substrate was adjusted with 100 ml of growth medium after evaporation of 250 pl of 2
g/L stock solution in 300-ml amber bottles to obtain approximately 0.5 mg/L of each
estrogen. The required volume of the suspension of concentrated cells was added to each

reactor to obtain an ODgy of 0.4. The biomass concentration was quantified at the
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beginning of each test by a protein assay using BSA as a standard. 5-ml samples from
each reactor were added to 20-ml amber vials containing 5 ml solvent (diethyl ether) for
extraction at predetermined sampling times. The amber vials were placed on a rotary
shaker for overnight to allow complete transfer of the estrogens into the diethyl ether
phase. The extracts were derivatized by using BSTFA + 1% TMCS and pyridine. The
derivatized extracts were analyzed using GC-MS. For ammonia-nitrogen analysis, 1.0 ml
samples from each reactor were filtered with 0.2 pm membrane filters to 10-ml
centrifuge tube, and then were measured with HACH High Range nitrogen-ammonia
reagent kits and an UV-visible spectrophotometer (Agilent 8453) according to HACH
colorimetric method 10023 (Salicylate method). pH was measured using an pH electrode
(HACH SENSION) for each sampling at predetermined time.
Kinetic modeling approach

The kinetic model for microbial degradation of ammonia was developed based
on the Monod equation. The model (eg. 3.1) assumes that the estrogens do not compete

with ammonia.

_ 4CrorNH3 _ _KToTNH3CTOTNH3 %1 e (3.1)
dt Ksnuz—nTCTOTNH3 01 '

where,

Crotnns IS the concentration of total ammonia in the liquid phase (mol/L),
krotnns 1S the ammonia maximum specific rate of degradation,

Cestrogen 1S €Strogen concentration,

Kestrogen 1S @ pseudo first-rate constant of estrogen,

Ksiua-x is the ammonia half saturation constant,
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X is the biomass concentration (mg-BSA/L), and

ay 1S the NH3-N fraction to TOTNHs.

Using estrogen degradation models based on a first-order kinetic, substrate competition,
reduction, and the combination of competition-reduction, four forms of the model
resulted and is expressed in equations 3.2-3.5. Model 1(Equation 3.2) assumes first-
order Kinetics, that estrogens and ammonia do not compete with each other, and estrogen
is the limiting reactant.

dcestrogen _
- dt - kestrogencestrogenx (3-2)

For estrogen degradation based on substrate competition Kkinetics, ammonia must

compete with estrogen and estrogen is the limiting reactant (Equation 3.3).

_ dCestrogen _ kestrogencestrogen X (3 3)
dt - 14 STOTNH3 %1 .
KSnuz-N

Assuming that ammonia does not compete with estrogen and there are two limiting

reactants (estrogen and reductant), a reductant model results (Equation 3.4)

dcestrogen kestrogencestrogen
- = L X (3.4)
dt 1+—>NH3-N
CTOTNH3%1

Combining the competition and the reductant models and assuming ammonia competes
with estrogen, two limiting reactants (estrogen and reductant) are represented in the

model (Equation 3.5).

. dCestrogen __ kestrogenCestrogen X (3 5)
dt 14ETOTNH3 %1 ( KsnH3-N : 1) '
Ksyus—n /\CTOTNH3%1
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The four models were evaluated by comparing the sum of square error (SSE) values to
determine kinetic coefficients for the best-fit simulation among them. A small SSE value
indicates a tight fit between the model and the data.
SSE = Y™ ,(CPPS — CPTe%)? (3.6)

Estimation of kinetic coefficients

If the initial substrate concentrations are higher than substrate affinity constant
(Ks) or if the ratio of initial substrate concentration to biomass (So/Xp) as an extant
condition is low in the experiment, the biokinetic coefficients can be measured
independently (Ellies et al., 1996, Grady et al., 1996). The use of nonlinear regression
techniques is widely accepted (Smith et al., 1996) as an accurate method of analysis
(Leatherbarrow, 1990). For the kinetic coefficients of ammonia degradation as a first
step, a kinetic model was developed where ammonia (NHj3) is the only species that binds
to the active site of AMO (Suzuki et al., 1974). Ammonia concentrations in the models
were calculated by using both the results of the ionization fraction and experimentally
measured totals of ammonia (TOTNH3-N), including ammonia (NH3-N) and ammonium
(NH,"-N). The experimental data obtained from the each set of experiments was used to
estimate the Monod parameters by fitting the Monod-typed saturation kinetic equation
(Eqg. 3.1). An alternative means of estimating the Monod parameters is by solving the
integrated form of the Monod equation in computer code or simple spreadsheet (Smith et
al.,, 1996, 1998). The numerical integration of the differential equations has been
commonly achieved through a fourth-order Runge-Kutta numerical approximation (Eq.

3.2). The approximated value was fit to the experimental data by minimizing the sum of
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square errors (SSE) between the model predicted values and the experimental values.
This value was based on an iterative search by the Solver spreadsheet function
(Microsoft Excel 2007). To estimate the kinetic coefficients for estrogens degradation as
a second step, the four aforementioned kinetic models were employed based on their
major assumption.

The assumptions adopted in this study were based on a proposed model for
cometabolic degradation of various halogenated compounds using N. europaea by
several researchers (Smith et al., 1996, Aziz et al., 1999, Wahman et al., 2006). The
models were evaluated by fitting them to data on estrogen depletion. Ammonia half
saturation constants (ksnus), estimated from the biokinetic experiments of ammonia
degradation, were used for determination of the estrogens degradation rate constants
(Kestrogen). Finally, the estrogen rate constants and the initial concentrations of each
estrogen were determined using non-linear regression. The kinetic models used in this
study and their major assumptions used are provided in a previous section. The nonlinear
regression analysis yielded estimates of the estrogen rate constant (Kestrogen), the ammonia
maximum specific rate of degradation (krotnms), and the ammonia half-saturation
constant (ks nus), @s well as the initial concentration (Cy) for ammonia and each estrogen.
The uncertainty in the fitting parameters was determined by a method suggested by

Smith et al. (1998).

RESULTS AND DISCUSSION

The time dependent substrate depletion data was generated for individual
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estrogens of El, E2, E3, EE2, 17a-E2, and corresponding total ammonia nitrogen for
each estrogen (Figs. 3.1-3.5). Each experiment was repeated two times and the
duplicated data was treated as an independent data set. The kinetic models were fitted to
the experimental data measured from the biokinetic experiment to generate biokinetic
parameters such as the estrogen rate constant (Kestogen), the maximum specific
degradation rate (krotnms), and the half saturation constant (Ksxs), as well as, the initial
concentration (Cp) of ammonia and individual estrogen. The Kkinetic models were
generated with the replicated experimental data (Figs 3.1-3.5). The 95% confidential
intervals of the model determined with the method as described by Smith et al. (1998)
are illustrated in Fig. 3.6. Each estrogen was evaluated using normalized residual sum of

square (NRSS) values that were approximated by non-linear regression (Table 3.1).

50 2.5
_ 40 ¢ 2
-%- SR
=z 30 : S 15
o ~ =
T ey =
'_
)
T 10 0.5

0 0

0 20 40 60 80 0 20 40 60 80
Time (hrs) Time (hrs)

Fig. 3.1. Kinetics of ammonia (saturation model) & estrone (E1) degradation; Open
symbols denote experimental observations and dashed lines represented the reductant
model.
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Fig. 3.2. Kinetics of ammonia (saturation model) & 17p-estradiol (E2) degradation;
Open symbols denote experimental observations and dashed lines represented the
reductant model.
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Fig. 3.3. Kinetics of ammonia (saturation model) & estriol (E3) degradation; Open
symbols denote experimental observations and dashed lines represented the reductant
model.
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Fig. 3.4. Kinetics of ammonia (saturation model) & 17a-ethynylestradiol (EE2)
degradation; Open symbols denote experimental observations and dashed lines

represented the reductant model.
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Fig. 3.5. Kinetics of ammonia (saturation model) & 17a-estradiol (17a-E2) degradation;
Open symbols denote experimental observations and dashed lines represented the
reductant model.
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Table 3.1 NRSS (Normalized residual sum of squares) of five estrogens, bold numbers
indicate the best fit model with an observed value.

NRSS (107%)
Models
El E2 E3 EE2 17a-E2
1st order 0.48 19.7 1.08 30.4 28.1
Competition 0.42 17.6 2.53 24 24.9
Reductant 0.38 135 0.45 13 3
Combined 0.39 17.9 1.65 35 23.9

The NRSS approach revealed that all estrogens were best fit with the reductant
model as determined by the lowest values (Table 3.1)., indicating that this model is the
most relevant to represent the estrogen cometabolism in batch experiments. The fit of
the ammonia and estrogen concentrations generated by the reductant model of E1, E2,
E3, EE2, and 17a-E2 are illustrated in Fig. 3.1. through 3.5. The ammonia
biodegradation of each experiment was limited at approximately 20 M of ammonia
concentration because other toxic intermediates (NO3-N or NO,-N) would be generated
(Figs. 3.1- 3.5). The degradation of some estrogens (E3, EE2, 17a-E2) was limited from
42 hours because reducing power was not enough from 42 hours or the toxic
intermediates were generated (Figs. 3.1-3.5). E1 was least degraded among other
estrogens. The estrogen kinetic coefficients (Kestrogen) €Stimated using the reductant
model generated values higher than typically reported for nitrifiers. The Monod half

saturation coefficient (K ) for ammonia degradation ranged from 17 - 41 mg L™

SNH3-N

NHs-N (Table 3.2). The estrogen rate constants (Kestrogen) ranged from 3.2x10° to 7.7x10"

® (L/mg BSA-day) which is a fairly small range of values. The narrow range of values
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reported by Shi et al. (2004) (3.8 - 5.2x10% mg/L-day) are approximately 10 times. This
difference is attributed to the ammonia rate constants in the reductant model because
their study assumed a zero-order reaction model. The reductant model provided better

prediction of estrogen rate constants for cometabolic kinetic study.

Table 3.2 Kinetic coefficients of estrogens estimated by a reductant model and the
kinetic coefficient ratio (Estrogen/Total ammonia)

. X kTOTN H3 kestrogen kestrogen/ kTOTN H3
Chemicals
(mg BSA/L) (mg TOTNHai/mg BSA-day) (L/mg BSA-day) (L/mg TOTNHs,)
El 68.80 +£7.63 11.53+0.45 3.17E-3+0.003 2.75E-04
E2 48.50+11.80 13.21+1.09 7.71E-3+£0.005 5.83E-04
EE2 89.20+15.98 7.34+0.24 6.77E-3+0.0001 9.22E-04
E3 52.90+10.47 15.88+0.57 4,13E-3+0.004 2.60E-04
17a-E2 69.90 £1.63 9.82+0.87 5.18E-3+0.002 5.28E-04

The estrogen degradation rate (Keswogen) Varied in proportion to the ammonia
degradation rate (krotnns) (Table 3.2). Taking the ratio of estrogen to ammonia rate
constants, the cometabolic level or enzyme activity of each estrogen can be evaluated.
The ratio of Kego/ktornws Was highest among the estrogens, indicating that EE2
degradation is favored by cometabolism. AOB has been reported to be effective for EE2
removal in WWTPs, suggesting that EE2/NH," cometabolism under high nitrification
activity could be mediated by AMO (Ren et al., 2007). Estrogen degradation was found
to be preferred by some microorganisms in activated sludge (AOB or Heterotrophs),
implying that EE2 degradation can be favored by AOB while E3 degradation is favored

by heterotrophic bacteria (Ren et al., 2009). These authors proposed that nitrifiers
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initially degrade EE2 to other metabolites that are subsequently removed by
heterotrophic bacteria which supports the theory that removal of EE2 is due to
cometabolism than that of other estrogens.

Fitting of the kinetic models examined to the experimental data resulted in
different degradation rate constants due to the cometabolic assumptions. That the
constants are different suggests that the mechanisms of estrogen degradation in the
presence of high ammonia concentrations emphasize the importance of AOB in estrogen
removal in WWTPs. The degradation of all estrogens (E1, E2, EE2, E3 and 170-E2)
were governed by both a reductant (electrons) and no competition by either ammonia or
its oxidative metabolites (NO; or NO3’). The availability of reducing agents from the
oxidation of ammonia (a growth substrate) limits the rate and extent of cometabolic
degradation of estrogen (a non-growth substrate). However, whether ammonia or its
oxidative metabolites compete with each estrogen as non-growth substrates is not clear.
The model-based diagnostics were an aid to understanding the behavior of estrogen

cometabolism in the presence of high ammonia concentration.
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Fig. 3.6. Estrogen Kinetics 95% confidential limits for batch kinetic experiments with N.
europaea.

Estimation of 95% confidential limit for the estrogen rate constant was
determined by the method described by Smith et al. (1998). The kinetic parameters fit to
the reductant model of estrogen were the initial estrogen concentration (Co) and the rate
constant (Kestrogen). The 95% confidential limit for two kinetic parameters is illustrated as

the value of Kestrogen plus two standard deviations (20) and the value minus two standard

deviations (Fig. 3.6.).
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Table 3.3 Initial estrogen removal performance prediction based on N. europaea kinetic
parameter under various sources, WW: Wastewater.

A TOTNH; Estrogen Percent Removal (%)
Sources
(mg N/L) El E2 EE2 E3 170-E2
Drinking Water 4 0.1 0.2 0.4 0.1 0.2
Municipal Wastewater 30 0.8 1.7 2.7 0.8 1.6
Animal Wastewater 300 7.9 16.0 24.1 7.5 14.7
High con. Wastewater 900 21.9 40.8 56.3 20.9 37.9

The ratio of Kestrogen/KToTnH3 CaN be used as a first approximation to the expected
performance of the various biofilter processes for various sources such as drinking

water, municipal wastewater and animal wastewater (Equation 3.7) (Wahman et al.,

2005 and 2006). The normalized estrogen effluent concentration (—C“”"ge”(t)

, Or
estrogen (0)

estrogen fractional removal, is independent of the influent estrogen and TOTNHj;
concentration (Equation 3.7). Also for a given TOTNH3; removal, the ratio is dependent

on the estrogen rate constant (Kestrogen)-

kestrogen
Cestrogen(t) _ —ATOTNH;3 _estrogen

kToTNH3 (3_7)

Cestrogen (0)
Equation 3.7 can be used to approximate the maximum expected removal of each
estrogen as a function of total-ammonia removal (ATOTNH3). ATOTNH3 is a function
of time. Using average values of the kinetic coefficients from Table 3.3, initial
performance predictions are made with likely maximum TOTNH3 removal for various
sources. The results of this analysis are summarized in Table 3.3 with removals ranging
from 0.1-56.3%, depending on water sources. Drinking water containing the low

ammonia concentration is less effective for estrogen removal by cometabolism.
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However, the estrogen removal performance in real facilities seems to be increased due
to kinetics high enough for in-situ application by the mixed culture of nitrifiers. Animal
wastewater containing the high ammonia concentration (approximately 300 - 2500 mg

N/L for swine wastewater) is expected to effectively treat estrogens.

CONCLUSION

Kinetic coefficients of estrogen degradation were successfully determined using
N. europaea to generate data for a reductant model. The implications are that estrogen
cometabolism is, under the experimental conditions of this study, governed by a
mechanism that requires both a limited reductant produced from ammonia oxidation and
no competition with ammonia or its oxidative intermediates. Further, the removal of
estrogen increased at greater ammonia concentrations because the rate of estrogen
degradation depends on both the concentration of the estrogen and ammonia. The
reductant model also predicted no estrogen degradation in the absence of ammonia. The
kinetic coefficients of estrogen cometabolism normalized by kinetic coefficients of
ammonia degradation suggest a further approach for an engineered application. The
kinetic experiments imply that AOB likely grown in various water treatment facilities
and agricultural fields could play a role to degrade estrogen to some extent by
themselves depending on ammonia removal. The results suggest that the ratio of
Kestrogen/Kniz Should be considered in designing effective bioremedial strategies. The role
of nitrifiers and predicting the biodegradability of individual estrogen through

cometabolism are some of the key results from this study.
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CHAPTER IV
THE EFFECT OF MICROBIAL ACTIVITY ON STEROIDAL ESTROGEN

REMOVAL USING TURKEY LITTER ENRICHMENT CULTURE (TLEC)

OVERVIEW

The effect of aerobic microbial activity on steroidal estrogen removal was
evaluated for a turkey litter enrichment culture (TLEC). Favorable bacteria in the TLEC
for the biodegradation of steroidal estrogens in aerobic batch test were identified using a
substrate utilization test (SUT). Based on materials balance calculations of the amount of
naturally occurring hormone applied via litter amendment of fields and measured runoff
calculations, it was indicated that indigenous microorganisms have the potential to
degrade the steroidal estrogens found on agricultural fields amended with turkey litter.
The aerobic degradation of estrogens followed pseudo-first order kinetics. The rate
constants for estrogen biodegradation were calculated: 0.050 hr* for E1, 0.031 hr for
E2, 0.027 hr? for E3, and 0.012 hr for EE2. The results indicate that the synthetic
estrogen, EE2, is more resistant to aerobic biodegradation than the natural estrogens by
the TLEC using nitrogen and carbon substrates. Moreover, SUT data indicate that the
biodegradation of E1 and E2 occurs through co-metabolism by ammonia oxidizing
bacteria (AOB). By contrast, the biodegradation of E3 and EE2 by TLEC was largely
due to the heterotrophic bacteria in the consortia. The results for only the natural
estrogens (E1, E2, and E3) are in agreement with previous results for municipal

operations. This study indicates that the TLEC is composed of estrogen degraders that
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can impact the fate of estrogen in turkey litter amended fields. The microbial activity of
the turkey litter biota for estrogen degradation is primarily attributed to the composition
of the microbial population. The evidence suggests that the performance of indigenous
microorganisms can be encouraged by managing environmental factors (nutrients and
organic carbon) or a composting process prior to application may be effective in
reducing the concentrations of steroidal estrogens in turkey litter and thereby eliminating

the environmental consequences of these releases to waterways.

INTRODUCTION

Steroidal estrogens can potentially impact ecosystems and engineered systems
due to their higher estrogenic potency than other endocrine disrupting chemicals
(EDCs) (Jobling et al., 1998; Metcalfe et al., 2001). In particular, exposure can
influence sex ratios and reproductive systems of wildlife by disrupting the normal
function of their endocrine systems even at trace concentrations in the environment
(Jobling et al., 1998; Miller et al., 2007). Steroidal estrogens have been detected at
trace levels in runoff (12 — 1256 ng E2/L) from poultry litter amended fields and
effluent (0.1 - 30 ng E2/L) from wastewater treatment plants (WWTPs) (Hewitt and
Servos, 2001; Raman et al., 2001; Young and Borch, 2009). Efforts to trace the fate of
these chemicals in the environment has revealed that natural and synthetic estrogens
can be biodegraded and this process is considered a significant parameter governing the
fate of estrogens in ecosystems (Donova, 2007; Young and Borch, 2009). However,

relatively little is known about the biodegradation of steroidal estrogens introduced to
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agricultural fields when amended with animal litter. Agricultural runoff can constitute a
significant fraction of estrogens released to surface and groundwater even when
compared to municipal sources (Colucci et al., 2001).

Turkey litter is a good source of nutrients and organic carbon, but co-occurring
steroidal estrogens in the litter can become an environmental concern. The US Census
of Agriculture reported that the U.S. poultry industry produced almost 8.9 billion
broilers with a total litter production of almost 14 billion kg (2008) (USDA, 2009)
Growth in the poultry industry has led to an increasing number of confined animal
feeding operations (CAFO) that generate large quantities of animal waste (Shore and
Shemesh, 2003). Application of litter to the land is not the only means of disposal or
utilization, but also it is desirable because the litter provides nutrients that increase crop
yield (Ingersleve et al., 2003). All animals release some level of hormones in their
urine and poultry litter contains 173-estradiol (E2) ranging from 126 to 904 ng g-1 on a
dry weight basis depending on the gender, age, and type of bird (Nichols et al., 1997).
The quantities of steroidal estrogens in U.S. poultry are estimated to ranging from 160
tons/year up to 750 tons/year (Finlay-Moore et al., 2000). The reported concentration
of steroidal estrogens detected in runoff ranges from 14 to 1256 ng/L, depending on the
size of plots, precipitation rate, litter rate, and land use in fields applied with animal
litter (Raman et al., 2004).

Biodegradation of steroidal estrogens can significantly reduce their
concentrations, particularly in agricultural fields. A composting process, a form of

biodegradation, as an on-farming animal litter management practice may provide
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effective removal of the steroidal estrogens (Hakk et al., 2005). Composting is a
controlled aeration process that enhances the performance of microorganisms capable
of decomposing organic materials in poultry litter (de Bertoldi et al., 1998). Many
studies report that the biodegradation of estrogens in the composting or animal litter
amended fields is governed by the microbial activity at the application sites (Raman et
al., 2004; Hakk et al., 2005). Hakk et al. show that 80% of E2 can be removed in 139
days of composting (Hakk et al., 2005). However, most available data has been
reported from estrogen degrading cultures isolated from activated sludge in wastewater
treatment plants (WWTPs) (Fujii et al., 2002; Yoshimoto et al., 2004; Yu et al., 2007).
A source of much debate is whether the key bacteria responsible for estrogen
biodegradation are the heterotrophic bacteria or the ammonia oxidizing bacteria (AOB)
(Shi et al., 2004; Yi and Harper, 2007; Yu et al., 2007; Gaulke et al., 2008). Although
some contend that heterotrophic bacteria dominate for estrogen biodegradation, others
argue that estrogen biodegradation is coupled to nitrification with cometabolic
degradation using AOB or nitrifiers (Vader et al., 2000; Shi et al., 2004; Yi and Harper,
2007; Gusseme et al, 2009). Some authors suggest that each estrogen is degraded by
specific cultures based on dominant populations in activate sludge, indicating that the
heterotrophic bacteria degrade E1, E2, and EE2; and the AOB degrade E3 (Ren et al.,
2007)

Turkey litter may harbor estrogen degrading cultures which in turn seed
amended fields with capable estrogen degrading cultures. Yang et al. indicate that the

enrichment cultures obtained from manure-borne bacteria demonstrated a hormone
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biodegradation performance depended on the organic carbon content and field
temperature (Ren et al., 2007; Yang et al., 2010). Based on results reported from
similar studies, estrogen biodegradation by the TLEC was evaluated by aerobic
substrate utilization tests (SUT) conducted in batch reactors. Four substrates were
evaluated to determine those bacteria responsible for estrogen biodegradation under
simulated agricultural operation using turkey litter amendments. The extent of TLEC
microbial degradation of selected hormones will provide guidance to improve our
understanding of the fate of steroidal estrogen in agriculture fields and impacted
ecosystems. The objectives of this study are 1) to determine if the steroidal estrogens
are aerobically degraded by enrichment cultures from turkey litter (TLEC) and if so, 2)
determine the type of bacteria (AOB or heterotroph) responsible for the degradation if
they are being degraded. The objective of this study will be achieved by conducting

substrate depletion kinetics and substrate utilization tests.

MATERIALS AND METHODS
Culturing techniques

An enrichment culture was developed using turkey litter (TLEC) following the
protocol described by Herman and Mills. (2003). One Ziploc bag (2L) of turkey litter
was collected from USDA-ARS, Riesel, TX, (2007, September) and preserved at -50
°C until culturing. The turkey litter was ground with 200 um of mesh for use as
inoculums. The buffered mineral-salts (BMS) solution was prepared for cell culturing

using the following compounds: 5.5 g of KH,PO,4, 10 g of Na,HPO,4, 2 g of (NH,),
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HPO,, 1.5 g of (NH4)H,PO4, 15 mg of CaCl,, 200 mg of MgSO,4-7H,0, 0.6 mg of
Fex(SO4)3, 0.2 mg of ZnSO4-7H,0, 0.2 mg of CuSO4-5H,0, and 0.2 mg of
MnSO4-H,O. The pH of the BMS solution was adjusted to 7.0 with KOH. Stock
solutions of steroidal estrogens were prepared in acetone. Stock dissolved organic
carbon (DOC) was prepared with acetate and glucose in a 1:1 molar ratio in the BMS
solution for a final concentration of 100 g L™. Duplicate 25 ml of BMS solution
containing 1.0 g L™ DOC were each added to two sterilized 125-ml Erlenmeyer flasks.
Then, 1 g of turkey litter was added as the inoculum followed by spiking 50 ul of the
stock solution of estrogen to obtain a final concentration of 1.0 pg estrogens L™. The
two Erlenmeyer flasks were stored in a dark incubator at approximately 30 °C under
aerobic conditions. The culture suspensions were centrifuged at 8500 g for 15 minutes.
The supernatant was decanted from the centrifuge bottles. The remaining cells were
washed three times by centrifuging after resuspending them in 25 ml of distilled
deionized (DDI) water. Then, 1 ml of the microbial suspension was transferred to the
two new 125-ml Erlenmeyer flasks including the BMS-Estrogens-DOC growth
medium prepared as described. The culture enrichment process was repeated four
times. The nutrient solution for AOB growth was composed of several chemicals to
encourage biomass growth and was developed based on the work of Hyman (1994)
with nitrifying bacteria (Hyman et al., 1994). Compounds for the growth medium for

nitrifiers are detailed in Table 4.1.
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Table 4.1. Growth media composition for nitrifiers.

(NH4)2 KH, MgSO4 CaC|2 Fe CuSO, Na Na,

Chemicals .50, | PO, | -7TH,O | 2H,0 | SO, | -5H,0 | H,PO, | CO;

Concentration

25 43 | 07 | 018 |0.01| 053 389 | 3.77
(mM)

Biodegradation experiments

Aerobic biodegradation experiments were conducted in batch reactors for the
following compounds: estrone (El), 17p-estradiol (E2), estriol (E3), and 17a-
ethynylestradiol (EE2). The experiments were conducted in 100 ml amber serum
bottles (reactors) at 22 °C lab condition. Reactors containing 45 ml of BMS solution
and 5 ml of a DOC stock solution were prepared and autoclaved. 50 pl of the stock
solution of estrogens was spiked into each treatment flask to yield 1.0 mg of estrogen
L in the reactors. The TLEC was centrifuged and then resuspended in 25 ml of DDI
water for use as inoculums. Each treatment flask was inoculated with 250 pl of the cell
suspension to obtain an absorbance A600 of 0.4 in each reactor. Four flasks of each
treatment for each estrogen were spiked with 250 ul of DDI water as a control. Each
flask was sampled by taking 5 ml of the suspension at predetermined sampling times.
The sampling vials were a 16 ml screw cap tube fitted with Teflon coated caps
containing 5 ml of acetone. Reactors containing only the aqueous estrogen mixture

solution without any culture suspension represent controls for the experiment. The
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sample vials were placed on a rotary shaker for 10 hours to allow complete partitioning
of the steroidal estrogens into the acetone phase. After 10 hours, the estrogens were
extracted from the acetone phase. Following this, 1 ml of the solution from the acetone
was transferred to GC vials and 10 pl of internal standard added. The extract was
completely evaporated and derivatized with BSTFA + 1% TMCS and pyridine at sand-
bath 70 °C for 30 minutes. Gas chromatography-mass spectrometry (GC-MS) analysis
was used to quantify the estrogen concentrations.

Substrate utilization test (SUT)

Preliminary microbial performance was evaluated using four substrates. The
four different substrates used to evaluate estrogen removal behavior of heterotrophic
bacteria and AOBs indigenous to the TLEC included combinations of glucose and
ammonia (Table 4.2). To encourage both heterotrophic bacteria and AOBs, reactors
consisting of both glucose and NH4Cl were initiated. To separate the dual substrate
performance, reactors composed of glucose only, only NH4CI, and no substrate were
initiated. As expected, both heterotrophs and AOBs were active in the presence of
both glucose and NH,4CI. Only heterotrophs were active with glucose substrates; only
AOBs were active with NH4CI, and no activity occurred in the absence of any

substrate.
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Table 4.2.
Substrate influence on estimated heterotrophic and AOB microbial activity in the
presence or absence of either glucose or ammonia substrates.

Estimated microbial degradation
Substrate
Heterotroph AOB
Glucose, NH,CI Positive Positive
Glucose Positive Negative
NH.CI Negative Positive
No addition Negative Negative

Analytical methods

A THERMO TRACE GC UltraTM coupled with a mass selective detector and AS
3000 series autosampler was used to quantify the hormones. Samples were separated
on a 30 m x 0.32 mm, 0.25 um, DB-5 fused silica capillary column. The column
temperature was programmed as follows: the initial temperature was 80 °C for 4
minutes and was increased to 200 °C at 20 °C/min, then increased to 300 °C at 8
°C/min, and finally held for 2.5 minutes. The total run time was 30 minutes. Ultra high
purity helium with an inline Alltech oxygen trap was used as carrier gas. The carrier
gas was set at 40 psi, column head pressure at 8 psi, injector temperature was
maintained at 280 °C, and the injection volume was 1.0 pl in the splitless mode. The
interface temperature was held at 280 °C. Mass spectra were scanned from m/z 50-650

at a rate of 1.5 scan/s. The electron impact ionization energy was 70 eV.
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RESULTS AND DISCUSSION

Biodegradation tests were conducted for the individual steroidal estrogens of
El, E2, E3, and EE2 using the TLEC under aerobic condition. The log normalized
concentrations of estrogens are illustrated in Fig. 4.1. TLEC was found to significantly
degrade steroidal estrogens under aerobic conditions. In the presence of nitrogen and

additional carbon source, the TLEC degraded the estrogens within 118 hr (Fig. 4.1.).
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Fig. 4.1. Aerobic degradation of steroidal estrogens by the TLEC for initial
concentration (Co) as follows: E1-3.61 uM; E2-3.24 uM; E3-2.76 uM; EE2-2.94 uM.
Symbols are defined as: closed circle-E1, open circle-E2, open reverse triangle-EE2,
closed reverse triangle-E3.
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Table 4.3. The rate constant of steroidal estrogen biodegradation and their removal
efficiency for a given time.

Estrogens El E2 E3 EE2
Degradation rate constant (hr™) 0.050 0.031 0.027 0.012
Removal efficiency (%) 85.3 84.6 93.6 35.7

Although the experiments were conducted in batch reactors, a pseudo-first-
order reaction rate was estimated using data from the linear portion of the degradation
curve. Others have reported that estrogen removal can be described by a pseudo-first-
order reaction in municipal operations (Layton et la., 2000; Li et al., 2005; Khanal et
al., 2006). Simple first-order reaction equation was used to generate a pseudo first-
order rate from a slope of the straight line. The generated estrogen biodegradation rate
constants were 0.05 hr, 0.031 hr™, 0.027 hr*, and 0.012 hr™ for E1, E2, E3, and EE2,
respectively (Fig. 4.1.). The rate constant (0.031 hr for E2) was comparable to
previously reported pseudo first-order rate constant for E2 degradation (Yang et al.,
2010). The study reported that the E2 degradation rate was 0.025 hr* (22 °C) using pre-
enriched culture of swine manure-borne bacteria (Yang et al., 2010). The degradation
of natural estrogens appeared to be faster than a synthetic estrogen. Specifically, the
removal efficiency (35.65%) of EE2 was shown to be 2-3 times less than those (84.62 -
93.61%) of the natural estrogens tested at a given time (Table 4.3). This observation
indicates that EE2 degradation was more resistant than natural estrogen degradation by

the TLEC in aerobic batch test (Table 4.3). These results also indicate that EE2 may be
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more persistent in turkey litter amended fields than the other natural estrogens. Similar
results were observed for the persistency of EE2 in WWTPs due to steric hindrance of
enzyme expression and EE2 metabolism in ethynylgroup of EE2 (Miller et al., 2001,
Anderson et al., 2003; Pauwels et al. 2008; Skotnicka-Pitak et al., 2009). Poultry,
including turkey, are not feed EE2 for any growth in the U.S. The relatively low EE2
degradation rate constant by the TLEC can also be attributed from a lack of bacterial

adaptation to EE2 which had never been exposed in turkey litter.

1.0
[ J
0.8 - ® Glucose + NH,CI
O  Glucose
v NH,CI
v  NO addition v
0.6
f=J
3
)
o
0.4 o
[ J
v ¥
0.2 + g
0.0 - T T T
o] 5 10 15 20

Time (hrs)

Fig. 4.2. Microbial growth (ODggo) using four substrate combinations: Glucose+NH,CI
(closed circle); Glucose only (closed reverse triangle); NH4CI only (open circle); No
glucose and NH,4CI substrates (open reverse triangle).
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To evaluate the microbial growth of the TLEC in the presence or absence of
glucose and ammonia, optical density (ODgop) Was measured. It was also observed (Fig.
4.2.) that in the presence of glucose and NH4Cl, microbial growth was the highest
indicating that the enrichment culture was the most prolific. When only NH4Cl was
provided, microbial growth marginally lagged that of the combination. Without any
substrate, no growth was observed, nor was any growth observed using only glucose.
AOB demonstrated growth dominance over the heterotrophs.

The implication of these substrate growth responses is that the AOB members of
the TLEC appear responsible for steroidal estrogen biodegradation. Biodegradation of
the steroidal estrogens is likely associated with AOB co-metabolism. Theoretically, the
proposed cometabolic transformation of estrogens is based on cometabolism of other
halogenated compounds (Aziz et al., 1999, Alvarez-Cohen et al., 2001). This requires
that ammonia is first oxidized to hydroxylamine by AMO induced from nitrifiers. Then,
the hydroxylamine is oxidized to nitrite, generating five hydrogen ions and four
electrons as a reductant. Two of the electrons are consumed for cell synthesis; the other
two electrons are recycled to ammonia oxidation or co-metabolism of estrogen.
However, the co-metabolism of estrogen could result in depletion of the electrons for the
nitrifiers and would require enough ammonia to provide a source of electrons for

sustained cometabolic degradation.
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Fig. 4.3. Aerobic degradation of steroidal estrogen by the TLEC for four substrate
conditions: Glucose+NH4Cl (closed circle); Glucose only (closed reverse triangle);
NH4CI only (open circle); No glucose and NH4CI substrates (open reverse triangle);
abiotic control (closed rectangular). Initial concentrations were: E1-3.70 uM; E2-3.30
MM; E3-2.43 uM; EE2-3.04 uM.
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The substrate utilization test (SUT) was conducted to identify favorable bacteria
for the biodegradation of steroidal estrogens in aerobic batch tests. Autoclaved culture
was used as a control to elucidate the potential of abiotic degradation and sorption. The
depletion concentration for individual estrogens over time was illustrated in Fig. 4.3.
However, some control samples (abiotic control and no addition) exceeded slightly
initial concentration of each estrogen during 1-6 hours in batch tests. Though, the
presence of nitrogen and carbon sources favored estrogen biodegradation in the TLEC
inoculated cultures (Fig. 4.3.). In the presence of only glucose or only NH4CI, no
estrogen biodegradation was observed. Abiotic controls showed no change in estrogen
concentration. The observation is attributed with growth-related degradation because
using both glucose and NH,4CI achieved higher bacterial growth using ODgq (Fig. 4.2).
These results from Fig. 4.3 were not shown to relevantly identify bacteria which are
favorable for estrogen biodegradation. For further identification of the favorable bacteria
for estrogen biodegradation in TLEC, specific AOB growth medium as suggested by

Hyman et al. (1996) was used for estrogen biodegradation in aerobic batch test.
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Fig. 4.4. Aerobic degradation of steroidal estrogens by the TLEC for AOB growth
medium, Initial concentrations were: E1-2.57 uM; E2-2.42 uM; E3-2.05 uM; EE2-2.71
MM; autoclaved culture as a control (open circle); estrogen (closed circle).
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Table 4.4 Removal efficiency of individual estrogens by the TLEC during 21 hours in
aerobic batch test under AOB growth medium; Co: initial molar concentration of
estrogens, C: final molar concentration of estrogens after 21 hours.

Steroidal estrogens
E2
E2 El (as *E2-M.) El B3 EE2
Co (UM) 8.88 0.00 951 | 711 | 9.4
C (uM) 6.09 2.74 5.58 5.79 7.89
Removal (or generation)
efficiency (%) 314 (30.9) 41.3 18.5 13.6

*E2-M.: E2 Metabolite in E2 biodegradation test

Biodegradation of all steroidal estrogens tested occurred to some degree when
the TLEC was cultured in the AOB medium. A proportional stoichiometric generation of
E1l from E2 was observed (Fig. 4.4A.) and E1 was readily degraded. The extent of
degradation during 20 hours of incubation was interpreted using a percent removal
approach. The degradation of E2, resulted in the stoichiometric conversion (30.9%) of
E1l (Fig. 4.4A., Table 4.4). This transformation indicates that TLEC may be composed of
a dominant AOB culture responsible for E2 biodegradation. Presumably the E1
generated from E2 would also be degraded as was demonstrated with the 41.3%
degradation of pure E1 spiked culture (Fig. 4.4B.). In contrast, the removal efficiency of
E3 and EE2 was 18.5% and 13.6% respectively (Table 4.4). The minimal degradation of
both E3 and EE2 indicates that they are persistent under the test conditions with
ammonia only and no carbon sources provided (Fig. 4.4C. and 4.4D.). On the other
hand, this observation implies that cometabolic degradation of E3 and EE2 by AOB in
the consortia might be less likely in turkey litter amended fields. The activity of the

TLEC on estrogen indicates that the biodegradation of E1 and E2 may be more
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associated with heterotrophic bacteria than with AOB in turkey litter amended field. By
contrast, the biodegradation of E3 and EE2 appears to be governed by heterotrophic
bacteria in estrogen biodegradation by the TLEC.

Results from this study show that the fate of steroidal estrogen in agricultural
lands amended with turkey litter appears to be governed by the observed bacterial
degradation in turkey litter if agricultural soil would be incubated with the turkey litter
after it is to be spread to soil. Ren et al. (2007) demonstrated that heterotrophic bacteria
cultured from nitrifying activated sludge are favorable for E3 biodegradation, and AOBs
preferably degrade E1, E2, and EE2 in activated sludge from WWTPs. Our observations
are consistent with these results in that E1, E2, E3, and EE2 were degraded by a

consortium isolated from turkey litter and cultured under nitrifying conditions.

CONCLUSION

Microorganisms indigenous to turkey litter demonstrated the potential to degrade
the steroidal estrogens that may be deposited on the agricultural fields when amended
with turkey litter. Biodegradation rate constants for individual estrogens calculated using
pseudo-first order Kinetics revealed that E1, E2, and E3 are fairly degradable under
favorable conditions. However, the synthetic estrogen, EE2, appears to be more resistant
to biodegradation than natural estrogens which indicate that it could be more persistent
in the environment. Further, heterotrophic metabolism was shown to be favorable for E3
and EE2 biodegradation. By contrast, the biodegradation of Eland E2 is favored by

AOB in TLEC. These results indicate the potential to reduce endocrine hormone levels
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with proper management of fields that enhance the performance of capable

microorganisms.
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CHAPTER YV
THE EFFECTS OF SELECTED ANTIBIOTICS ON DEGRADATION:

STEROIDAL HORMONE AND EFFLUENT ORGANIC MATTER (EFOM)

OVERVIEW

The influx of antibiotics to wastewater treatment plants (WWTPs) can disrupt
key bacterial cycles/processes critical to its process efficiency. The effect of selected
antibiotics on microbial degradation at an environmentally relevant concentration of
antibiotics (10 pg L™) in a sequential batch reactor (SBR) was evaluated. Ammonium-
nitrogen, nitrate-nitrogen, TOC and hormone concentrations were monitored in the
SBRs treated with hormone only and hormone plus antibiotics at solids retention time
(SRT) of 14 days. No significant difference was observed for removal efficiency of all
target compounds in the two SBR units. However, EE2 degradation was affected by the
SBR cycle length (analogous to HRT), suggesting that the HRT should be considered as
a key operating parameter for complete removal of all hormones in WWTPs.
Concomitantly, the inhibitory effect of antibiotics on effluent organic matter (EfOM)
was characterized using 3D-EEM and SUVA;s4. The inhibition was quantified using FRI
analysis. As a result, the decomposition of humic-like substance from dissolved organic
matter (DOM) in reactors with antibiotics was shown to be inhibited up to 7% in one
region by less humification. If the fraction of DOM was not degraded because the
antibiotics prevented degradation, the DOM would be available to sorb the hormones.

Environmentally relevant concentrations of antibiotics in wastewaters did not alter the
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degradation of hormones. However, the antibiotics did reduce the decomposition of

EfOM which has implications for the reuse and recycling of effluents from WWTPs.

INTRODUCTION

Hormones and antibiotics in the environment have generated concern because of
their developmental effects on wildlife and humans, as well as, development of
antibiotic resistance of bacteria in water systems (Colborn et al., 1993, Levy, 1997). In
the U.S., annually approximately 3 million pounds of antibiotics are prescribed for
human consumption and prophylactic use of 25 million pounds for animals (Egger et al.,
2002, Null et al., 2005). The tetracycline group of drugs, including chlortetracycline
(CTC) and oxytetracycline (OTC), is second most widely used for humane therapy and
animal feeding operations (Col and O’Connor, 1987). Antibiotics have been detected at
concentrations ranging from 25 to 1000 ug L™ in swine lagoons and 0.1 to 10 pg L™ in
effluent from wastewater treatment plants (WWTPs) (Campagnolo et al., 2002;
Karthikeyan and Bleam, 2003; Kim et al., 2005). Moreover, point and nonpoint sources
of antibiotics in the environment may cause long-term and irreversible changes to the
microorganism genome, rendering them incapable of degrading ammonia, organic
matter and other target contaminants (Hernando et al., 2006).

Antibiotics are linked with nitrification because of the potential to disrupt
nitrifiers/bacterial cycles (Halling-Sgrensen, 2001; Costanzo et al., 2005). Antibiotics

may play a role in agricultural and municipal operations as an inhibitor or a stimulator of
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nitrification (Halling-Sgrensen, 2001). Nitrification inhibition studies caused by 11
antibiotics demonstrated that the tetracycline group, a broad spectrum antibiotic, inhibits
the nitrification process, while sulfonamides stimulate it (Halling-Sgrensen, 2001). ECsg
values for CTC and OTC were 2 pg L™ and 320 pg L™ for N. europaea, respectively
(Halling-Sgrensen, 2001). Several studies report that estrogen degradation is linked to
ammonia oxidation due to cometabolic degradation by ammonia oxidation bacteria
(AOB) (Vader et al., 2000; Shi et al., 2004; Yi et al., 2006; Yi and Harper, 2007). The
cometabolic degradation of estrogens effectively inhibited nitrification and estrogen
biodegradation, suggesting that hormone removal efficiency may decrease in the
presence of antibiotics (Shi et al., 2004). The high influx of antibiotics via wastewaters
to WWTPs may result in less nitrification which will result in lower removal rates for
hormones and higher discharge concentrations causing exposures to aquatic systems.
The presence of antibiotics in WWTPs may inhibit cometabolic degradation of
hormones by reducing bacterial activity of heterotroph or AOB in the activated sludge.
Nitrification inhibition by antibacterial compounds can be determined using
several standardized methods. The extent of apparent nitrification inhibition by
antibiotics depends on the assay. The short-term (six hours) effect of antibiotics on
nitrification is not as well detected by the less sensitive standard methods (ISO 15522
and ISO 9509) than in long-term test (three days) (Backhaus et al., 1997). Long-term
tests using pure plate methods with an activated sludge and N. europaea was especially

sensitive for most antibiotics compared to the standard methods (Halling-Sgrensen,
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2001). Inhibition of antibiotics can strongly depend on the test duration and type of
compounds (Kummerer, 2004). The long-term test is effective for evaluating the
nitrification inhibition using activated sludge in a sequential batch reactor (SBR) in the
presence of antibiotics. The test duration was extended up to 15 days due to the slow
growth rate of nitrifiers compared to heterotrophs in the activated sludge. Several studies
report that improved biodegradation of estrogens in the nitrifying process is related to an
increase in SRT (Ternes et al., 1999; Holbrook et al., 2002; Anderson et al., 2003).
Longer SRT is more efficient for estrogen biodegradation (Demes et al., 2005).

Reuse and recycling of biologically treated sewage effluent (BTSE) is foreseen
as a necessary strategy for water conservation due to scarcity and increased urbanization
(Shon et al., 2006). BTSE is composed of three general constituents according to their
sources, including 1) natural organic matter (NOM), 2) synthetic organic compound
(SOC) and disinfection by-product (DBP), and 3) soluble microbial product (SMP)
(Shon et al., 2006). Characterizing the effluent organic matter (EFOM) or NOM in BTSE
is vital because DOM serves as a precursor of disinfection byproducts (DBPS), increases
the amount of coagulants and oxidants needed in water treatment process, and causes
major fouling problems on membrane surfaces in advanced processes (Singer, 1999; Lee
et al., 2004; Sharp et al., 2004). However, little is known about the effect of antibiotics
on EfOM or xenobiotics degradation in the activated sludge processes in WWTPs.

The hypothesis for this study is that antibiotics adversely affect the capacity of
activity sludge or specific target bacteria in WWTPs, consequently causing incomplete

removal of hormones by nitrification inhibition or less decomposition of organic matters
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in final effluents. The main objective of this study is to evaluate the inhibitory effect of
selected antibiotics (CTC and OTC) on degradation for selected hormones (testosterone,
progesterone, 17a-ethynleatradoil, estrone and 17B-estradiol) and DOM, and identify the
inhibited fraction through characterization of EfOM in SBR. This will allow us to

understand the exposure of the antibiotics to municipal or agricultural operations.

MATERIALS AND METHODS
Experimental design

The inhibitory effect of selective antibiotics was evaluated using two sequencing
batch reactors (SBR) to compare the effect of the hormone only (unit H) and hormone
plus antibiotics (unit H+A) (Fig. 5.1.). The effluent collected daily from primary clarifier
of the Clark County Water Reclamation Facility (CCWRD) in Las Vegas, NV was used
as influent to the SBR. Each reactor received enough stock solution of hormones and
antibiotics (10 mg L™) to attain a final concentration of 1 ug L™ of each hormone
(testosterone, progesterone, E2, E1, EE2) and 10 pg L™ of antibiotics plus 1 ug L™ of
hormone in two SBRs (Unit H and Unit H+A), respectively. Activated sludge from the
CCWRD was used to maintain a mixed liquid suspended solid (MLSS) of approximately
2 g L in both SBRs. Dissolved oxygen (DO) concentration in the SBRs was maintained
between 6 to 8 mg L™ by pumping air into the reactors. Decanted samples taken from
SBR were preserved with 0.1 % sodium azide, transferred to the Southern Nevada Water

Authority (SNWA) lab where they were kept at 4 °C until samples were extracted. The
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SBR system consisted of 5-L flasks as reactors, two feeding tanks as a primary clarifier,
and an aeration unit. Aeration was supplied by air-pump and air stone diffuser. The SBR
was operated in 24 hour cycles including five sequential steps: fill, react, settle, draw,
and idle. Each cycle consisted of 1 hour fill, 19.5 hours aeration, 2 hours sedimentation,

1 hour draw of the supernatant and 0.5 hour idle (Fig. 5.1).

Unit H Unit H+A

Hormone only Hormone + Antibiotics

—

|

Air stone
| Air pump
C___ 2 <= S == R
v [ [ B
Fill Mixing & Settling  Decant Idle
(1 hr) aeration (2 hr) (2 hr) (0.5 hr)

(19.5 hr)

Fig. 5.1. SBR scheme; unit H: hormone only; unit H+A: hormones plus antibiotics; SBR
cycle: 1 hour fill, 19.5 hours aeration, 2 hours sedimentation, 1 hour draw of the
supernatant and 0.5 hour idle; dissolved oxygen (DO) concentration: 6-8 mg/L.
Chemicals
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The hormones (17B-estradiol: E2, estrone: E1, 17a-ethynylestradiol: EEZ2,
testosterone: T, and progesterone: P) and antibiotics (Tetracycline and oxytetracycline)
used in this study were purchased from Sigma-Aldrich (St. Louis, MO). Deuterated
estrogen (estradiol-d4) (Cambridge Isotope Laboratories, Andover, MA) was used for
hormone analysis. All standard solutions of nutrients were obtained from Hach
Company (Loveland, CO). All stock solutions were prepared in methanol. Each
chemical used was ACS certified.

Analytical method

Samples were collected in 1L ultra clean, pre-silanized, amber glass bottles
(Eagle-picher, Miami, OK) as suggested by Ahrer et al. (2000), to prevent compounds
from binding to the glass surface of the collection bottles. Sample bottles were kept on
ice during transport to the laboratory, where they were immediately preserved by adding
0.1% sodium azide and stored at 4 °C until extraction. Prior to extraction, the samples
(influent and effluent) were filtered through 90 mm GF/F filters (Whatman, England).
Ammonium-nitrogen and nitrate-nitrogen were measured using the Hach Salicylate
method 10031 (DR/2000, Hach). TOC was measured by a standard method (SM5310B)
using Shimadzu Model TOC 5050A. Mixed liquid suspended solid (MLSS) was
measured using a portable MLSS analyzer (InsitelG Model 3150) after compared with a
standard method for better calibration.

A rapid on-line solid phase extraction (SPE) and LC/MS/MS technique was used
for hormone analysis. The extraction and analysis of 100 mL of treated water was

performed using an on-line solid phase extraction and liquid chromatography with
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tandem mass spectrometry (SPE-LC-MS/MS). An automated solid phase extractor
(Spark Holland) and a 4000 QTRAP (Applied Biosystems, Foster City, CA) mass
spectrometer were used. Oasis HLB (Waters CO., Milford, MA) cartridges were used for
SPE. Separation was performed on a C18 column (Phenomenex) and with a mobile
phase consisting of 5 mM ammonium acetate in DI water:methanol gradient. All
samples were analyzed using positive electrospray ionization (ESI) for EE2, E1, E2 and
testosterone, atmospheric chemical ionization (APCI) for progesterone with tandem
mass spectrometry, or multiple reaction monitoring (MRM). Two MS/MS transitions
were used to quantify and confirm each compound. Quantitation was performed using
isotope dilution.

Three-dimensional, excitation-emission matrix spectroscopy (EEM) was
measured using a PTI fluorometer (Birmingham, NJ, USA). The parameters of
fluorescence EEM were as follows: the range of excitation from 220 to 460 nm at 5 nm
increments, the range of emission from 280 to 580 nm at 4-nm increments, 2 nm
bandwidth and 0.1s integration time. The samples were analyzed in duplicate. The
intensity of 3D-EEM spectra was normalized by the intensity of blank Raman water line
(350 nm excitation and 397 nm emission) using a analytical tool coded by Matlab (E.
Dickenson, 2009).

The inhibitory effect of antibiotics on EfOM degradation for each region can be
quantified. The fluorescent spectra for each region were quantified using the

fluorescence regional integral (FRI) analysis as described by Chen et al. (2003):
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¢; =f f I(/lex/lem)d/lex/lem (51)
exJem
bin = MF;; (5.2)
6
brn=) bin (53)
i=1
_ d)i,n
Pi,n = X 100% (5.4)
drn
where,

@; is the volume beneath region “i” of the EEM,

dAgz: is the excitation wavelength interval,

dazm is the emission wavelength interval,

MF; is multiplication factor for each region,

®:.n @1 are normalized excitation-emission area volumes, and

P:» is percent distribution of volumetric fluorescence among six regions.

The percent removal inhibition from equation 6.4 is described by:

1(%) = x 100 (5.5)

where,
I (%) is the % removal inhibition of DOM in a specific region,
B is % removal of DOM in a specific region in SBR (unit H+A),

A is % removal of DOM in a specific region in SBR (unit H) as control.
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RESULTS AND DISCUSSION

The effect of selected antibiotics on microbial performance in an activated sludge
system was evaluated by monitoring ammonium-nitrogen and TOC. Selected hormones
(testosterone, progesterone, estrone, 17p-estradiol, and 17a-ethynylestradiol) were also
monitored over two weeks with different SBR cycle lengths. Dissolved organic matter
(DOM) was characterized. Primary clarifier effluent from CCWRD was used to provide
a more realistic simulation of conditions for WWTP microbial community response.
Two SBRs were operated to evaluate the microbial performance influenced by
antibiotics. Unit H, hormone only, was used as a control representing the absence of
antibiotics in the SBR. Unit H+A, hormone plus antibiotic, was spiked with antibiotics

in the SBR.

Table 5.1 Two scenarios to indentify target bacteria responsible for inhibition of
antibiotics in activated sludge, AOB: ammonia oxidizing bacteria.

Inhibition as a percent removal Target bacteria
TOC NH,"-N Hormones on hormone biodegradation
Yes No Yes Heterotrophs
No Yes Yes AOB

Target bacteria inhibited by the presence of antibiotics in the SBR were
identified by monitoring the concentrations of ammonium-nitrogen (NH,;"-N) and total
organic carbon (TOC) (Table 5.1). Two possible scenarios to identify bacteria inhibited

by antibiotics are illustrated in Table 5.1. If the percent removal of TOC and hormones
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in the SBR was decreased due to reduced microbial activity caused by the antibiotics, the
biodegradation of the hormones is assumed to be governed by heterotrophs in the
activated sludge (Table 5.1). On the contrary, if a percent removal of NH;*-N and
hormones is decreased, the biodegradation of the hormones is assumed to be governed

by AOB:s.
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Fig. 5.2. Ammonium-nitrogen, nitrate-nitrogen and MLSS concentration of influent and
effluent streams from Unit H and Unit H+A; open symbol: Unit H+A, closed symbol:
Unit H, circle: ammonium-nitrogen, reverse triangles: nitrate-nitrogen, squares: mixed
liquid suspended solid (MLSS); SRT: 14 days.

To evaluate the effects of antibiotics on AOBs in the activated sludge,
ammonium-nitrogen and nitrate-nitrogen were monitored in the influent and effluent
streams of the SBRs (Fig. 5.2.). The average influent concentrations of ammonium-
nitrogen and nitrate-nitrogen in unit H were 32.8 mg L™ and below detection limit

(BDL) (<0.2 mg L™), respectively. Average effluent concentrations of ammonium-
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nitrogen and nitrate-nitrogen from unit H were below detection limit (<0.5 mg L) and
35.3 mg L, respectively. MLSS concentration in the SBR remained relatively constant
at 2.0 g L™ for both SBRs throughout all experiments. Ammonium was completely
oxidized to nitrate. In unit H+A, the influent concentration of average ammonium-
nitrogen and nitrate-nitrogen from the SBR was 33.4 mg L™ and below detection limit,
respectively. The average effluent concentration of ammonium-nitrogen and nitrate-
nitrogen was below the detection limit and 33.9 mg L™, respectively. The effluent data
from unit H+A suggests that there was no significant inhibitory effect of antibiotics on
nitrification in the SBR, indicating that the antibiotics (CTC and OTC) did not affect the
nitrifying bacteria containing about 20% AOB population in the activated sludge in spite
of their broad spectrum of activity. This may be explained by low populations of N.
europaea in the AOB community due to their slower growth rate compared to that of
heterotrophic bacteria commonly found in sludge. A study by Dytchzak et al. (2007)
quantified AOB and NOB populations for different types of treatment (aerobic and
alternating aerobic/anoxic regimes) using fluorescent in situ hybridization (FISH)
analysis. N. europaea in constituted only 3.8% of the total AOB population in the
aerobic treatment which is comparable to our treatment design. But the proportion of N.
europaea in the alternating treatment was 21.1% (Dytchzak et al., 2007). Based on our
results and those of Dytchzak et al. (2007), the inhibitory effect of antibiotics on
nitrification appear to be dependent on treatment types which affect the population of

specific nitrifiers in activated sludge.
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Fig. 5.3. TOC percent removal of influent and effluent streams from Unit H and Unit
H+A; SRT: 14 days.

To evaluate the effects of antibiotics on heterotrophic bacteria in the activated
sludge, the TOC concentrations of the effluent and influent streams of SBRs were
monitored. The TOC percent removal was calculated by multiplying 100 for removed
concentration of TOC divided by influent concentration of TOC. The average percent
removals of TOC from the SBRs were 86.1+6.2 % for unit H and 89.4+7.8 % for unit
H+A (Fig. 5.3.). A significant inhibition of percent removal by antibiotics was not
observed in the SBR (Unit H+A). This result indicates that the antibiotics do not have
significant inhibitory effect on the activity of the heterotrophic bacteria in the activated
sludge. This operation showed stable and good removal for TOC and ammonium-

nitrogen throughout all experiments.
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Table 5.2 Hormone removal efficiency in a primary clarifier after equilibrium mixing
(20 minutes) after spiking some amount of hormones to yield 1000 ng L™ of theoretical
influent concentrations of hormones.

Hormone Primary clarifier Removal efficiency
(ng L™ (%)
Unit H Unit H+A Unit H Unit H+A
Testosterone 4651136 466+105 53.5+14 53.4+10
Progesterone 4621104 452499 53.8+10 54.8+10
EE2 735+117 791184 26.5+12 20.948
El 917+77 1030+121 8.318 0.0+5
E2 4264125 4374117 57.4+12 56.3+12

The theoretical concentration of hormones in the effluent from the primary
clarifier may be substituted for an influent concentration in the SBRs before introduction
to a primary clarifier. The concentration of hormones from the SBRs was monitored
after equilibrium mixing (20 minutes) (Table 5.2). The concentration detected from the
SBRs may be replaced to the concentration of hormones in the primary clarifier. In all
cases, approximately 50% of the initial concentration of some hormones (testosterone,
progesterone, and E2) was lost prior to introduction into the SBRs (Table 5.2). A higher
concentration of E1 (lower loss) was observed compared to other hormones.
Biotransformation of E2 to E1 occurs easily by some bacteria of suspended solids in the
effluent. Esperanza et al. (2007) demonstrated that 48% and 51% of the influent E1 and
E2, respectively, were found in the effluent of the primary clarifier. The fraction of
estrogenic hormones degraded is in partial agreement with our data; 49% of influent EE2
was degraded versus 24% degraded in our study. The difference in the faction of EE2

measured is attributed to the differences in the influent characteristics between
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experiments tested. Irreversible adsorption to clay or other organic matters and abiotic
degradation is cited as the sink for the hormones (Esperanza et al, 2007). In our study,
the loss is explained by the presence of suspended solids (approximately 150 mg L™)

containing bacteria and clay particles in the primary clarifier effluent.
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Fig. 5.4. Hormone concentration from effluent for 14 days in unit H and unit H+A; DO
concentration: 6-8 mg/L; SRT: 14 days; Temperature: 22 °C.
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Table 5.3 Mean hormone removal efficiency for SRT 14 day in Unit H and Unit H+A; a
cycle length of SBR-24 hours; SRT 14 days; DO: 6-8 mg/L; Temperature: 22 °C.

Primary clarifier Effluent Removal efficiency

Hormone (ng L) (ng L) (%)

Unit H Unit H+A Unit H Unit H+A Unit H Unit H+A

Testosterone 465+136 466x105 8.214.3 7.816.1 98.1+0.2 97.9+1.0
Progesterone 4621104 452199 3.9£2.5 6.215.1 08.8+0.2  98.2+0.8

EE2 735+117 791484 16.5+1.4 13.5+£10.9 | 97.7+0.6  98.1+1.2
El 91777 1030+121 2.5+2.7 6.8+6.0 99.4+0.1  99.2+0.5
E2 426+125 437+117 BDL BDL 98.7+0.4  98.8+0.4

BDL: below detection limit.

To evaluate the effect of the antibiotics on hormone degradation, the
concentration of several hormones were monitored in effluent streams of the SBRs.
Hormone concentrations over three sampling times (1, 5, and 14 day) when the system
was operated at the SRT of 14 days reveal an overall hormone removal efficiency of
greater than 97% (Table 5.3). The hormone removal efficiency from unit H was not
significantly different from that of unit H+A, indicating that hormone degradation was
not inhibited by the presence of antibiotics at an environmentally relevant concentration.
Based on the measured values of ammonia and TOC, there are no antibiotic induced
inhibitory effects on hormone degradation after 14 days and there is minimal
relationship to a shift in specific bacterial populations (AOB or heterotrophs). Hormone
degradation is known to be positively correlated with SRT (Ternes et al., 1999;
Holbrook et al, 2002; Andersen et al., 2003). A more diverse and specific microbial
culture develops at a higher SRT, especially nitrifiers (Andersen et al., 2003; Saino et al.,

2004; Koh et al., 2008). Although the evidence of a relationship between SRT and
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hormone removal has been reported, this relationship is statistically weak (Johnson et al.,
2005; Servos et al., 2005). Additionally, the AOB population was not related to SRT in a
batch test using the activated sludge with a molecular method (Noh et al., 2009).
According to the results for unit H (Fig. 5.4), the removal of EE2 of all the hormones is

less correlated with SRT in the activated sludge system.
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Fig. 5.5. Hormone removal efficiency for various cycle lengths (hour) of SBR in Unit
H+A and Unit H, a cycle length of SBR-24 hours; DO (mg/L): 6-8; Temperature: 22 °C.

The SBR cycle length (analogous to hydraulic retention time-HRT) can improve
hormone removal efficiency (Suarez et al., 2008). The effect of various cycle lengths (6,
10, 24 hours) on hormone removal evaluated in the SBR demonstrated that the removal

efficiency (average 98%) of all hormones was not affected by cycle lengths except for
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174-ethynylestradiol (EE2) (Fig. 5.5.). EE2 was removed up to 78% and 88% in unit H,
and 78% and 90% in unit H+A at 6 and 10 hours of cycle length, respectively (Fig. 5.5.).
The results also revealed that variance in cycle lengths did not affect the inhibition of
hormone degradation in the presence of antibiotics. EE2, a synthetic hormone, is the
most persistent among all the hormones detected in WWTPS because of the steric
hindrance of enzyme expression and EE2 metabolism in ethynylgroup of EE2 (Miller et
al., 2001, Anderson et al., 2003, Pauwels et al., 2008, Skotnicka-Pitak et al., 2009). The
estrogenic potency of EE2 is approximately 107 times higher than that of nonylphenol
(NP) as measured by yeast estrogen screen (YES) assay (Folmar et al., 2002). The
removal efficiency of EE2 is largely dependent on SBR cycle length, suggesting that an
optimized cycle period is a key operating parameter for complete removal of EE2 in

WWTPs.

Table 5.4 SUVA of DOM from two effluents without (Unit H) and with antibiotics (Unit
H+A).

Effluent UVA,s, (1 cm™) TOC(mg L™) SUVA(L mgtem™)
Unit H 0.31 6.0 5.2
Unit H+A 0.38 6.3 6.0

An increase in bacterially-produced dissolved organic matter (DOM) would
facilitate sorption of tetracycline on the DOM (Sun et al., 2007). The abundance of

aromatic rings in humic substance would favor the sorption of hormones (Sun et al,
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2007). Characterization of DOM in the two systems could clarify the questions regarding
the sorption of hormones on humic substance in the DOM. Specific ultraviolet
adsorption (SUVA) is used to identify humic content (>4.0 L mg™*em™) and non-humic
content (<2.0 L mg*sm™) in DOM (Edzwald et al., 1990). It is often used as an index of
EfOM aromaticity in the humic fraction. SUVA is calculated by dividing the UVAgs,
value by TOC. The SUVA calculated for the suspension in the reactor without
antibiotics is 5.2 and with antibiotics is 6.0 L mg*em™ (Table 5.4). This difference is
enough to indicate that there is a higher (13%) aromaticity of humic content than in the
presence of antibiotics in SBR. The difference of intensity in region V (humic like
substance region) of the EEM spectra would occur if this region was less degraded due

to microbial inhibition caused by the antibiotics.

(@) Unit H (Influent) (b) Unit H+A (Influent)
05 — 05
0.45 0.45
04 = ‘ 04
Fo Moss 1 | Mloss
c § : 3 ]
P 03 § B , 03 §
£ 10 E 3 E
3 025 § 3 025 §
: ;2 :
3 02 § § 02 3§
% 300 ‘ 3 % g
z s & ¥ jots &
01 01
005 45U e 0.05
300 30 L] 430 500 550 o 200 250 m &0 500 550 0
Emissian Wavelength (nm) Ermssion Wavelength (nm)

Fig. 5.6. 3D-EEM fluorescent spectra of DOM sample from influent and effluent in unit
H and unit H+A of SBR at a final cycle of 14 day SRT.
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Fluoresconco Intonsity

Three-dimensional excitation emission matrix fluorescence spectroscopy (3D-

EEMS) was used to evaluate the effect of antibiotics on the degradation characteristics

of EfOM. Six regions of DOM from influent and effluent samples were divided by

fluorescent spectra using 3D-EEM with previous peer-reviewed references (Fig. 5.6.)

(Stedmon et al., 2003; Nam et al., 2008; Wang et al., 2009). Three peaks were observed

with the fluorescent contours. Region | was in the range of Ae less than 250nm and Aem

less than 330nm for aromatic protein like substances. Region Il was in the range of A

less than 250nm and A.m between 330nm and 430nm for aromatic protein like substances

(11). Region 111 was in the range of A less than 250nm and Aey more than 330nm for

Fulvic acid-like substances. Region IV was in the range of A« between 250nm and
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282nm, and Ae less than 380nm for soluble microbial by-product-like substance
(SMBP). Region V was in the range of e between 282 nm and 340nm, and A, more
than 380nm for humic acid-like substance. Region VI was in the range of A.x more than
340nm and Aem more than 380nm for humic acid-like substance (11). Three peaks (A-C)
were observed at the three EEMS (Aex/Aem=280nm/335nm), (Aex/Aem=305nm/404nm),
and (Aex/Aem=360nm/452nm) respectively. The fluorescent spectra from both effluents
were partly blue shifted for all regions divided (Fig. 5.6.). Specifically, region V from
the SBR with antibiotics was relatively red shifted compared to that of the SBR without
antibiotics. A blue shift of fluorescent spectra can be attributed to the decomposition of
condensed aromatic moieties and the break-up of the molecular into smaller molecules
(Chen et al., 2003; Wang et al., 2009). The increase detected in region V (humic like
substance) when antibiotics are present may be due to less decomposition of humic
substance, suggesting that humic like substances in region V are inhibited by the two

selected antibiotics.

Table 5.5 Percent removal of DOM in each region from influent and effluent samples, %
inhibition for DOM removal of each region between Unit H and Unit H+A.

% R I
region ° REmova Inhibition (%)
SBR(H) SBR(H+A)
| 100 100 0
Il 100 100 0
1] 100 100 0
\ 87 87 0
\ 57 53 7
VI 30 30 0
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Fig. 5.7. Percent distribution of FRI (Fluorescence Regional Integration) in DOM from
influent and effluent samples from Unit H and Unit H+A.

The percent distribution of DOM FRI from influent and effluent samples was
determined using Equations 5.1 through 5.4. It is a reasonable assumption that the
influent organic matter fraction consisted primarily of three substances: soluble
microbial product (SMP) (46%), humic-like substance (53%), and protein-like substance
(1%). Further, the EfFOM fraction had less soluble microbial product (18%), more humic-
like substance (81%), and less protein-like substances (0%) (Fig. 5.7.). Most of the SMP
and protein-like substances found in the influent organic matter were degraded by the
activated sludge. In contrast, humic-like substances were persistent compared to the

SMP in EfOM. Additionally, humic-like substances of EfOM in the effluent samples of
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SBR (H+A) was more persistent than that of SBR (H), indicating that less
decomposition (or humification) of EFOM in SBR (H+A) is attributed to the presence of
the antibiotics in the activated sludge system. The small difference of percent
distribution in humic substance region (V) between SBR (H) and SBR (H+A) may be
attributed from small dose (10 pg L™) of antibiotics in the comparative experiment. The
percent inhibition of DOM removal of each region using FRI analysis was calculated.
Seven percent of the inhibition was measured for humic-like substance removal when in
the presence of the antibiotics in the activated sludge systems (Table 5.5). Moreover, the
characteristics of the EfOM provide an evidence for the inhibitory effect of antibiotics
on hormone degradation. Less humification due to the presence of antibiotics, results in
better degradation of hormones later in the operational period (14 day) (Fig. 5.4.). This
may be due to sorption of hormones onto 7% of the humic-like substance following on
less decomposition of DOM. The humic substances played a role in the sorption of
hormones, suggesting that approximately 15 to 50% of the steroidal estrogens are bound
in typical natural water (Yamamoto et al., 2003; Holbrook et al., 2004). Although the
hormone degradation in the SBRs was not significantly affected by the presence of
antibiotics with environmental relevant concentration, some fraction of EfOM was less
decomposed due to the presence of the antibiotics. Therefore, the influx of antibiotics to
WWTPs cannot cause inhibitory effect on hormone degradation, but reduction of humic
substance degradation in EFOM can be detected at environmental relevant concentration.
Further study is needed to evaluate the inhibition for hormones and EfOM using high

dose or different kind of antibiotics.
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CONCLUSION

The effect of antibiotics on the degradation of hormones and EfOM in SBRs
using primary clarifier effluent containing environmental relevant concentration (10 pg
L) of antibiotics revealed significant effects in the effects of antibiotics and surprising
shifts in the degradation of organic matter. The degradation of ammonium-nitrogen,
TOC, and hormones was not significantly altered by the antibiotics when the SBR was
operated with the SRT of 14 days. However, variation in hormone concentration from
effluents was observed over the operational period. This may be due to comparative
sorption and alteration of cell surface charge by the toxicity induced from antibiotic
exposure. EE2 degradation was dependent on cycle lengths of SBR. The cycle length of
SBR should be considered as a key operational parameter for complete EE2 removal.
Humic-like substance of EfOM was less decomposed up to approximately 7% in the
presence of the antibiotics in SBR. Sorption of hormones onto the humic-like substance

is proposed as the cause for shifts in hormone removal due to the presence of antibiotics.
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CHAPTER VI

CONCLUSIONS

SUMMARY

Growing concerns over estrogens (natural and synthetic) and antibiotics in the
environment have been linked to farming operations where cattle, poultry, and hogs are
raised. Bacteria that are resistant to available antibiotics are increasing which poses
human health concerns when people become infected. Hormones are only fed to cattle in
the U.S., but all animals excrete natural hormones. Low level concentrations of
hormones and antibiotics are impacting the quality of waterways and pose human and
ecological health concerns. Environmental transport of these two groups of chemicals
are linked via their common sources and co-occur nutrients whose loading to receiving
waters has been well documented. Ideally methods that would reduce environmental
exposure to all of these potential contaminants simultaneously would be the most cost
effective approach for all in the stakeholder community.

Antibiotics are an important group of pharmaceuticals in both human and
veterinary medicine. Of the 50 million pounds of antibiotics produced annually, an
estimated 70 % are being used in confined animal feeding operations (CAFOs) not only
to treat or prevent diseases, but also as growth promoters (Mellon, et al., 2001).
Nationwide, an estimated 13.5 million pounds of the total antibiotics used are excreted
annually by grazing animals on farmlands through urine and feces and/or using animal

manure as fertilizers (Halling-Sgrensen et al., 1998). Most of these antibiotics are mobile



102

in the environment and because of their hydrophilicity, they can contact surface water as
a result of runoff or groundwater by leaching (Ingerslev et al., 2001).

Chapter Il focused to optimize the sample preparation method to determine the
content of steroid estrogens in field samples (runoff or turkey litter) using GC-MS,
compared to previous published protocols. The sample preparation method is composed
of sample preservation, filtration (liquid sample only), ultra sonic extraction (solid
sample only), solid phase extraction and derivatization. Derivatization is an important
step to increase thermal stability of free estrogen before GC-MS analysis. It is suggested
that the best derivatization protocol is to use BSTFA as a derivatization reagent, 1%
TMCS as a catalyst and pyridine as solvent. The mixture should be reacted in 30 minutes
70°C at sand-bath. This method achieved better sensitivity if the derivatized sample
would be analyzed by GC-MS at approximately 5 hour-duration after the 30 minute
reaction in sand-bath. The method effectively applied to analysis of estrogen in
agricultural field samples.

Chapter 11l showed that kinetic coefficients for estrogen degradation were
successfully determined using the pure culture N. europaea through the reductant model
providing the best fit of the data. The implications of this model are that estrogen
cometabolism may be governed by a mechanism that requires both a limited reductant
produced from ammonia oxidation and no competition with ammonia or its oxidative
intermediates. The kinetic experiments revealed that the removal of estrogen increases at
greater ammonia concentrations because the rate of estrogen degradation depends on

both the concentration of the estrogen and ammonia. The reductant model also predicts
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no estrogen degradation in the absence of ammonia. The kinetic coefficients of estrogen
cometabolism normalized by kinetic coefficients of ammonia degradation provided
further approach for various sources as an engineered application. The Kinetic
experiments imply that AOB likely grown in various water treatment facilities and
agricultural fields could degrade estrogen to some extent by themselves depending on
ammonia removal. The results suggested that the ratio of Kestrogen/Knnz should be
considered in designing effective bioremedial strategies. This study helps understand the
role of nitrifiers in various water treatment facilities, predicting biodegradability of
individual estrogen through cometabolism.

Chapter 1V demonstrated that Turkey litter enrichment culture (TLEC) has a
potential to biologically degrade the steroidal estrogens in the agricultural fields
amended with turkey litter. Biodegradation rate constants of individual estrogen were
calculated using pseudo-first order kinetics: 0.050 hr* for E1, 0.031 hr™* for E2, 0.027 hr
! for E3, and 0.012 hr* for EE2. The observation from the data implies that a synthetic
estrogen, EE2 appears to be more persistent to biodegradation than natural estrogens if
agricultural soil would be incubated with the turkey litter after it is to be spread to soil.
Also, heterotrophic bacteria favor for E3 and EE2 biodegradation in TLEC. By contrast,
the biodegradation of Eland E2 is favorable by AOB in TLEC. This study provides
understanding of biodegradation of estrogens governing their fate and occurrence in
turkey litter amended fields.

Chapter V evaluated the effect of antibiotics on degradation of hormone and

EfOM in SBR using actual primary clarifier effluent containing environmental relevant
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concentration (10 pg L™) of antibiotics. The degradation of ammonium-nitrogen, TOC,
and hormones was not significantly disturbed by the antibiotics when the SBR was
operated with the SRT of 14 days. However, variation in hormone concentration from
effluents was observed over an operational period. This may be because comparative
sorption and alteration of cell surface charge by antibiotics. Additionally, EE2
degradation was dependent on a cycle length of SBR. A cycle length of SBR should be
considered as a key operational parameter for a complete EE2 removal. Humic-like
substance of EfOM was less decomposed up to approximately 7% in the presence of the
antibiotics in SBR. It is implied that the fraction may contribute to the sorption of

hormone onto humic-like substance.
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APPENDIX |

1. o (ammonia fraction of TOT ammonia) derivation
1 _[VH)
1+ 10®Ka=PH=5) ~ [TOTNH,]

K,»=—logK,=0.09018 + 2729.92
PRar = — 108 Rar = T +273.16
pH = —log{H™"}

a =

1/2

S = 10910VNH+ = —AZZ Im — OZI]
A =1.82483 x 10°[E(T + 273.16)]* — 1.5

—8774 0.4008T +9.398 x 107*T% —1.41 x 107°T3

Zc 72

2. Ammonia degradation (ammonia saturation model based on Monod equation)

dStorNH3 _ _ _9maxXSNH3-N _ _GmaxXSTOTNH3 &

ar Ksypzs—ntSNH3-N  Ksypa ytSTOTNH3X

3. Estrogen degradation
3.1 First order model

3.1.1 Assumption

- Ammonia does not compete with estrogens
- Estrogens do not compete with the ammonia

- Reductant is not a limiting reactant.

dsestrogen _ kestrogenX Sestrogen
dt N

Ksestorgen + SeStTOQen

if Simplifying (only whenKs, . .. > Sestrogen)

dSrtornuz _

dT _kestrogen XSestrogen
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3.2 Competition model
3.2.1 Assumptions
-Ammonia compete with estrogens
-Estrogen do not compete with ammonia

-Reductant is not a limiting reactant

dSestrogen _ kestrogenX Sestrogen
dt K S Ksestrogen S
Sestorgen + estrogen + K NH3—-N
SNH3-N

kestrogenX Sestrogen

Sestrogen
Ksestorgen + SeStrOQen + KSNHs N

StornNH3®

kestroyenX Sestrogen

Sestrogen | Srornm3®
Ksestorgen <1 + K. +

Sestrogen SNH3-N

if Simplifying (only whenKs, ., .. > Sestrogen)

dSestrogen _ kestrogenX Sestrogen

dt 1+ StorNH3®

SNH3-N

3.3 Reductant model
3.3.1 Assumptions
-Ammonia does not compete with estrogens
-Estrogens do not compete with ammonia

-Two limiting reactants (estrogen and reductant)
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dSestrogen
dt

_ kestrogenX Sestrogen ( SNH3 N )
Kseswrgen + Sestrogen KSNH3 N + SNH3 N

kestrogenX Sestrogen ( StornH3X )

Ksostorgen T Sestrogen \Ksypys_y T SToTnm3

_ kestrogenX Sestrogen / 1 \

Ksesmrgen + Sestrogen \ SNH3-N + 1/
STOTNH3X

if Simplifying (only WhenKsesmgen > Sestrogen)

dsestrogen _ kestrogenX Sestrogen

dt 14+ KSNH3 -N
StornNH3®

3.4 Combined model
3.4.1 Assumption
-Ammonia compete with estrogens
-Estrogens do not compete with ammonia

-Two limiting reactants (Estrogens and Reductant)

dSestrogen _ kestrogenX Sestrogen 1
dt (1 + 5NH3—N) KSNH3—N +1
SNH3-N SNH3—N

kestrogenX Sestrogen 1

S a K
1+ TOTNH3 ) SNH3-N +1
( K StornH3®

SNH3-N
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if Simplifying (only whenKs, . .. > Sestrogen

dSestrogen _ kestrogenX Sestrogen
dt (1 n STOTNH3“)( Ksyusn n 1)
Ksppsn / \STOTNHZX

k . . .
% - Batch Reactor Derivation to represent a plug flow reactor with hydraulic
TOTNH3

residence time (t).

Assumptions: 1. Batch reactor, 2. Ammonia does not compete with estrogens
3. Estrogens do not compete with ammonia. 4. Two limiting reactants

(Estrogen and Reductant)

. . das XS -
Ammonia degradation - —T2INHS — _ _Admax"oNH3-N
ar KSNH3_N+SNH3—N
. dSestrogen SNH3-N
Estrogen degradation - ——— = —k XS —_—
g g dt estrogen?Pestrogen Ksnprsn - SNH3-N

Divide ammonia degradation by estrogen degradation and simplify

AStornu3 __ 9maxXSnH3-N
— 7T K +S
dT _ SNH3-N NH3-N
dSestrogen —k XS SNH3-N
—dt estrogen?estrogen \ ¥ +S
SNH3-N NH3—-N
dSToTNH3 _ krornH3
dsestrogen kestrogensestrogen

Separating variables and integrating

Stornu3(t) Sestrogen(t)

kTOTNH3 dSestrogen
dStornuz = k— ~

estrogen Sestrogen

STOTNH3 (0) Sestrogen(o
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k
Stornuz(t) — Stornuz(0) = % (lnSestrogen ) — lnSestrogen (0))

k
—ATOTNH, = —[2TNHE

kestrogen

(lnsestrogen (t) - lnsestrogen (0))

—ATOTNH. = krornus In SEStTOgen(t)
3 kestTOgen SGStrogen(O)

_ATOTNH3 kestrogen — In Sestrogen(t)
TOTNH3 Sestrogen(o)

k
Sestrogen () —ATOTNH3M
R TOTNH3
Sestrogen(0)
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APPENDIX 11

17a-estrogen (17a-E2)
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17a-Ethynylestradiol (EE2)
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STDDEV
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e Ammonia-nitrogen, nitrate-nitrogen, MLSS concentration from influent and effluent

samples in Both SBRs (Unit H and Unit H+A)

Influent
Time (day) | NH4+-N (mg/L) [ NH4+-N (mg/L) | NO3--N (mg/L) | NO3--N (mg/L) | MLSS (mg/L) | MLSS (mg/L)
Unit H Unit H+A Unit H Unit H+A Unit H Unit H+A
1 35 33.3 BD BD 1960 1940
2 36.8 36.7 BD BD 1960 1930
3 35.9 37.6 BD BD 1850 1750
4 36.7 35 BD BD 1950 1880
5 32.1 324 BD BD 1954 1849
6 30.8 33.1 BD BD 1950 1920
7 32.1 32.7 BD BD 1900 1870
9 34.8 34.6 BD BD 1920 1840
10 31.2 314 BD BD 1915 1950
11 30 32.2 BD BD 1920 1840
12 22.1 27.4 BD BD 1900 1850
13 31.8 33.1 BD BD 1820 1805
14 36.5 35.4 BD BD 1850 1810
Average 32.8 334 BD BD 1911.5 1864.2
STDEV 3.9 2.5 BD BD 44.6 56.8
Effluent
Unit H Unit H+A UnitH Unit H+A UnitH Unit H+A
1 BD BD 34.3 29.4 2105 2108
2 BD BD 33.6 30.1 2102 2084
3 BD BD 35.8 35.1 1950 1850
4 BD BD 35.8 32.4 2054 2002
5 BD BD 36.5 34.2 2032 1970
6 BD BD 39.4 35.6 2045 2030
7 BD BD 40.3 40.7 2001 2030
9 BD BD 40 41.1 2002 1998
10 BD BD 35.1 33.9 2029 2109
11 BD BD 31.1 28.2 2104 2003
12 BD BD 33.6 30.5 2150 1987
13 BD BD 33.6 35.3 1985 1956
14 BD BD 32.9 31.6 1992 1948
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e Hormone, TOC, TN concentration from effluent concentration in Both SBRs (From SNWA)

Sample ID 09070346-001 | 09070346-002 | 09070396-001 | 09070396-002 | 09070396-003 | 09070396-004
Date Collected 8/3/2009 11:30 | 8/3/2009 11:30 | 8/4/2009 11:30 | 8/4/2009 11:30 | 8/4/2009 11:30 | 8/4/2009 11:30
Sub Location Influent H Influent H+A Effluent H Effluent H dup. Effluent H+A | Effluent H+A dup.
Tap Location Day 1 Day 1 Day 2 Day 2 Day 2 Day 2
Total Nitrogen ~ |mg/L 36 37 35 35 30 31
Total Organic Carbon [mg/L 72 110 7.3 6.8 6.8 6.7
Testosterone ng/L 308 346 BDL B85 8.5 11
Progesterone - APCI | ng/L 350 350 BDL BDL 7.6 5.4
Ethynylestradiol  |ng/L 607 698 18 17 19 18
Estrone ng/L 835 1160 BDL BDL 7.3 5.6
Estradiol ng/L 282 303 BDL BDL BDL BDL
Sample ID 09070405-001 | 09070405-002 | 09070406-001 | 09070406-002
Date Collected 8/7/2009 11:.00 | 8/7/2009 11:00 | 8/8/2009 11:30 | 8/8/2009 11:30
Sub Location Influent H Influent H+A Effluent H Effluent H+A
Tap Location Day 5 Day 5 Day 6 Day 6
Total Nitrogen ~ |mg/L 35 36 38 35
Total Organic Carbon [mg/L 70 110 6.9 6.3
Testosterone ng/L 537 535 11 13
Progesterone - APCI [ ng/L 479 460 5.3 11
Ethynylestradiol  [ng/L 835 815 15 21
Estrone ng/L 928 920 5.6 13
Estradiol ng/L 500 492 BDL BDL
Sample ID 09080260-001 | 09080260-002 | 09080260-003 | 09080260-004
Date Collected 8/9/2009 0:00 8/9/2009 0:00 | 8/10/2009 15:03 | 8/10/2009 15:03
Sub Location Influent H Influent H+A Effluent H Effluent H+A
Tap Location Day 7 Day 7 Day 8 Day 8
Total Nitrogen ~ [mg/L 34 30 41 39
Total Organic Carbon [mg/L 24 24 6.4 6.4
Testosterone ng/L NA NA NA NA
Progesterone - APCI | ng/L NA NA NA NA
Ethynylestradiol  [ng/L NA NA NA NA
Estrone ng/L NA NA NA NA
Estradiol ng/L NA NA NA NA
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Sample ID 09080260-005 09080260-006 09080260-007 09080260-008
Date Collected 8/11/2009 12:00 | 8/11/2009 12:00 | 8/11/2009 12:00 | 8/11/2009 12:00
Sub Location Influent H Influent H+A Effluent H Effluent H+A
Tap Location Day 9 Day 9 Day 9 Day 9
Total Nitrogen ~ [mg/L 37 36 40 39
Total Organic Carbon [mg/L 43 46 6.8 6.5
Testosterone ng/L NA NA NA NA
Progesterone - APCI | ng/L NA NA NA NA
Ethynylestradiol | ng/L NA NA NA NA
Estrone ng/L NA NA NA NA
Estradiol ng/L NA NA NA NA
Sample ID 09080090-001 09080090-002 09080090-003 09080090-004 09080091-001 09080091-002
Date Collected 8/6/2009 0:00 8/6/2009 0:00 8/12/2009 9:57 | 8/12/2009 9:57 | 8/7/2009 0:00 8/7/2009 0:00
Sub Location Influent H Influent H+A Effluent H Effluent H+A Effluent H Effluent H+A
Tap Location Day 10 Day 10 Day 10 Day 10 Day 11 Day 11
Total Nitrogen ~ |mg/L 38 37 40 41 38 35
Total Organic Carbon [mg/L 48 120 6.3 7.0 6.3 6.1
Testosterone ng/L 517 404 NA NA BDL BDL
Progesterone - APCI | ng/L 460 398 NA NA BDL BDL
Ethynylestradiol | ng/L 850 745 NA NA BDL BDL
Estrone ng/L 1556 1100 NA NA BDL BDL
Estradiol ng/L 310 311 NA NA BDL BDL
Sample ID 09080092-001 09080092-002 09080093-001 09080093-002 09080093-003 09080093-004
Date Collected 8/10/2009 0:00 [ 8/10/2009 0:00 | 8/17/2009 11:00 | 8/17/2009 11:00 | 8/17/2009 11:00 | 8/17/2009 11:00
Sub Location Influent H Influent H+A Effluent H Effluent H dup. Effluent H+A [ Effluent H+A dup.
Tap Location Day 14 Day 14 Day 15, 24 hour | Day 15, 24 hour | Day 15, 24 hour [ Day 15, 24 hour
Total Nitrogen  |mg/L 48 46 34 32
Total Organic Carhon |mg/L 75 120 6.0 6.3
Testosterone ng/L 549 518 11 10 BDL BDL
Progesterone - APCI | ng/L 556 547 5.4 5.6 BDL BDL
Ethynylestradiol | ng/L 763 861 16 18 BDL BDL
Estrone ng/L 987 1010 BDL BDL BDL BDL
Estradiol ng/L 496 517 BDL BDL BDL BDL
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e Matlab code (3D-EEM analysis for EFOM samples from two SBRs) from Eric
Dickenson in SNWA.

% This code was adopt from Eric (Colorado School of Mines). Mei modified it
% for SNWS R&D group.

% Areas in Purple Color need to be changed with the proper information before
% running the program.

% Purpose of this code is to correct and plot an EEM without sample UV correction
files. Corrected EEMs and

% figures are saved to set folders.

% read in excel EEM (check the format of the file)

%INPUT

% change directories and file names to read in uncorrected sample eem.
% Uncorrected eem data must be in the Sheet 'Uncorrected Data’)
% define ifile.

A_full = xIsread('V:\R & D\LK\3D-Flurorescence\SRT\sample\012.xls', '‘Uncorrected
Data’);
ifile ='012";

% read in blank eem
BLANK _full = xIsread('V:\R & D\LK\3D-Flurorescence\SRT\sample\DI Blank.xlIs',
‘Uncorrected Data’);

%type in the integrated raman number from daily instrument test
%raman area average based on 070507 raman scatter
raman_area = 2023526;

% change directories and file names to read in instrument correction files

% (specific to fluor instrument 2 or 3)

MC = xlIsread('V:\R & D\LK\3D-Flurorescence\SRT\Emcorr.xls', 'Emcorr");
XC = xlsread('V:\R & D\LK\3D-Flurorescence\SRT\Excorr.xIs', 'Excorr’);

% OPTIONAL UV Correction. This requires an individual UV correction file

% for each sample. This is NOT really necessary for samples with

% UVA@254 < .1/cm

%UC = xlsread('C:\Documents and Settings\xinm\My Documents\MATLAB\Mei
Files\Water Quality Project\March 2008\CO Aurora Fin 1\Corrections_UV_CO Aurora
Fin 1.xls', 'Correction’);
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% Input intensity maximum for plot scale
max = 0.5; % Figure EEM intensity scale

%CUT EEM MATRIX AND DEFINE WAVELENGTH INDICES

% Define size of A_full
size_A_full = size(A_full);
[rowl,coll]= size(A_full);

% define wavelength indices

% (this may be diff't if you use diff't wavelengths)
ex = A_full(1, 2:coll);

em = A_full(2:rowl, 1);

% chop wavelength (Row,Col), rename interior matrix, "A_raw"

A _raw = A_full;
A_raw(;,1) =],
A raw(1,)) =1I;

% assign variable names for the number of wavelength indices for the
% non-interpolated (condensed) matrix and display (should be 76,51)
[num_em, num_ex] = size(A_raw);

% assign variable names for the starting and ending wavelength and display
% to check wavelength ranges

ex_start = ex(1);

ex_end = ex(num_ex);

em_start = em(1);

em_end = em(num_em);

%CUT BLANK MATRIX
% assign variable name to cut matrix (BLANK) and define size.
BLANK = BLANK_full(:,2:col1);

BLANK = BLANK(2:rowl,:);
size_ BLANK = size(BLANK);

%SUBTRACT BLANK FROM EEM



140

% create new matrix with zeros "A_sub"
A _sub=zeros(num_em,num_ex);

%subtract each value in matrix (A_raw) by the corresponding value in BLANK
%to get corrected matrix (A_sub).

for i=1:num_ex
for j=1l:num_em
A _sub(j,i)=A_raw(j,i)-BLANK(j,i);
end
end

%INTERPOLATION

% define x,y, and z of matrix
X = ex;

y=¢em;

z=A _sub;

% assign the intervals to interpolate to
[xi, yi] = meshgrid(ex_start:2.5:ex_end, em_start:1:em_end);

% interpolate z from x,y to xi,yi, rename interpolated matrix: "A_int",
A_int = interp2(x, y, z, Xi, yi, 'spline");

%Put zeros in for deadzones:
%Num_xi = find(xi==ex_end);
%  Num_yi = find(yi==em_end);

% assign variables to size of interpolated matrix and DISPLAY
[num_em, num_ex] = size(A_int);

num_em;

num_ex;

%Put zeros in for deadzones:
%Num_xi = find(xi==ex_end);
%  Num_yi = find(yi==em_end);

for i=1:num_ex
for j=1:num_em
if xi(i)>yi(j)



A _int(j,i) = 0;
else A_int(j,i) = A_int(j,i);
end
end
end

k = find(A_int<0);
A _int(k)=0;

%A _int(1:1,41:44)=0;
%A_int(1:11,45:48)=0;
%A _int(1:21,49:52)=0;
%A _int(1:31,53:56)=0;
%A _int(1:41,57:60)=0;
%A _int(1:51,61:64)=0;
%A _int(1:61,65:68)=0;
%A_int(1:71,69:72)=0;
%A _int(1:81,73:76)=0;
%A_int(1:91,77:80)=0;
%A _int(1:101,81:84)=0;
%A_int(1:111,85:85)=0;

% X and M INSTRUMENT CORRECTIONS

%convert correction files to diagonal matrices for matrix multiplication
X=diag(XC);

M=diag(MC);

% the matrix (A_int) is multiplied by the diagonal x-correct file (X).

% the result is transposed before multiplied by the diagonal mcorrect file (M).
% the result is transposed back to create the X-, M- corrected matrix (A_XM).

A_XM=[[A_int*X]*M]’;

%OPTIONAL INTERFILTER CORRECTION (FOR UV ABSORBANCE)

% create new matrix with zeros "A_UV"
A_UV=zeros(num_em,num_ex);

%divide each value in matrix (A_XM) by the corresponding value in the UV
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%correction matrix (UC) to get UV corrected matrix (A_UV).

% for i=1:num_ex

% for j=1:num_em

% A_UV(j,H)=A_XM(j,D)IUC(,D);
% end

% end

%NORMALIZE MATRIX BY RAMAN AREA
A final = A_XM/raman_area; %IF NO UV CORRECTION
%A_final = A_UV/raman_area; %IF USING UV CORRECTION

xi(1,:)

yi(:,1);

A final_new = zeros(num_em+1,num_ex+1);
A_final_new(2:num_em+1,2:num_ex+1) = A_final;
A final_new(2:num_em+1,1)=yi(:,1);
A_final_new(1,2:num_ex+1)=xi(1,:);

%EXPORT NORMALIZED / CORRECTED MATRIX
% export data in ascii format

pathname = 'Final Matrix’;

for i=1:length(A_final_new)
pathname(length(pathname) + 1) = A_final_new(i);

end

%append .xIs

%If pathname is a vector of characters, you can manipulate it by the index.
%You want to add 4 characters to the next spot after the end of the
%pathname.

pathnamelength = length(pathname);

pathname(pathnamelength + 1: pathnamelength + 4) = ".xIs";

save(pathname, 'A_final_new’, -ascii’, '-double’, -tabs');

%PLOT NORMALIZED / CORRECTED MATRIX

%Set wavelength range and increments for plot
ex1 = ex(1):2.5:ex(length(ex));
eml = em(1):1:em(length(em));
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%transpose normalized / corrected matrix (A_final) for plotting
Aplot=A_final’;

% Create graph ...
figure;

% now draw the graph with 30 contour lines or more if needed
contourf(em1,ex1,Aplot,100);

%Label x and y axes

xlabel('Emission Wavelength (nm)’,'fontsize’,14);
ylabel('Excitation Wavelength (nm)','fontsize’,14);
title(ifile, 'fontsize',14);

%set handle
handle = gca;
set(handle,'fontsize’, 14);

% set color scheme
colormap(jet);

% set min and max intensity values
caxis([0 max]);

% prevent auto-setting of caxis by changing caxis to manual control
caxis('manual’);

%Format colorbar legend

H = colorbar('vert’);

set(H,'fontsize',14);

text(648,290, Fluorescence Intensity','fontsize',14,'rotation’,90);%change from
'603't0'648'

%saves current object, this won't work if you close the figure first.
%this command saves the current object only

pathname = 'Figure ';

for i=1:length(ifile)
pathname(length(pathname) + 1) = ifile(i);



end

pathnamelength = length(pathname);
%pathname(pathnamelength + 1: pathnamelength + 4) =".jpeg’;
saveas(gcf, pathname, 'jpeg");

saveas(gcf, pathname, 'fig’);
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