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Improved analytical methods using novel cleanup techniques and inexpensive
instrumentation for the determination of residue estrogens in municipal wastewater and
swine lagoon wastewater have been developed. Presented approaches are less expensive,
less time consuming, yet produce comparable detection limits and extraction efficiencies
to existing methods. Chapter I provides an overview on environmental estrogens.
Chapter II describes a novel method to quantify five estrogens including estriol,
estrone, 17alpha-estradiol, 17beta-estradiol, and 17alpha-ethynylestradiol in influent and
effluent municipal wastewater. The method includes sample preparation using solidphase extraction followed by a “QuEChERS” cleanup, dansylation and LC/MS/MS
detection. Hydrophilic-lipophilic balance solid phase extraction (SPE) was used for
sample preconcentration and the extract was cleaned up using a dispersive SPE method
using MgSO4, PSA and C-18. The resulting extract was then derivatized with dansyl
chloride. Separation was achieved on a C-18 column and quantification was
accomplished in the positive ion mode using multiple reaction monitoring. The method is
capable of detecting below 1 ng/L.

Chapter III describes improved approaches to quantify five estrogens and two
conjugates, Estrone 3-glucuronide and beta-Estradiol 3-sulfate, in swine lagoon wastewater
and storm water runoff. A considerable residue was collected when lagoon wastewater
samples were centrifuged therefore both resulting residues and aqueous portions were
analyzed separately. Analysis of the aqueous portions was carried out using a similar
approach to the method described in Chapter II. However, a simple test-tube liquid-liquid
extraction was used as an additional sample clean-up step. A modified QuEChERS
method was utilized to efficiently extract the target analytes in the residue. Methods have
0.9 – 2 ng/L detection limits.
Chapter IV describes an approach to quantify residue estrogens in municipal
wastewater using a comprehensive two-dimensional gas chromatograph (GCxGC). This
method requires no further cleanups after SPE and has detection limits ranging from 1.4 –
22.2 ng/L. All presented methods use relatively small initial sample volumes and produce
negligible matrix interferences. The developed methods were validated by performing
mini surveys on the estrogen levels in environmental aqueous matrices in north
Mississippi.
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INTRODUCTION

1.1

The endocrine system
The endocrine system refers to a collection of specialized glands in the vertebrate

body and the hormones produced by those glands. Examples of endocrine glands include
the pituitary gland, pancreas, ovaries, testes, thyroid, parathyroid and adrenal glands.
Functions of the glands are controlled by stimulation from the nervous system, chemical
receptors in the blood, and hormones produced by other glands. The messengers of the
endocrine system are defined as hormones, which are synthesized at very low quantities
in the glands, secreted directly into the circulatory system and transported to distant target
organs. Hormones can be peptides, proteins, steroids, or catecholamines.1-3
Since hormones are carried via the blood stream, they reach virtually all tissues in
the body. However, only their specific target cells have the capability to respond to each
hormone. This specified hormonal action of cells depends on the specialization of their
target hormone receptors on the cell surface or within the cell. The specific binding
between hormone and receptor is based on steric complementarities. A portion of a
particular receptor’s conformation matches a unique portion of its specific hormone in a
‘key and lock’ fashion. This hormone-receptor complex then initiates a reaction that
results in the hormone’s final effect.1-2
1

The endocrine system of the human or animal body is one of the three foremost
regulatory mechanisms (the others being the nervous and immune) that controls its
different essential functions such as reproduction, sexual development, cellular
metabolism, heart rate, blood pressure, maintenance of normal levels of glucose or ions in
the blood, and digestion.1-4
1.2

Endocrine disruptors
According to the Endocrine Disruptor Screening and Testing Advisory

Committee (EDCSTAC), “an endocrine disrupting chemical (EDC) is an exogenous
substance that causes adverse health effects in an intact organism, or its progeny,
secondary to changes in endocrine function”.5 According to the current state of
knowledge, endocrine disruption is not considered to be an adverse end point by itself.
However, it is a mechanism of action potentially leading to other consequences, such as,
adverse reproductive, carcinogenic, or developmental effects.6
1.2.1

Mechanisms of endocrine disruptors on hormone action
Divergent endocrine disruption mechanisms have been identified in recent years.

Direct interactions as well as indirect interactions with hormone receptors have been
reported. Direct interactions can be categorized into two groups, (1) agonistic action, and
(2) antagonistic action. An exogenous agonist is an externally introduced compound that
can bind to a receptor like a natural substrate. The active potential of a particular
exogenous agonist depends on its affinity to the receptor. A diagram showing direct
agonistic action is shown in Figure 1.1. In contrast, an antagonist is a compound that
inhibits the receptor. Antagonistic action can be either competitive or non-competitive.4
2

Figure 1.1

(a) Normal binding of endogenous hormones, and (b) direct interaction of
an exogenous agonist with hormone receptors

Interactions of EDCs with the endocrine system can also be impacted by (1)
hormone concentration, and (2) hormone receptor concentration. Hormone production
can be weakened by inhibiting vital enzyme-catalyzed reactions. Hormone receptor
concentration in receptor mediated processes can be impacted when the sensitive balance
of an endogenous hormone and its receptor is shifted by an exogenous influence.3-4, 6
1.2.2

Potential endocrine disruptors in the environment
A number of compounds of natural or anthropogenic origin are suspected or

known to be EDCs. This includes gonadal steroids, phytoestrogens, synthetic steroids,
and some pesticides and industrial chemicals. Gonadal steroids include estrogens,
androgens and progestins. Phytoestrogens are mainly flavonoids. They are naturally
occurring substances found in plants. Even though they are not gonadal steroids, they
3

show estrogenic activity. Therefore, they can be classified as plant- derived
xenoestrogens. Estrogen-like synthetic steroids are mainly used as pharmaceuticals in
modern medicine. They are used for substitution therapy during menopause and as
ovulation-inhibiting oral contraceptives. 17α-ethinylestradiol (EE2) is the most common
estrogen-like synthetic steroid used in current medicine. DDT, methoxychlor,
vinclozolin, chlorinated cyclodienes, camphenes and their metabolites are common
examples of pesticides. Common endocrine disrupting industrial chemicals include
biphenyls, alkylphenol ethoxylates, polycyclic aromatic hydrocarbons, polychlorinated
dibenzodioxins, and organotin compounds.4
1.2.3

Estrogenic endocrine disruptors
Actions of EDCs are primarily through nuclear receptors including estrogen

receptors, androgen receptors, progesterone receptors, thyroid receptors, and retinoid
receptors. These nuclear receptors bind to DNA and activate gene expression upon
interaction with the endocrine hormone. Furthermore, EDCs are also known to act via
non-nuclear steroid hormone receptors, nonsteroid receptors, orphan receptors, enzymatic
pathways involved in steroid biosynthesis or metabolism, and many other pathways in
humans and wildlife.7
To date, endocrine disruptors with estrogenic activity are the most common and
probably the best studied. Even though estrogen receptors are designed to selectively
bind with their target hormones, they also have affinity to xenoestrogens that are nonestrogens in structure but exert estrogenic activities to some extent. Although hundreds
of compounds with estrogenic activity are reported, the most active estrogenic EDCs
present in the environment are natural and synthetic steroid estrogens as they show the
4

highest affinity for estrogen receptors. For example reported relative binding affinities of
isoflavones to estrogen receptors are between 10–3 to 10–4 times relative to that of 17βestradiol. 8-10
1.2.4

Natural and synthetic estrogens
The most common natural estrogens include estrone (E1), 17β-estradiol (βE2),

17α-estradiol (αE2), and estriol (E3). 17α-ethinylestradiol (EE2) can be considered the
most common synthetic pharmaceutical estrogen. The projects described in this
dissertation mainly focus on the analysis of these five EDCs. The structures of these
compounds and an example of a sulfate and a glucuronide conjugate are shown in Figure
1.2. Estrogens are excreted with urine and feces mainly as their sulfate or glucuronide
conjugates.11 Under environmental conditions, most excreted estrogen conjugates are
quickly hydrolyzed into their free forms by fecal bacteria.4, 12

Figure 1.2

Structures of natural estrogens βE2, αE2, E1, and E3, synthetic estrogen
EE2, 3-glucuronide conjugate of E1 (E1-3G) and 3-sulfate conjugate of
βE2 (βE2-3S)

5

1.2.5

Physicochemical properties of estrogens
In order to study or determine estrogens in environmental matrices, their behavior

in the environment should be carefully understood. Knowledge of physiochemical
properties of estrogens such as water solubility (γsat), soil and organic carbon adsorption
coefficient (Koc), octanol/water partition coefficient (Kow), and bioconcentration factor
(BCF) are extremely helpful to understand their behavior in the environment.4, 13-14
Water solubility is defined as the maximal concentration of a substance dissolved
in pure water at a given temperature. This parameter is an indicator of the hydrophobicity
of a chemical. In environmental water, solubility strongly depends on parameters such as
temperature, pH, salt content, and the existence of humic substances and suspended
matter.13
Vapor pressure of a compound is defined as the pressure exerted by a vapor in
thermodynamic equilibrium with its condensed phases at a given temperature in a closed
system.15 It is an indicator of the volatility of a given compound.
Soil and organic carbon adsorption coefficient, also known as sediment-water
partition coefficient is a useful parameter to understand the potential of a compound to
adsorb onto suspended matter in surface water. Adsorption coefficients increase with
increasing hydrophobicity of compounds.4, 14
Octanol/water partition coefficient is defined as the ratio of the concentration of a
chemical in n-octanol to water at equilibrium at a specified temperature.16 Octanol serves
as a reference for the lipid phase of animal tissue. Thus, Kow of a particular compound is
a good descriptor of its biodegradability and bioconcentration.13-14

6

Bioconcentration factor (BCF) is defined as the accumulation of a chemical in an
organism when the source of the chemical is solely from water.17 Acid dissociation
constants (Ka) are important to determine the acidic or basic nature of estrogens. This
parameter is also useful to determine extraction and derivatization pH of these
compounds.
Physicochemical properties of some of the estrogen hormones are shown in Table
1.1. It can be concluded that estrogens are non-volatile, moderately hydrophobic organic
compounds with low aqueous solubility. They also exhibit weak acidic properties.
Estrogens have high potential to adsorb on soil or sediment, thereby reducing aqueous
phase concentrations. However it is important to note that the solubility of the synthetic
estrogen EE2 is significantly lower than the natural hormones.
The half-life of natural estrogens in natural water is 2 – 3 days. However, the halflife is 4 – 6 days for EE2.18 Under the influence of nutrients, natural estrogens nearly
fully degrade within four weeks. In contrast, the degradation rate without nutrients is
reported to be much slower. Synthetic estrogen EE2 is considerably more stable
compared to natural estrogens, and the degradation rate is approximately twice slower
compared to natural estrogens.19
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Table 1.1

Physicochemical properties of some of the common natural and synthetic estrogens

Ref.

CAS

βE2

C18H24O2

50-28-2

272.4

12.9

3.94

10.5

2.3 x 10-10

20-22

E1

C18H22O2

53-16-7

270.4

12.4

3.43

10.8

2.3 x 10-10

20, 22

E3

C18H24O3

50-27-1

288.4

13.2

2.81

10.4

6.7 x 10-15

20-22

EE2

C20H24O2

57-63-6

296.4

4.8

4.15

10.2

4.5 x 10-11

23
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CAS = Chemical Abstracts Service
γsat = Solubility in water
Kow = Octanol/water partition coefficient
Ka = Acid dissociation constant

log Pow

pKa

Formula

Estrogen

γsat
(mg/L at
20 °C)

Vapour
pressure
(mm Hg at
20 °C)

Molecular
weight
(g/mol)

1.2.6

Environmental impact of natural and synthetic estrogens in the
environment
Estrogen receptors in fish are very similar to mammals.24-25 Therefore, the

occurrence of natural and synthetic estrogens in the aquatic environment has become a
major concern as even extremely low concentrations can have a deleterious impact on
aquatic wildlife reproductive biology by disrupting the normal function of their endocrine
systems.26
As early as the 1930s, Walker et al. and Cook et al. have reported that certain
exogenous natural and synthetic chemicals are capable of mimicking endogenous
hormones in the endocrine systems of wildlife and plants.27-28 After about 60 years,
Purdom et al. in 1994 first reported the occurrence of active estrogenic compounds
influencing the sexual development of fish in English rivers.29 The presence of the
biomarker ‘vitellogenin’ in male fish is commonly used as an indicator of exposure to
estrogenic EDCs.30 Vitellogenin is an egg yolk precursor protein typically expressed only
in female fish but, in the presence of estrogenic endocrine disruptive chemicals, male fish
can express the vitellogenin gene in a dose dependent manner.31
Vitellogenin synthesis in male rainbow trout (Oncorhynchus mykiss) is reported at
environmental concentrations as low as 0.1 ng/L of EE229 and 1.0 ng/L of βE2.30
Induction of vitellogenin by trace concentrations of waterborne βE2 is also reported in
striped bass (Morone saxatilis),32 and male carp (Cyprinus carpio).33-34 βE2 exposed (<1
to 7 ng/L levels) female painted turtles (Chrysemys picta) showed abnormal vitellogenin
levels.35
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Aquatic E1 and E2 residues at 30 ng/L levels have induced vitellogenin synthesis
and resulted in abnormal testicular growth in adult male fathead minnows (Pimephales
promelas).36-37 Riverine E2 is also capable of weakening reproductive fitness of adult
male fathead minnows.38 Environmental exposures of natural and synthetic estrogens
(E1, E2, E3, and EE2) are clearly correlated with feminization of wild male cyprinid fish
species such as roach (Rutilus rutilus).39
In addition to endocrine disruption, EE2 (10 ng/L) has been found to cause
effluent exposure induced genotoxic damage, modulated immune function, and altered
metabolism in fathead minnows. EE2 in the presence of a complex EDC mixture
containing E1 and E2 (~1 ng/L E2 equivalent/L) further increases the damage.40
Waterborne βE2 may induce common DNA effects in developing crustaceans.41
Marine βE2 is proficient at disrupting sea urchin (Strongylocentrotus purpuratus)
embryogenesis.42 Environmental EE2 has shown toxic effects in freshwater cnidarian
(Hydra vulgaris).43 Adverse effects of marine E1 and βE2 in scleractinian coral
(Montipora verrucosa) have also been reported.44
Even though the human health risks associated with environmental estrogen
exposure is not clearly known to date,45 recent studies have shown correlations of
environmental estrogens and human health.46-49 Estrogens in the environment have the
potential to cause obesity in adult humans.46-48 Environmental βE2 is capable of causing
human testicular cancer.49 βE2 in the environment also affects human sperm function.50
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1.3

State of the art techniques for identification and quantification of estrogens in
environmental matrices
Analysis of estrogen residues in the aquatic environment is a challenging task

mainly due to the complexity of the matrix and the demand for extremely low detection
limits. Environmental aqueous samples such as municipal wastewater, lagoon water,
ground water, and surface water usually contain numerous compounds that can interfere
in the analysis of the target analytes. Also, as the target estrogen compounds have been
reported to cause adverse effects in living organisms at low ng/L detection limits, the
detection methods should be capable of determining such low concentrations. A typical
analytical method consists of a sample pre-concentration step, sample cleanup step(s),
and a powerful detection method in order to address these challenges.51-56
1.3.1

Sample collection and storage
Upon collection, preservatives such as formaldehyde are usually added to the

sample to ensure that the analytes are not adversely affected by microbial activities.
Typically, aqueous samples are filtered or centrifuged to remove suspended particles that
may interfere with the extraction procedure. Glass fiber filter paper with pore sizes
between 0.22 and 1.20 µm are commonly used for filtration in estrogen method
development. Collected samples are typically refrigerated at 4 °C in amber bottles until
analysis. For accurate results, extraction is generally carried out within 72 hours after
collection.51, 54
1.3.2

Sample extraction
Pre-concentration of a large sample volume into a smaller volume is essential to

reach demanded detection limits. Initial sample volumes ranging from 100 mL to 2.5 L
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were used in previous studies.51-55 Classical sample pre-concentration approaches such as
solvent sublation, steam distillation, and liquid-liquid extractions were commonly utilized
in the past. These techniques have been replaced by more efficient and versatile solid
phase extraction (SPE) techniques.51-55, 57-70 Other approaches such as solid phase micro
extraction (SPME)71 and ultrasonic extraction72-73 are also used in environmental estrogen
analysis to a lesser extent. These approaches use much less organic solvent than the
mentioned classical methods.
1.3.2.1

Solid phase extraction (SPE)
SPE operates either on disks or, more commonly, on disposable cartridges. Even

though disks reduce sample clogging and have a larger surface area for sample contact
compared to cartridges, they require larger volumes of solvents for analyte elution which
increases the overall method duration while the solvent used for the elution is evaporated
using a gentle nitrogen stream or rotary evaporation.51 Reversed phase SPE cartridges
such as octadecyl bonded silica (C-18),57-61 graphitized carbon black (GCB) cartridges
such as carbograph cartridges,70 and polymeric cartridges such as strataX74 and most
commonly, hydrophilic lipophilic balance (HLB)62-69 are used in estrogen extractions.
A solid phase extraction procedure consists of five steps, (1) wetting the sorbent
(open bonded packing material via solvation), (2) conditioning of the sorbent (treating it
with a solvent that is as “sample-like” as possible), (3) loading the sample, (4) rinsing or
washing the sorbent to elute extraneous material (using a solvent in which the target
analyte is insoluble), and (5) elution of the analyte of interest (using an elution solvent in
which the target analyte is highly soluble).75-77 For each step, appropriate solvent,
volumes, and flow rates should be optimized for best results. For HLB extractions,
12

methanol (MeOH), acetone, and acetonitrile (ACN) are commonly used as eluents. 62-69
SPE extract is subsequently blown to a further reduced volume using a gentle nitrogen
stream. It is obvious that when a large volume of environmental water sample is
concentrated to a very small volume, a considerable amount of humic substances and
other unwanted matrix components are also concentrated into the extract. Therefore,
methods with more sample volumes often result in higher matrix interferences.78
1.3.3

Sample clean-up
Extracts from heavily contaminated water samples often require additional sample

clean-up step(s) to reduce co-extractives in the extract. A typical cleanup method requires
an additional SPE step using polar cartridges such as silica,79-81 NH2 (silica based basic
bonded phase),63, 80, 82-83 or florisil (activated magnesium silicate bonded phase) to
eliminate the remaining matrix interferences. C-18 SPE has also been used in further
clean-up steps.82 Sample clean-up steps help to obtain reduced matrix interferences and
high signal to noise ratios (SNR).52
Methods for residue estrogen analysis in water samples without further clean-up
steps are rare in literature. For example, Kuch et al. (2001) reported an analysis of
estrogens in surface water, drinking water and wastewater by GC-ECD and GC/MS with
no further clean-up steps. In the GC-ECD study, they observed significant unidentified
peaks that interfered with analyte signals.84
1.3.4

Derivatization
Derivatization of the analyte prior to chromatographic analysis can benefit a

determination in multiple ways. In general, sample derivatizations are carried out mainly,
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(1) to improve the detectability of analytes, (2) to prevent analyte decomposition during
chromatographic analysis, (3) to improve the chromatographic behavior of target
compounds, (4) to improve the resolution of a chromatogram, (5) to establish the analyte
identity, (6) to improve selectivity of analytes in a complex matrix, (7) to achieve better
chemical and physical properties of analytes for chromatography (volatility, solubility,
mass), and (8) as an additional clean-up step. Selection of the derivatization for a method
is very important as every derivatization consists of several manipulations, which can be
potential error sources. Blank derivatizations should be carried out to ensure the accuracy
of the results and ultra-pure chemicals should be used to avoid contamination.85
Gas chromatographic (GC) determinations of thermolabile, polar, and low volatile
compounds such as estrogens require a derivatization step to avoid thermal
decomposition and to improve the chromatographic separation and the sensitivity of
analysis. Liquid chromatographic (LC) derivatizations of estrogens are mainly carried out
to enhance detector sensitivity (Ex: attachment of a chromophore to improve UV
absorbance in HPLC-UV, attachment of a fluorophore to enhance fluorescence intensity
in HPLC-fluorescence).51-55, 85
1.3.5
1.3.5.1

Instrumental analysis
Chromatography hyphenated with mass spectrometry
Among the different chromatographic techniques used for the analysis of

estrogens in environmental water samples, the most widespread are chromatography
hyphenated mass spectrometric techniques such as GC/MS, GC/MS/MS, LC/MS and
LC/MS/MS. Chromatography separates chemical components in a mixture based on their
volatility (in GC) or affinities for the stationary phase and mobile phase (in LC).
14

Conventional chromatographic detectors (such as UV and fluorescence, in LC and TCD,
FID, and NPD, in GC) primarily qualify substances based on retention time and
quantitate substances based on peak intensity and peak area. In contrast, MS detectors
offer a highly sensitive detection based on their mass-to-charge ratios (m/z) and measure
the intensity of each ion.
1.3.5.2

Scan, SIM, and MRM modes of mass spectrometry
MS is extremely helpful for qualitative analysis as it can indicate peak areas of

ions that have a certain mass. Yet, this only applies when measuring a single component
at a given retention time as MS m/z data become useless if multiple components are
simultaneously eluted. In contrast, Selected Ion Monitoring (SIM) provides excellent
results in quantitative analysis when the m/z values of target analytes are known.
SIM detects and plots only the selected masses of target compounds. In SIM the
MS is set to scan over only a very small mass range around the anticipated m/z values of
the analytes, typically one mass unit. Narrower mass ranges provide more specific SIM
assays. This enables the quantification of compounds even if they have the same retention
times. In other words GC or LC/SIM–MS methods provide a two dimensional separation
based on the retention times and the m/z values of target compounds in a complex
mixture. SIM mode MS dramatically increases the signal-to-noise ratios (SNR) of desired
peaks compared to full scan MS resulting in lower detection limits. Also SIM methods
provide more selectivity to the analysis as only chosen m/z values are scanned. This
results in reduced matrix interferences in the chromatogram.
The introduction of tandem mass spectrometry hyphenated with chromatography
(LC or GC/MS/MS) has substantially improved the detection limits and enhanced analyte
15

identification. Multiple reaction monitoring (MRM) methods used in tandem mass
spectrometric (MS/MS) techniques provide further improved selectivities as two desired
ions are monitored for a given compound. In MRM technique, the parent mass of the
compound is specified for MS/MS fragmentation by the first MS and then a selected
fragment ion is monitored by the second MS.86
1.3.5.3

LC/MS and LC/MS/MS methods in residue estrogen analysis
Octadecyl silica stationary phases are generally used in LC separations of

estrogens. Water/ACN mixtures with gradient elution from 20 to 70 % ACN have
commonly been used as mobile phases. Electrospray ionization (ESI) is the most
extensively used LC/MS interface. Electrospray ionization has been utilized in both
negative [ESI (-)]64, 68-69, 79, 87 and positive [ESI (+)]62, 81 modes. However, atmosphericpressure chemical ionization (APCI) is also used to a lesser extent.65, 88 Most common
mass analyzers for estrogen analysis are quadrupole mass analyzers. The use of triple
quadrupole (QQQ) mass spectrometers in residue estrogen analysis has considerably
enhanced the selectivity and sensitivity of the determination, resulting in improved
detection limits compared to those achieved by use of single quadrupole LC/MS.52, 54-56,
66, 71

1.3.5.4

GC/MS and GC/MS/MS methods in residue estrogen analysis
A variety of capillary columns have been utilized for GC separations of estrogens

in environmental samples. Splitless mode 1 to 4 µL sample injections were extensively
used in analyses. In most studies, helium has been used as the carrier gas, with
temperature programs ranging from approximately 45 to 300 °C. Electron impact (EI)
16

ionization is most commonly used in GC/MS methods.63, 67, 83, 89 Quadrupole mass
analyzers were frequently used in conventional MS, while triple ion trap MS is widely
used in tandem mass spectrometry.67, 83, 89
A flow diagram of a typical analytical approach to determine residue estrogens in
environmental aqueous samples is shown in Figure 1.3.

Figure 1.3

A flow diagram of a typical analytical approach to determine residue
estrogens in environmental aqueous samples
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1.4

Dissertation objectives
Understanding the occurrence and the fate of natural and synthetic estrogens in

the environment has gained considerable attention due to their adverse effects on wildlife
as well as humans. Development of efficient analytical methods has significant
importance in order to determine residue estrogens in environmental matrices. The
objectives of the projects described in this dissertation are to develop less expensive, less
time consuming analytical methods which are able to produce improved detection.
Improved analytical methods including novel cleanup techniques and inexpensive
instrumentations for the determination of residue estrogens in municipal wastewater and
swine lagoon wastewater have been developed. The developed methods are validated by
performing mini surveys on the estrogen levels in environmental aqueous matrices in
north Mississippi.
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CHAPTER II
SOLID PHASE EXTRACTION, THE QuEChERS CLEANUP, DANSYLATION AND
LIQUID CHROMATOGRAPHY TANDEM MASS SPECTROMETRY AS AN
IMPROVED METHOD FOR THE ANALYSIS OF INFLUENT
AND EFFLUENT MUNICIPAL WASTEWATER

(Published in J. AOAC Int. 2013; 96: 1440-1447)
2.1

Abstract
An improved method for trace level quantification of five estrogens including

estriol, estrone, 17α-estradiol, 17β-estradiol, and 17α-ethynylestradiol in influent and
effluent wastewater is developed. The method includes sample preparation using solidphase extraction followed by a “QuEChERS” cleanup step, a derivatization and
LC/MS/MS detection. Sample extraction was carried out using Oasis HLB cartridges and
a dispersive solid phase cleanup pack containing MgSO4, PSA and C-18. The resulting
extract was then derivatized with dansyl chloride. Separation was achieved on an Agilent
Zorbex Extend C-18, Narrow Bore RR, (2.1 × 100 mm, 3.5 µm) column and
quantification was accomplished in the positive ion mode using multiple reaction
monitoring. The cleanup method is quick, efficient, inexpensive, and requires only 200
ml of water. Reliable linear regressions were obtained for all the calibration curves (R2 >
0.995). Matrix effects calculated were less than 12 % for all the analytes and hence,
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matrix matched calibration curves were not needed. The recoveries for the estrogens
ranged from 81 – 103 % with a high repeatability (n=3, RSD ≤ 9 %) and low limits of
quantification (0.6 – 0.9 ng/L). The method was used to analyze effluent and influent
wastewaters in Mississippi wastewater treatment plants but is broadly applicable for the
determination of trace estrogens in any municipal wastewater samples.
2.2
2.2.1

Introduction
Background and significance
Two main sources of estrogenic hormones in the environment are human waste

and agricultural runoff as both humans and livestock secrete estrogens in significant
quantities. Natural estrogens are excreted by women as well as by men. Bodily organisms
excrete different amounts of sex steroids, depending on parameters such as age, diet, state
of health, or pregnancy. Also, humans use significant amounts of estrogens as medicine.
Johnson et al. in 2000 reported the daily human estrogen excretion levels (Table 2.1).1
Table 2.1

Daily human excretion (µg) of estrogens in humans [Source: Johnson et al.
(2000)]
Category

E2

E1

E3

EE2

Males

1.6

3.9

1.5

-

Menstruating females

3.5

8

4.5

-

Menopausal females

2.3

4

1

-

Pregnant women

259

600

6000

-

-

-

-

35

Women (As a whole)

As any other down-the-drain chemical, these hormones are eventually discharged
into municipal wastewaters or into the environment.2-3 Therefore, hazardous amounts of
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estrogens can be accumulated in municipal wastewaters in urban areas where a high
population is concentrated in a small land area. Estrogens are expected to be removed
from the wastewater during plant treatment through a combination of chemical
transformation and adsorption.4-5 Any estrogens not removed during treatment are release
to the environment, making effluent wastewater potential pathways of environmental
EDs.
2.2.2

Project overview
The goal of this work was to develop a cost effective, easy and efficient method

for detecting and quantifying the five estrogens (βE2, αE2, E1, E2, and EE2) in
wastewater samples. Samples were collected from three area (Columbus, Starkville, and
Jackson, MS) wastewater treatment plants (WWTPs) from both effluent (collected from
tanks that holds waters flowing out from the plant that have been treated) and from
influent (from tanks which holds incoming waters before any cleaning treatment).6 The
developed method was used to chart the levels of estrogens in order to gauge the WWTPs
effectiveness at removing estrogens. To the best of our knowledge, this is the first study
to monitor estrogen levels of WWTPs in Mississippi.
A flow diagram for the method is shown in Figure 2.1. LC/MS/MS detection was
chosen for this study because of its ability to greatly reduce interferences coupled with
selective detection of target compounds. Moreover, the sensitivity of the tandem mass
spectrometer was further improved by a derivatization step prior to the analysis.
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Figure 2.1

Flow diagram summarizing the novel method for estrogen quantification

The Hydrophilic-Lipophilic-Balanced (HLB) polymeric SPE cartridges were
utilized for aqueous sample extractions due to its advantages over traditional silica-based
reversed phase (RP) SPE cartridges such as C-8 and C-18. The polymer is made from a
specific ratio of two monomers, the hydrophilic n-vinylpyrrolidone and the lipophilic
divinylbenzene. N-vinylpyrrolidone provides great reversed phase retention while a
divinylbenzene acts as a neutral polar hook for enhanced retention of polar analytes.7 The
structure of HLB polymeric SPE material is shown in Figure 2.2. The RP SPE cartridges
can only retain moderately-polar to non-polar compounds.8-9 Moreover, alkyl chain
collapse can occur in silica-based RP cartridges if the stationary phase over-dries during
conditioning. In contrast, HLB cartridges can retain a much broader range of polar to
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non-polar and acidic to basic analytes. Retained analytes are easily eluted with aqueous
miscible solvents such as methanol, acetone and acetonitrile.8, 10Another important
feature of the HLB cartridge is the ability to remove moisture after sample loading
through the action of a dry air stream.10-11

Figure 2.2

The structure of the polymer used in HLB SPE

The QuEChERS (Quick, Easy, Cheap, Effective, Rugged, and Safe) method
developed by Anastassiades et al. (2003) is a popular sample prep technique that is being
extensively used in the area of multi-residue pesticide analysis in agricultural and food
products.12 As a part of this method, a dispersive solid phase extraction technique (dSPE)
is used for sample cleanup after solid phase extraction. In contrast to conventional SPE
methods where the sample is passed through a plastic cartridge containing sorbent
material and then rinsed with an appropriate eluent, in dispersive SPE, cleanup is
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facilitated by vortexing bulk amounts of SPE material with the extract. The mixture is
centrifuged after dSPE and the resulting supernatant is subsequently analyzed. Sample
clean-up by dSPE is easier and less expensive as it is a simultaneous extraction and
cleanup technique which require less time and solvent.12-13 Approximate cleanup for one
sample is less than fifty cents and therefore less expensive than traditional SPE cleanup
methods. In this work, a modified dSPE procedure has been utilized to clean up the five
estrogens in municipal wastewater after HLB extractions.
As shown in Figure 1.2, all five estrogens studied in the study are phenolic
compounds. The derivatization of phenolic groups with 5-(dimethylamino)-1naphthalenesulfonyl chloride, commonly known as dansyl chloride, is a widely used
fluorometric detection technique.14-15 Dansylation is a simple, rapid, aqueous-phase
chemical reaction producing high yields (~92 %).15-16 Enhancement of electro spray
ionization through dansylation of EE2 was first reported in Anari et al. in 2002.16 The
reaction introduces a basic secondary nitrogen into the estrogen that is readily ionized in
common acidic HPLC mobile phases. This results in a parent ion of m/z corresponding to
3-dansyl-estrogen. A modified McLafferty rearrangement mechanism gives rise to a
product ion at m/z 171 due to the cleavage of the C-S bond, and the subsequent
rearrangement of one hydrogen atom toward the naphthalene nucleus.17 The highly
specific mass-to-charge ratio of the parent ion and the characteristic product ion further
eliminate matrix interferences and dramatically improved the sensitivity of MS/MS. The
dansylation reaction and fragment pattern is shown in Figure 2.3.
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Figure 2.3

2.3
2.3.1

(A) Dansylation reaction for estrone. (B) MS/MS Fragment pattern for
estrone

Experimental
Site description
Influent and effluent waters were collected from Starkville, Columbus and

Jackson, MS WWTPs over a time period of three months (January, March and April of
2012). A brief description of the three WWTPs is as follows. Starkville WWTP services
42,000 residents and utilizes a primary bar screen and grit chamber, secondary activated
sludge in oxidation ditches, clarifiers, disinfection by chlorine and chlorine neutralization
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by sulfur dioxide, and then a re-aeration process, discharging in Hollis Creek. Jackson
WWTP services 299,000 residents and utilizes a primary screening, secondary
conventional activated sludge, then disinfection by chlorine, discharging in the Pearl
River. Columbus WWTP services 26,000 residents and utilizes a primary settling out
sand and gravel, secondary activated sludge, settling, and then disinfection by chlorine
and chlorine neutralization by sulfur dioxide, discharging in Luxapililia Creek.
2.3.2

Reagents, apparatus, equipment, and solutions
The required analytical standards of 17β-estradiol (βE2), 17α-estradiol (αE2),

estriol (E3), estrone (E1) and 17α-ethynylestradiol (EE2) were purchased as powders
from Sigma Aldrich (USA). Standard solutions (100 mg/L) of each estrogen were
prepared by dissolving accurately weighed standards in a corresponding amount of
methanol to obtain the required concentrations. Standard solutions were diluted with
methanol to obtain working solutions of required concentrations. Bulk sorbent material,
Primary Secondary Amine (PSA) and C-18 (40 µm) were purchased from Agilent
Technologies (USA) while magnesium sulfate was purchased from Sigma Aldrich
(USA). Derivatizing reagents sodium bicarbonate and dansyl chloride as well as LC
grade solvents; water, water with 0.1 % formic acid, ACN, and methanol were also
purchased from Sigma Aldrich (USA). HLB solid phase extraction cartridges (500 mg)
were purchased from Waters (USA). Glass fiber filter papers were purchased from
Millipore (USA). An N-EVAP 111 nitrogen evaporator was purchased from
Organomation Associates Inc. (Berlin, MA). A vortex mixer and the desiccator were
obtained from Fisher Scientific (Pittsburgh, PA). A vacuum manifold was purchased
from Supelco Visiprep (Bellefonte, PA). A Waters Corp. Alliance 2695 separation
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module was used as the LC/MS/MS system (Milford, MA). LC separations were
achieved by an Agilent Technologies Zorbax Extend C-18, Narrow Bore RR column (2.1
× 100 mm, 3.5 μm) preceded by an Agilent Zorbax Extend C-18, Narrow Bore guard
column (2.1 × 12.5 mm, 5 μm). Eppendorf Safe-Lock 2 mL tubes were purchased from
Sigma-Aldrich (St. Louis, MO).
2.3.3

Sample collection and storage
Influent and effluent water samples were collected in three separate months (Jan,

Mar, Apr of 2012) from Starkville, Columbus and Jackson, MS WWTPs (due to
maintenance in Columbus WWTP, the March influent samples were not collected).
Collected samples were transported to the lab, filtered using glass fiber filter papers and
refrigerated until analysis.
2.3.4
2.3.4.1

Sample preparation
Solid phase extraction
The pH levels of the filtered water samples were adjusted to 3 – 4 with 1 M HCl

prior to extractions. Following the manufacturer’s instructions, Oasis HLB cartridges
(500 mg) were pre conditioned using 5 mL MeOH and 5 mL water. Water samples (200
mL) were then loaded onto the cartridges and eluted with a flow rate of 1-2 mL/min.
Subsequently, the sample bottle was washed with 10 mL of distilled water and eluted
with the same flow rate. Cartridges were rinsed with 3 mL of 5 % methanol in water and
then dried with high vacuum for 30 min. Extracted hormones were eluted with 10 mL of
MeOH with a flow rate of 1 mL/min.
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Optimization of the eluent volume was done in order to ensure complete elution
of the analyte while avoiding excess volume which can result in the elution of unwanted
matrix material. A water sample was spiked with a mixture of five estrogens of known
concentration, loaded onto an HLB cartridge and eluted with separate 1 mL portions of
methanol. The described clean-up and LC/MS/MS method was used to quantify each
collected sample. Based on the resulting elution profiles of each estrogen (Figure 2.4), a
volume of 10 mL of methanol was used to completely elute the extracted hormones.

Figure 2.4

2.3.4.2

Methanol elution profiles obtained for each hormone following HLB
extraction. Twelve 1 mL portions were collected separately and analyzed

Sample clean-up using a modified QuEChERS dSPE procedure
Two different homemade dSPE cleanup packs were used for the analysis. Bulk

SPE materials were weighed and then placed into 3 mL Eppendorf tubes and kept in a
desiccator until use. The first pack contained 50 mg MgSO4, 50 mg C-18 and 25 mg PSA
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while the second pack contained the same amount of C-18 and PSA without MgSO4. The
role of MgSO4 is to remove excess water, C-18 removes nonpolar substances and PSA
absorbs any sugars, fatty acids, organic acids, and anthocyanine pigments. One drawback
of dSPE as a cleanup is that the total introduced sample volume cannot be completely
recovered without an additional filtration step since a certain fraction is retained in the
SPE material. This lowers the overall concentration factor of the method and hence
results in higher detection limits. In conventional QuEChERS procedures, high moisture
samples were extracted using an organic solvent and salt solution. Therefore traditionally
large amounts of MgSO4 are needed to remove moisture. However in this work, the dSPE
was performed after HLB extraction with SPE cartridges dried under vacuum and eluted
with pure methanol. This two-step extraction method requires less MgSO4 resulting in
larger sample volume recovery and increased efficiency when compared to a single step
extraction using the same total amount of SPE materials.
After the HLB solid phase extraction, the methanol portion was evaporated using
a gentle nitrogen stream and then redissolved in 2 mL of methanol. This methanol portion
was added to the first cleanup pack in the Eppendorf tube and vigorously shaken using a
vortex mixer for 1 min, followed by centrifugation at 10,000 rpm for 2 min. The
supernatant was then added to the second cleanup pack and the same dSPE procedure
was carried out. To determine the efficiency of this step an experiment was performed
repeating the dSPE procedure with blank cleanup packs without the bulk SPE material.
The yield of the supernatant did not change confirming that no analyte is lost during the
dSPE step. Figures 2.5 and 2.6 show the chromatograms of E3 and E2 spiked to influent
water after each dSPE step.
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Figure 2.5

Chromatograms obtained for E3, (a) Only HLB extraction (b) HLB
extraction and first dSPE step and (c) HLB extraction and both dSPE steps.
This sequence demonstrates the reduction of matrix interferences with each
cleanup step
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Figure 2.6

2.3.4.3

Chromatograms obtained for βE2 (left) and αE2 (right), (a) Only HLB
extraction (b) HLB extraction and first dSPE step and (c) HLB extraction
and both dSPE steps which demonstrate the reduction of matrix
interferences after cleanup

Derivatization with dansyl chloride
After the QuEChERS cleanup, 1 mL of the extract was transferred to a test tube

and dried using a gentle nitrogen stream. Subsequently, 250 µL of NaCO3/NaHCO3
buffer (pH = 10.5) and 250 µL of 1000 ng/L dansyl chloride in acetonitrile was added to
the test tube and heated to 60 °C for 5 min. The derivatized sample is ready for the
LC/MS/MS analysis.
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2.3.5
2.3.5.1

Instrument analysis
Liquid chromatography
Liquid chromatography optimization was performed on Waters Alliance 2695

Separation module (Waters, Milford, MA, USA) equipped with quaternary, low pressure
mixing pump and inline vacuum degasser. Due to the non-polar nature of the analytes,
separation was achieved by a reversed phase Agilent Zorbex Extend C-18, Narrow Bore
RR column (2.1 x 100 mm, 3.5 µm) preceded by an Agilent Zorbex Extend C-18, Narrow
Bore guard column (2.1 x 12.5 mm, 5 µm). Column temperature was kept at 40 °C, flow
rate was 0.25 mL/min and the injection volume was 25 µL. Mobile phase gradient elution
was performed using (A) water containing 0.1 % formic acid and (B) ACN as follows; 01 min, 90 % A; 1-15 min, 90 % A to 10 % A; 15-20 min, 10 % A; 20-25 min, 10 % A to
90 % A; 25-30 min, 90 % A. Column temperature was kept at 40 °C, flow rate was 0.25
mL/min, and injection volume was 25 μL. Retention times of E1, βE2, αE2, EE2 and E3
were 19.1, 18.6, 19.0, 18.8 and 15.4 min respectively.
2.3.5.2

Mass spectrometry
Electrospray ionization and multiple-reaction monitoring (MRM) in positive-ion

mode was used in the analysis. Typical ion source parameters were used as follows:
Capillary voltage: 3.0 kV; Cone voltage: 40 V; collision energy: 45 eV; Source
temperature: 120 °C; desolvation temperature: 300 °C; Cone gas flow: 71 L/h;
desolvation gas flow: 608 L/h; collision gas: argon. Dansylated estrogens produced
molecular ions at m/z = 504, 506, 522 and 530 for E1, E2, E3 and EE2 respectively and
all the analytes produced a fragment ion at m/z = 171. MRM chromatograms of five
estrogens were shown in Figure 2.7.
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Figure 2.7

MRM chromatograms of (a) E1, (b) βE2 (left) and αE2 (right), (c) EE2,
and (d) E3 for a lagoon wastewater sample (20 mL) spiked at the 20 ng/L
level
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2.4

Results and discussion

2.4.1
2.4.1.1

Quality assurance parameters
Matrix effects
Even though electrospray ionization mass spectrometry is a powerful analytical

technique, the matrix effect which alters ion efficiency due to co-eluting matrix
components, can result in over- or under-estimated quantification results.18-21 The extent
of the matrix effect can be determined by generating matrix matched calibration curves.
Calibration curves were generated for both for influent and effluent waters and the slopes
were compared with calibration curves from pure standards.18, 22 In this study, matrix
effects were calculated using the following equation.
2.1

Matrix effect = (MP − Mm )⁄Mp × 100 %
Where Mm = slope of the calibration curve for hormones in a matrix and Mp =

slope of the calibration curve of pure hormones. If there is no resultant matrix effect, the
calculated value is 0 %. A calculated matrix effect of a positive value indicates ion
suppression whereas a negative value indicates an ion enhancement. An efficient cleanup
step will eliminate most of the co-eluting substances and will result in reduced matrix
interferences. Nieto et al. (2008) observed a matrix effect less than 12 % for estrogens in
sewage sludge and concluded that the matrix effect was not significant.23 The obtained
results showed that the matrix effects for both influent and effluent cleaned up matrices
for all hormones were below 12 % (Table 2.2). Since the extraction and clean up method
used for this study significantly reduced matrix effects, the preparation of matrix matched
calibration curves was not necessary. Linear regressions for all generated calibration
curves ranged from 0.995 to 0.999. Furthermore, acceptable recoveries with low
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standard deviations were observed when pure calibration curves were used for recovery
calculations.
Table 2.2

2.4.1.2

Calculated percent sample matrix effects
Matrix

E3

EE2

E1

αE2

βE2

Effluent wastewater

7

11

10

4

4

Influent wastewater

7

10

11

7

5

Recovery
Recovery tests were carried out to evaluate the extraction efficiency of the

method. 200 mL of an estrogens-spiked wastewater sample and 200 mL of an un-spiked
wastewater sample were extracted and cleaned up using the above described method
followed by derivatization and quantification. Concentrations in the spiked and un-spiked
samples were calculated with the use of a solvent calibration curve. Percent recoveries
were calculated using the following equation.
R % = (S − U)⁄T × 100 %

2.2

Where R % = percent recovery; S = observed amount of the spiked sample; U =
observed amount of the unspiked sample and T = spike value (amount spiked). Greater
than 100 % percent recovery is a result of co-elution with unknown peaks whereas low R
% would occur if a fraction of the analyte is lost during cleanup. Previously reported
recoveries of estrogens analysis in environmental samples ranged of 70 – 120 %.24
Spike values for high and low recovery tests of this study were 200 and 20 ng/L
respectively. The recoveries of the low level spikes ranged from 81-97 % and the
recoveries of the high level spike ranged from 81-103 % (Table 2.3). In all cases, the
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standard deviations were less than 9 %. The method is considered to be both accurate
because the recoveries are close to the known spiked values, and precise because of the
relatively low standard deviations (<10 %) of three replicate analysis. Therefore, reliable
quantification is expected for the method.
Table 2.3

Compiled percent recoveries for influent and effluent matrices
Spiked level

Matrix

200 ng/L spiked (n=3)

20 ng/L spiked (n=3)

Influent

Influent

Effluent

Effluent

R % (SD)

2.4.1.3

E3

103 (5)

98 (4)

81 (6)

84 (6)

EE2

85 (5)

86 (4)

91 (9)

96 (4)

E1

96 (8)

96 (4)

84 (8)

88 (3)

αE2

82 (4)

81 (3)

88 (8)

93 (6)

βE2

93 (8)

94 (6)

92 (9)

97 (4)

Detection limits
Instrumental detection limits (IDL) and instrument limits of quantifications (IQL)

were calculated using a signal to noise ratio (S/N) of three and ten respectively. The
presented method has a concentration factor of 200× when the entire sample preparation
scheme is considered. Therefore, the method detection limits and the method
quantification limits were calculated by dividing the IDL by the overall concentration
factor of the method (Table 2.4). Previously published methods often require liters of
sample and report ng/L detection limits for estrogens in aqueous environmental samples.
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However in the present study, detection limits as low as 0.1 – 0.3 ng/L were achieved
using a relatively small sample volume of 200 mL.
The SPE, QuEChERS cleanup, derivatization and LC/MS/MS analysis produced
chromatograms with negligible co-elution and smooth baselines (Figure 2.7). The
observed signal-to-noise ratios (SNR) of matrix matched calibration curves were similar
to that of pure standard curves. Therefore, the MDLs of matrix matched calibration
curves were identical to their pure calibration curves.
Table 2.4

2.4.2

Method detection limits and method quantification limits for five estrogens
E3

EE2

E1

αE2

βE2

MQL (ng/L)

0.9

0.4

0.6

0.6

0.6

MDL (ng/L)

0.3

0.1

0.2

0.2

0.2

Estrogen concentrations of influent and effluent water samples
All five target hormones were detected in the wastewater samples collected from

three wastewater treatment plants in Mississippi. The concentrations ranged from 3.8 185.3 ng/L in influent waste water samples. However much lower levels of hormones
were detected in the effluent waste water samples, ranging from below the detection
limits to 24.6 ng/L. E3 was the most abundant hormone in all samples, and EE2 was the
least abundant. A summary of concentrations of each hormone in influent and effluent
wastewater is given in Table 2.5, and a summary of the total estrogen detection of each
WWTP is given in Table 2.6. Complete results can be found in Appendix A.
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Table 2.5

E3

EE2

E1

αE2

βE2

Concentrations of each estrogen detected in all 3 WWTPs

Median
(ng/L)

Highest
detected
conc.
(ng/L)

Lowest
detected
conc.
(ng/ L)

Number
of samples
containing
the
analyte*

130.2

151.9

187.0

53.6

8/8

Effluent

6.3

3.8

24.6

3.5

6/9

Influent

1.2

ND

4.7

4.6

2/8

Effluent

ND

ND

ND

ND

0/9

Influent

66.5

47.2

178.7

30.1

7/8

Effluent

0.6

ND

5.2

5.2

1/9

Influent

5.3

5.2

13.0

4.5

5/8

Effluent

ND

ND

ND

ND

0/9

Influent

19.0

15.6

76.7

10.6

5/8

Effluent

0.7

ND

6.2

6.2

1/9

Average
Conc.
(ng/L)

Influent

ND = Not Detected
*Columbus influent samples were collected only in two months due to site maintenance
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Table 2.6

Summary of the total estrogen detection of each WWTP (E1, E3, βE2, αE2,
and EE2 for 3 months)

Jackson
Influent
Effluent

Average
conc.
(ng/L)

Lowest
detected
conc.
(ng/ L)

Highest
detected
conc. (ng/L)

Most
abundant
hormone

270.6
3.0

245.5
ND

314.8
9.0

E3 (67 %)
E1 (58 %)

94.5
4.1

59.5
ND

140.4
6.8

E3 (68 %)
E3 (100 %)

Starkville
Influent
Effluent

Columbus
Influent
341.0
0.0
432.6
E3 (30 %)
Effluent
15.5
3.5
24.6
E3 (87 %)
*Columbus influent samples were collected only in two months due to site maintenance.
2.5

Conclusions
The method presented here for the simultaneous determination of five estrogens

in waste water consists of solid phase extraction and QuEChERS dispersive solid phase
extraction for extraction and cleanup, dansyl derivatization, followed by liquid
chromatography tandem mass spectrometric detection. The extraction and cleanup
method significantly reduced matrix interferences. Dansylation further reduced any
matrix effect and increased the sensitivity of the MS/MS detection. The observed matrix
effects for all samples were less than 12 % thus eliminating the need of generating matrix
matched calibration curves for each different sample. Detection limits ranging from 0.1 –
0.3 ng/L were achieved using a relatively small sample volume of 200 mL. This made
sample collection, transportation and storage simple. The results suggested that the
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method is reliable and consistent as the method produced acceptable recoveries ranging
from 81-103 % with standard deviations in the range of 3 to 9 %.
Field samples were collected from area waste water treatment plants over three
months. Literature reports harmful effects by estrogens as low as 1 ng/L while the results
show that total influent estrogen concentrations ranged from 59.5 – 432.6 ng/L. Much
lower hormone levels were observed in collected effluent samples with total estrogen
concentration ranging from below the detection limit to 24.6 ng/L, with over 80 % of the
samples falling below method detection limits (0.1 to 0.3 ng/L). Finally it is important to
note that once these effluent waters leave the waste water treatment plants they are
further diluted when discharged in to a river or a creek.

Note: This work has been previously published: Gunatilake, S. R.; Craver, S.; Kwon, J.W.; Xia, K.; Armbrust, K.; Rodriguez, J. M.; Mlsna, T. E., Analysis of estrogens in
wastewater using solid-phase extraction, QuEChERS cleanup, and liquid
chromatography/tandem mass spectrometry. J. AOAC Int. 2013, 96 (6), 1440-1447.
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CHAPTER III
A NOVEL APPROACH TO DETERMINE ESTROGENIC HORMONES IN SWINE
LAGOON WASTEWATER USING QuEChERS METHOD COMBINED WITH
SOLID PHASE EXTRACTION, AND LC/MS/MS ANALYSIS

(Published in Anal. Methods. 2014; 6: 9267-9275)
3.1

Abstract
A novel approach is reported to quantify estrone (E1), 17β-estradiol (βE2), 17α-

estradiol (αE2), estriol (E3), and 17α-ethynylestradiol (EE2) in storm water runoff and
swine lagoon wastewater samples. A considerable residue was collected when lagoon
wastewater samples were centrifuged therefore both resulting residues and aqueous
portions were analyzed separately. A modified Quick, Easy, Cheap, Effective, Rugged,
and Safe (QuEChERS) method was utilized to efficiently extract the target analytes in the
residue. Aqueous portions were pre-concentrated using solid phase extraction (SPE). A
simple liquid-liquid extraction in a test tube was carried out as a sample clean-up step
after SPE. This approach is inexpensive and requires only 3 mL of organic solvent per
analysis. Resulted extracts were further purified using a dispersive solid phase extraction
(dSPE) technique (not required in storm water analyses). The βE2 and E1 glucuronide
and sulfate conjugates were also analyzed in the aqueous portions of the lagoon samples
as well as in the storm water runoff samples. An enzymatic hydrolysis was performed
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prior to SPE to deconjugate conjugated estrogens. Samples were derivatized with dansyl
chloride to enhance LC/MS/MS analytical sensitivity. Insignificant matrix effects (1 – 12
%) were detected for the analyses of aqueous samples. Thus, matrix matched calibration
curves were not required. Matrix effects for residue analyses ranged from (14 – 20 %)
requiring that matrix matched calibration curves be used for the quantification. All
developed methods gave 84 – 106 % recoveries for free estrogens and 65 – 86 %
recoveries for estrogen conjugates. The LODs for lagoon wastewater and storm water
analyses ranged from 0.9 – 2 ng/L and 0.3 – 0.5 ng/L respectively. The developed
methods were validated by analyzing eighteen lagoon water samples and twenty six
storm water samples in three replicates.
3.2
3.2.1

Introduction
Background and significance
Concentrated animal feeding operations (CAFOs) have been identified as one of

the most important sources of natural estrogens in the environment. CAFOs have a high
potential for the release of estrogens as (1) livestock can produce these hormones in large
quantities, (2) a large number of farm animals are excreting waste into a small land area,
and (3) CAFOs waste is generally untreated.1-2 As a result of intensive farming, the
estimated overall hormone excretion by agriculture livestock in the US is over 330 metric
tons per year.3-4
Release of estrogens from swine operations and their environmental impact has
become an emerging concern as swine CAFO production is used worldwide. Swine
manure is mostly handled as a liquid.5 Manmade outdoor earthen basins called ‘manure
lagoons’ are commonly used as CAFO manure handling systems. Lagoon wastewater is
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typically discharged onto fields to meet crop nutrient requirements. Unlike wastewater
treatment plants, CAFO lagoons are typically operated to encourage anaerobic digestion
of organic material while it is being stored. This waste effluent generally receives no
additional treatment prior to land application.1, 5 This creates the potential of estrogens
entering the surrounding water systems from surface runoff during storm or snowmelt
events.1 The potential is further increased as disposal rates of manure is typically much
higher rather than required agronomic rates due to extremely high livestock density in
CAFOs.6 Therefore, efficient methods to analyze estrogens in environmental samples
associated with CAFOs are needed to better monitor their occurrence and fate in the
environment.
3.2.2

Project background
The objective of this study was to develop approaches using the QuEChERS

method combined with SPE and LC/MS/MS to quantify estrogenic hormones in lagoon
wastewater and storm water samples associated with swine CAFOs.
Methods were developed to simultaneously analyze five free estrogens and two
conjugates. Natural estrogens include estrone (E1), 17β-estradiol (βE2), 17α-estradiol
(αE2), estriol (E3) and the synthetic pharmaceutical 17α-ethynylestradiol (EE2). Estrone
3-glucuronide (E1-3G) and β-Estradiol 3-sulfate (βE2-3S) were the selected target
conjugates.
Lagoon wastewater samples usually have a considerable amount of suspended
particles. Therefore it was hypothesized that the suspended particles might also contain
estrogens and therefore should be analyzed for estrogens. In the presented method,
suspended particles are separated from water by centrifugation and both the residue and
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the supernatant are analyzed separately. The QuEChERS method was first developed by
Anastassiades et al. (2003)7 and is a popular sample preparation technique that is
extensively used in the area of multi-residue pesticide analysis of agricultural and food
products. In the QuEChERS method, samples are extracted with ACN and a large excess
of salts or buffers to aid in the extraction.7-8 The method also utilizes a dispersive solid
phase extraction (dSPE) cleanup procedure where an aliquot of the ACN extract was
vortexed with C-18, PSA and MgSO4.7-8 The dSPE clean-up removed a considerable
amount of the matrix without retaining estrogens. Method described in Chapter II used a
modified dSPE approach to clean-up the methanol eluent in the SPE for the estrogen
analyses in wastewater. This is the first attempt to quantify estrogens from suspended
particles in swine lagoon wastewater (residues after centrifugation) using QuEChERS
extraction followed dSPE clean-up. Extracts were dansylated before LC/MS/MS analysis
using the same method described in Chapter II.
As in Chapter II, the same HLB SPE extraction method was used in this work to
preconcentrate aqueous samples. After the SPE, eluted polar interferences were
efficiently removed using a simple liquid-liquid extraction with ethyl acetate in the same
test tube used to collect the SPE eluent. Briefly, the eluent was evaporated, re-dissolved
in 2 mL water and hormones were extracted with three 1 mL portions of ethyl acetate
(details can be found in section 2.3.2). This step is more cost effective than a florisil or
amine clean-up and uses a very small volume of organic solvent (3 mL). The resulted
extract was further cleaned using a QuEChERS dSPE method and dansylated before
LC/MS/MS analysis. A flow diagram for the method is shown in Figure 3.1.
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E1 and βE2 glucuronide and sulfate conjugates were also analyzed as a part of
method development. Enzymatic hydrolysis with β-glucuronidase/aryl-sulfatase (Type
HP-2, from Helix pomatia) was performed prior to SPE. Thus, it was possible to employ
the same HLB SPE conditions, clean-up steps and derivatization as in the free estrogen
analyses. Conjugate concentrations were calculated by subtracting the resulted total
analyte concentration from the previously analyzed free hormone concentration.
Mouatassim-Souali et al. (2003)9 have previously described a method of estrogen
analysis using the enzyme hydrolysis of water samples before SPE. We tried direct
analysis of conjugates without hydrolysis, but detection limits were higher in the absence
of the dansylation step. We also tried to extract conjugates without hydrolysis using
different HLB procedures, but the recoveries were poor. Residue samples were not
analyzed for conjugates.
Storm water samples had less complicated matrixes compared to lagoon water.
No visible residue resulted from centrifugation. Water samples were extracted using the
same HLB SPE described above and cleaned using the in-test tube liquid-liquid
extraction method. A second clean-up step was not required for the sample preparation. A
flow diagram for the method is shown in Figure 3.1.
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Figure 3.1

3.3
3.3.1

Flow diagram summarizing methods for (a) lagoon water analyses and (b)
storm water analysis

Materials and methods
Reagents, solutions, apparatus and equipment
The required analytical standards of βE2, αE2, E3, E1, EE2, βE2-3S and E1-3G

were purchased as powders from Sigma-Aldrich (St. Louis, MO). A 100 mg/mL solution
of each standard was prepared by dissolving accurately weighed standards in a
corresponding amount of methanol (MeOH) to obtain the required concentrations.
Standard solutions were diluted with MeOH to obtain working solutions of required
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concentrations. Bulk sorbent material, primary secondary amine (PSA) and C-18 (40
μm), were purchased from Agilent Technologies (Santa Clara, CA) and magnesium
sulfate from Sigma-Aldrich. All the other chemicals including: (1) derivatizing reagents
sodium bicarbonate and dansyl chloride, (2) chemicals for enzyme hydrolysis βglucuronidase/aryl-sulfatase (type HP-2, from Helix pomatia; glucuronidase activity,
≥100,000 units/mL; sulfatase activity, ≤7,500 units/mL) and ascorbic acid, (3) other
chemicals, hydrochloric acid, sodium acetate and ethyl acetate, and (4) LC grade
solvents, water, water with 0.1 % formic acid, ACN, and MeOH, were also purchased
from Sigma-Aldrich.
HLB SPE cartridges (500 mg) were purchased from Waters Corp. (Milford, MA).
Glass fiber filter papers were purchased from EMD-Millipore (Billerica, MA). An NEVAP 111 Nitrogen evaporator was purchased from Organomation Associates Inc.
(Berlin, MA). A vortex mixer and the desiccator were obtained from Fisher Scientific
(Pittsburgh, PA). A vacuum manifold was purchased from Supelco Visiprep (Bellefonte,
PA). A Waters Corp. Alliance 2695 separation module was used as the LC/MS/MS
system (Milford, MA). LC separations were achieved by an Agilent Technologies Zorbax
Extend C-18, Narrow Bore RR column (2.1 × 100 mm, 3.5 μm) preceded by an Agilent
Zorbax Extend C-18, Narrow Bore guard column (2.1 × 12.5 mm, 5 μm) LC column.
Eppendorf safe-lock 2 mL tubes were purchased from Sigma-Aldrich (St. Louis, MO).
3.3.2
3.3.2.1

Sample pretreatment
Sample collection
Eighteen different lagoon wastewater samples were collected from three different

swine CAFOs. Wastewater from all three lagoons is used directly for land application.
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Twenty four storm water runoff samples were kindly collected by the staff members of
the CAFOs. Sampled water was used initially for method development and subsequently
the validation of the developed methods was done by analyzing collected samples.
Collected samples were transported to the laboratory, and kept in a walk-in freezer (~-10
°C) until analysis.
3.3.2.2

Extraction and cleanup of lagoon wastewater samples
Refrigerated samples were thawed and allowed to sit at room temperature for one

hour. The sample bottle was then hand shaken for two minutes and 20 mL was
transferred to a 50 mL screw capped glass centrifuge tube. Samples were centrifuged at
3500 rpm for 30 min. Then the supernatant and residue were separated by carefully
transferring the supernatant to another vial. Both the supernatant and the residue were
separately extracted, cleaned, and analyzed for target analytes.
3.3.2.2.1

Extraction and cleanup for supernatant

The supernatant, following centrifugation, was carefully decanted and filtered
using glass fiber filter paper under vacuum to remove fine particles. SPE procedure was
similar to that in Chapter II. After the HLB SPE, the MeOH eluent was evaporated to
dryness using a gentle nitrogen stream at 35 °C and redissolved in 2 mL HPLC grade
water and 1 mL water saturated with NaCl. Then, 1 mL of ethyl acetate was added and
vortexed for 1 min. Subsequently, the test tube was centrifuged at 3000 rpm for 2 min
and the ethyl acetate layer transferred to another test tube. The extraction process was
repeated with two more ethyl acetate portions. Combined extract was evaporated to 1.5
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mL using a gentle nitrogen stream and transferred to a 2 mL Eppendorf tube containing
QuEChERS sorbents (In-house made cleanup pack).
The ethyl acetate extract is mixed with the QuEChERS clean-up pack containing
150 mg MgSO4, 50 mg C-18 sorbent, and 25 mg PSA sorbent. The content in the
Eppendorf tube is vigorously mixed on a vortex mixer for 1 min, followed by
centrifugation at 10,000 rpm for 2 min.
Dansyl derivatization was also carried out using the same procedure explained in
Chapter II. Briefly, 1 mL of supernatant was transferred to a 16 mL glass test tube and
evaporated to dryness using a gentle nitrogen stream. Subsequently, 250 μL
Na2CO3/NaHCO3 buffer (pH = 10.5) and 250 μL 1000 ng/L dansyl chloride in ACN was
added to the test tube and incubated at 60 °C for 5 min. The derivatized sample is then
ready for LC/MS/MS analysis.
3.3.2.2.2

Extraction and cleanup of the suspended particles (residue after
centrifugation) using the QuECHERS method

The centrifuge tube containing the lagoon wastewater residue was vortexed with 4
mL of ACN for 30 sec and then sonicated for 15 min. Next, 3 mL of water followed by 1
g of anhydrous magnesium sulfate and 0.5 g of sodium acetate were added. The tube was
quickly capped, vigorously hand-shaken for 2 min, and centrifuged at 3500 rpm for 10
min. The supernatant was collected, evaporated to 1 mL using a gentle nitrogen stream at
45 °C, and transferred to the QuEChERS clean-up pack in an Eppendorf tube. The
content in the Eppendorf tube is vigorously mixed on a vortex mixer for 1 min,
centrifuged at 10,000 rpm for 2 min, and, 0.5 mL of supernatant was transferred to a test
tube to be dried, dansylated, and analyzed by LC/MS/MS.
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3.3.2.2.3

Analysis of estrogen conjugates in aqueous phase of lagoon wastewater

Water samples were centrifuged and filtered using the same procedure described
above. The aqueous phase was then enzymatically hydrolyzed before extraction and
cleanup as describe in the previous section. Total βE2 and E1 in the enzymatically
hydrolyzed aqueous phase were measured. The concentrations of βE2 and E1 conjugates
in the aqueous phase were calculated by their concentration difference between
enzymatically hydrolyzed and un-hydrolyzed aqueous phase.
Enzymatic hydrolysis of βE2 and E1 conjugates was carried out using the
procedures described in Ferchaud et al. (2000)10 with modifications. Briefly, 100 μL of βGlucuronidase/aryl-sulfatase (Type HP-2, from Helix pomatia; glucuronidase activity,
≥100,000 units/mL; sulfatase activity, ≤7,500 units/mL), 3 mL of acetate buffer (0.2 N,
pH 5.0), and 3 mL of ascorbic acid (1 mg/mL) were added to 20 mL of centrifuged and
filtered lagoon wastewater. The mixture was incubated at 55 °C for 3 h. After hydrolysis,
sample pH was adjusted to 3-4 using 1 M HCl prior to extraction, cleanup, and
dansylation using procedures described above. Analytical standards, βE2-3S and E1-3G,
were used as model compounds for testing the method recovery rates of E2 and E1
glucuronide and sulfate conjugates.
3.3.2.3

Extraction and cleanup of storm water runoff samples
After sitting at room temperature for one hour, storm water samples were filtered

with glass fiber filter paper. Fifty mL filtrate and fifty mL enzymatically hydrolyzed
filtrates were extracted, cleaned, and dansylated using the procedures described above for
the lagoon wastewater samples. Levels of free βE2, αE2, E3, E1 in the hydrolyzed and
un-hydrolyzed water samples were determined and the levels of βE2 and E1 conjugates
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were calculated based on the difference between the hydrolyzed and un-hydrolyzed
samples. EE2 was not detected in any of the lagoon wastewater samples tested; therefore
EE2 was not analyzed in the storm water samples.
3.3.3

Instrumental analysis using LC/MS/MS
Chromatographic and mass spectrometric conditions were identical to the study

described in Chapter II.
3.4

Results and discussion

3.4.1
3.4.1.1

Quality assurance parameters
Matrix effects
As shown in Table 3.1, for the lagoon wastewater analyses, there was 1 to 12 %

matrix effects for the aqueous phase samples, while the observed M % values for the
residues ranged from 14 to 20 %. For the analysis of storm water samples, -3 to 3 %
matrix effects were observed. Therefore, matrix matched calibration curves were only
required for the residue analyses.
The novel two step clean-up approach considerably improved the matrix effects in
lagoon water sample analysis. Linear calibration curves were not obtained when no
cleanup-steps were used. When only the liquid-liquid extraction clean-up was used, linear
calibration curves obtained, however the matrix effects were significant. Linear
calibration curves, insignificant matrix effects were obtained with both clean-up steps
(Table 3.2). In storm water runoff analysis, insignificant matrix effects were observed
after the first clean-up step. Therefore, the dSPE clean-up step was not required.
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Table 3.1

Calculated percent matrix effects
E3

EE2

βE2

αE2

E1

Aqueous phase

9

4

1

12

11

Residue

16

14

14

20

20

Storm water

3

-†

2

-3

-3

Lagoon water

†

Analysis not performed

Table 3.2

Calculated percent matrix effects after each clean-up step in lagoon
wastewater (aqueous portion) analysis

Sample Preparation

E3

EE2

βE2

αE2

E1

SPE

†

†

†

†

†

SPE + LLE

26

24

17

38

39

SPE + LLE + dSPE

9

4

1

12

11

† = No linear calibration curve obtained
3.4.1.2

Detection limits
Instrumental detection limits (IDL) and instrument limits of quantification (ILQ)

were calculated using a signal-to-noise ratio of 3 and 10, respectively. Limits of detection
(LOD) and limits of quantification (LOQ) for the developed methods were calculated by
dividing the IDL and ILQ by the concentration factor of the method. When the entire
sample preparation schemes are considered, the methods for storm water and lagoon
wastewater (aqueous phase) analyses had concentration factors of 100× and 26.67×
respectively. As shown in Table 3.3, the LODs for lagoon wastewater and storm water
analyses ranged from 0.9 – 2 ng/L and 0.3 – 0.5 ng/L respectively. In aqueous sample
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analysis, the SPE, clean-up steps, derivatization and LC/MS/MS analysis produced
chromatograms with negligible co-elution and smooth baselines. The observed signal-tonoise ratios of matrix matched calibration curves were similar to that of pure standard
curves. Therefore, the MDLs of matrix matched calibration curves were identical to their
pure calibration curves.
In the case of lagoon wastewater residue analysis, it was difficult to get an
accurate dry weight of each residue after the centrifugation because of the small mass.
Calculations based on wet weights were not performed as the percentages of water
present in the residue vary from sample to sample. Therefore, analyte concentrations in
residues are calculated in terms of ‘weight of estrogen per original volume of sample
used to isolate the residue’ (in ng/L units). Detection limits for the five hormones in the
residue were estimated to be from 1 – 2.4 ng/L (Table 3.3).
Table 3.3

Method detection limits for the developed methods (concentration range of
calibration curves: LOQ – 200 ng/L)
Lagoon water
Supernatant
LOD
LOQ
(ng/L)
(ng/L)

Storm water

Residue
LOD
LOQ
(ng/L)
(ng/L)

LOD
(ng/L)

LOQ
(ng/L)

E3

2

6.7

2.4

8

0.5

1.8

EE2

0.9

3

1

3.5

-†

-†

E1

1.3

4.5

1.6

5.2

0.4

1.3

αE2

1.3

4.5

1.7

5.6

0.4

1.2

1.7

5.6

0.3

1.1

βE2
1.3
4.5
† = Analysis was not performed
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3.4.1.3

Extraction efficiency
Recovery tests for lagoon wastewater samples for free hormones were performed

by spiking analytes to the residue and the aqueous phase separately. Recovery values for
the aqueous phase and residue were determined to be 89 – 106 % and 84 – 104 %
respectively. Furthermore, standard deviations (SD) of all three replicate lagoon water
analyses were less than 10 %. For the storm water analyses, 96 – 102 % recoveries were
observed for the four free estrogens analyzed. The SDs for βE2 and E3 were below 10 %
and for E1 and αE2 were 10.6 % and 10.4 % respectively.
For the two conjugates analyzed in lagoon wastewater aqueous phase and storm
water, E1-3G was recovered at 78 % and 86 % respectively. For βE2-3S, recoveries were
65 % and 68 %. The β-glucuronidase/aryl-sulfatase enzyme mixture has a glucuronidase
activity of ≥100,000 units/mL and a sulfatase activity of ≤7,500 units/mL. Therefore, the
hydrolysis of E1-3G was more efficient than that of βE2-3S. Previously reported studies
for residue estrogen analyses ranged from 65 – 120 %.11-12 Therefore when the overall
study is considered, the recovery values and standard deviations achieved in this study
(Table 3.4) indicate acceptable QA/QC with satisfactory method accuracy, precision and
quantification.
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Table 3.4

Compiled recovery values at 20 ng/L spiking level (n =3)
R % (SD)
E3

EE2

βE2

αE2

E1

E1-3G

βE2-3S

Aqueous phase

89 (3.8)

102 (3.8)

100 (3.3)

106 (2.2)

103 (2.0)

78 (3.5)

65 (5.8)

Residue

84 (5.4)

84 (4.3)

104 (6.9)

97 (5.3)

102 (3.2)

-†

-†

-†

100 (7.1)

98 (10.4)

102 (10.6)

86 (10.1)

68 (1.3)

Lagoon water

Storm water
96 (7.8)
† = Analysis was not performed
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3.4.2

Analysis of swine lagoon wastewater and storm water runoff samples
Eighteen lagoon wastewater samples from three CAFOs were collected and

analyzed with the purpose of validating the developed methods. Different collection
points including lagoon wastewater from the lagoon, pump, traveling gun spray, and
center pivot spray (Appendix B) were chosen for sample collection. Three replicate
analyses were performed for each sample. In order to compare the estrogen levels in the
aqueous portion with the residue, the cumulative averages (aqueous + residue) of all 18
samples were calculated for both portions. While E3 was mainly concentrated in the
aqueous phase, αE2 and E1 were distributed in the aqueous phase and the residue almost
equally (Figure 3.2).
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Figure 3.2

Cumulative averages of the hormone concentrations in residues and
aqueous portions in the lagoon water samples with detectable analyte
(either in supernatant or residue or both) (3 replicate analyses)

Note: It should be noted that most of the samples showed no estrogen levels in both the
residue and the aqueous portion. Above graph represents the cumulative averages of
samples with net analyte detection (either supernatant or residue or both). Only 3 samples
out of 18 showed E3 and αE2 detection while 6 samples showed E1 detections
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Separately determined estrogen concentrations in the aqueous portion and the
residue were provided in Appendix B. In addition, the total concentrations of each
analyte were calculated for all samples. Estrogen levels were below the method detection
limits (Table 3.3) in majority of the samples analyzed (complete data set of results is
included in Appendix B). However, as shown in Table 3.5, few out of the 18 samples
contained target compounds. EE2 and βE2 were not detected in quantifiable amount in
any of the samples analyzed. E3 and αE2 were detected in three of the eighteen samples.
Detected concentrations for E3 and αE2 were 8.34, 11.36, 13.74 and 16.84, 36.86, 13.54
ng/L respectively. E1 was detected in 6 of the samples and the concentrations were 50.15,
52.6, 106.34, 6.89, 56.65, 8.51 ng/L. E1 conjugates and βE2 conjugates were also present
in three of the aqueous samples with concentrations ranges of 4.86 - 56.33 and 6.00 19.37 ng/L respectively. The exact origin of the hormone concentrations detected in these
few samples is unclear. This can be due to weather conditions, farm activities closer to
the sample collection date, or different reason for hormone accumulation in the particular
sampling site. Therefore, a lengthy environmental survey with advanced data analysis
methods is needed in order to obtain a complete understanding of estrogen levels in
lagoons.
In the 26 samples from storm water runoffs, E1 conjugates were detected in 18,
however the detected concentrations were less than 10 ng/L. E1 was found in four
samples tested with all concentrations below 10 ng/L. βE2 was detected in three of the
samples and the concentrations ranged from 20 – 40 ng/L. E3 was also detected in four
samples in concentrations ranging from 5 – 25 ng/L. Only one sample contained αE2
with a concentration of 2.6 ng/L. Conjugates of βE2 were not detected in any of the
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samples. Table 3.6 shows the summary of storm water analyses results and a complete
data set is included in Appendix B. In order to obtain a detailed understanding of estrogen
levels in lagoon water, a more complete environmental survey is required.
Table 3.5

Summary of estrogen levels of the 18 lagoon wastewater samples analyzed
(residue + aqueous portion). There were triplicate analyses for each sample

Analyte

Average
concentration
(ng/L)

Median
(ng/L)

Number of
samples
contained
the analyte

Lowest
detected
concentration
(ng/L)

Highest
detected
concentration
(ng/L)

E3

1.9

ND

3

8.3

13.7

EE2

ND

ND

0

ND

ND

βE2

ND

ND

0

ND

ND

αE2

3.7

ND

3

13.5

36.9

E1

15.6

ND

6

6.9

106.3

E1- Conjugates

5.2

ND

3

4.9

56.3

βE2- Conjugates

1.9

ND

3

6

19.4

ND = Not Detected
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Table 3.6

Summary of estrogen levels of the 26 storm water runoff samples analyzed.
There were triplicate analyses for each sample

Analyte

Average
concentration
(ng/L)

Median
(ng/L)

Number of
samples
contained
the analyte

Lowest
detected
concentration
(ng/L)

Highest
detected
concentration
(ng/L)

E3

2

ND

4

5.1

23.1

αE2

0.1

ND

1

2.6

2.6

βE2

3

ND

3

20.9

35.9

E1

0.9

ND

4

2.7

9.9

E1-Conjugates

2.1

2.4

18

1.4

5.8

βE2- Conjugates

ND

ND

0

ND

ND

ND = Not Detected
3.5

Conclusions
Methods for the estrogens analyses of swine lagoon wastewater and storm water

runoff were developed. Lagoon wastewater contained a considerable amount of
suspended particles. Therefore, methods were developed to analyze both isolated
suspended particles and the aqueous portion for target compounds. A modified
QuEChERS method was successfully utilized for the residue extraction and cleanup. The
HLB SPE was used to extract and preconcentrate aqueous samples. A simple in-test tube
liquid-liquid extraction coupled with a dispersive solid phase extraction technique was
used for sample cleanup. Because matrix effects were in the range of 1 – 12 % for the
aqueous samples, matrix matched calibration curves were not required. However, the
matrix effects for residue analyses ranged from 14 – 20 % and, therefore, matrix matched
calibration curves were used for quantification of all residue samples. All developed
methods gave 84 – 106 % recoveries for free estrogens and 65 – 86 % recoveries for
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estrogen conjugates. The LODs for lagoon wastewater and storm water analyses ranged
from 0.9 – 2 ng/L and 0.3 – 0.5 ng/L respectively. The developed sample clean-up
techniques were capable of removing a considerable amount of matrix without retaining
analytes, yet they were simple and inexpensive. The E2 and E1 glucuronide and sulfate
conjugates were enzymatically hydrolyzed prior to using the same extraction, clean-up,
and derivatization steps developed for free estrogens.
The developed methods were validated by analyzing five free estrogens and E2
and E1 glucuronide and sulfate conjugates in 18 lagoon wastewater samples and four free
estrogens and E2 and E1 glucuronide and sulfate conjugates in 26 storm water runoff
samples. The results from this study have demonstrated that this method is suitable for
monitoring the occurrence of estrogens and conjugates in environmental samples.

Note: This work has been previously published: Gunatilake, S. R.; Kwon, J.-W.; Xia, K.;
Mlsna, T. E., A novel approach to determine estrogenic hormones in swine lagoon
wastewater using QuEChERS method combined with solid phase extraction, and
LC/MS/MS analysis. Anal. Methods 2014, Ahead of Print.
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CHAPTER IV
DETERMINATION OF FIVE ESTROGENS IN WASTEWATER USING
COMPREHENSIVE TWO-DIMENSIONAL GAS CHROMATOGRAPHY

(Published in Anal. Methods. 2014; 6: 5652-5658)
4.1

Abstract
Comprehensive two dimensional gas chromatography (GCxGC) hyphenated with

rapid quadrupole mass spectrometry was successfully used to develop a novel method for
the determination of trace level estrogens in influent and effluent wastewater. Five
estrogens used for the study were 17β-estradiol (βE2), 17α-estradiol (αE2), estrone (E1),
17α-ethynylestradiol (EE2) and estriol (E3). Two orthogonal columns and thermal
modulation result in enhanced separation, while the rapid scanning quadrupole mass
spectrometer gives high resolution peaks. Samples were extracted with HydrophilicLipophilic Balance (HLB) cartridges and derivatized with N,Obis(trimethylsilyl)trifluoroacetamide (BSTFA) prior to analysis. The method uses a single
extraction step and ng/L method detection limits were achieved using a relatively low
sample volume of 500 mL. Elimination of additional cleanup steps make the method time
effective. Furthermore, the method has less initial cost as the instrument is far less
expensive than a tandem mass spectrometer. A parallel conventional gas
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chromatographic-mass spectrometric (GC/MS) study was carried out to compare the
results. Detection limits were 2 to 4 times improved with the GCxGC over the GC/MS.
4.2
4.2.1

Introduction
Comprehensive two-dimensional gas chromatography
Comprehensive two-dimensional gas chromatography (GCxGC) was first

introduced by Zaiyou Liu and John Phillips in 1991.1 In this technique, two different
open tubular GC columns are serially connected with a modulator, an interface between
the two columns (Figure 4.1). Each solute band spreads as it travels through the capillary
column. Modulators are designed to periodically trap and release solute bands. The most
frequently used modulators used in GCxGC/MS are thermal modulators while valvebased modulators are also been used.

Figure 4.1

Schematic diagram of GCxGC
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A thermal modulator consists with a hot jet and a cold jet. Cold jet provides a
continuous cooling while the rapid heating caused by a periodically pulsed hot jet
remobilizes the trapped effluent. Thus, the thermal modulation accumulates each eluting
chemical and then releases a series of concentrated, narrow pulses into the second
column.2-4 The mechanism of thermal modulation is demonstrated in Figure 4.2. Typical
modulation time intervals are in the range of 2-6 s. Modulated fractions are quickly
separated on the second column and directed towards the detector. First dimension
columns in GCxGC are usually longer than second dimension columns, whereas shorter
second dimension columns commonly have reduced inner diameters to enhance
separation efficiency.3-4

Figure 4.3

Mechanism of thermal modulation using a hot jet and a cold jet

In principle, analyte retention times on the second column are required to be less
than or equal to the modulation period in order to prevent overlapping peaks in
subsequent fractions of modulation.3, 5 GCxGC instruments are usually equipped with
detectors having rapid acquisition rates in order to be compatible with the fast second
dimension separations and narrow elution peak widths. Similar to conventional gas
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chromatography, mass spectrometric (MS) detectors are widely used in GCxGC due to
their ability to provide structural information. Among MS detectors, rapid scanning
quadrupole mass spectrometer (qMS) detectors have become the most popular detectors
because of their user friendliness and affordability.6-7
When compared to conventional one-dimensional gas chromatography, GCxGC
produces improved separations in terms of peak capacities, dynamic ranges, sensitivities
and specificities. The overall peak capacities in GCxGC are the product of peak the
capacities of both columns.8 Therefore, peak capacities are higher because any
unresolved eluents from the first column have an opportunity to be refocused and
separated on the second column with a different stationary phase.9 Sensitivities and
dynamic ranges are increased as a result of analyte refocusing.9-10 Moreover, when
compared to heart-cut multidimensional gas chromatography where only a fraction of
insufficiently separated components from the first column are introduced to the second
column, GCxGC provides time effective, enhanced resolutions for all sample
components.5, 11 Therefore, with the increasing need for the separation and analysis of
complex samples, GCxGC has rapidly gained attention in recent years.
4.2.2

Project overview
The two main hypotheses of this project were, (1) the two dimensional separation

associated with GCxGC reduces matrix interferences enough to eliminate the need of
additional cleanup procedures, and (2) sample concentration associated with GCxGC and
the enhanced performance of the rapid scan quadrupole mass spectrometer (QP 2010
ultra) result in improvements in signal to noise ratios and thus reduced limits of detection.
Even though tandem mass spectrometry possesses better selectivity, a GCxGC-qMS
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method is far less expensive, yet maintains the sensitivity to detect ng/L levels of
estrogens. Moreover, a method without additional cleanup steps will obviously be faster,
use fewer resources and be less costly than most existing methods. Therefore the
objective for this study was to obtain acceptable detection limits, using the GCxGC-qMS,
with a single extraction step from a relatively small initial sample volume.
As in Chapter II and III, the same HLB SPE extraction method was used in this
work. In order to obtain good GC detection, intermolecular hydrogen bonds of the
analytes were reduced through analyte derivatization and hence the volatility is increased
by silylating the active hydrogen atoms. Silylation also increases the thermal stability of
the estrogens.12-13 Silylating mechanism of BSTFA and an example derivatized estrogen
product is shown in Figure 4.3.14 Silylation was performed by reacting estrogens with
BSTFA + 1 % TMCS (trimethylchlorosilane) according to procedures described in Yi-qi
et al. (2007)15 and Shareef et al. (2006)13 with slight modifications. Experimental details
are described in the experimental section. Derivatized samples were used for the
GCxGC-qMS analyses.
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Figure 4.4

Silylation of active hydrogen atoms in estrogens by BSTFA, (a) structure
of BSTFA, (b) silylation mechanism, and (c) silylation product of E2.
Source: Handbook of Analytical Derivatization Reactions, D. R. Knapp
(1979)

The flow diagram of the method is shown in Figure 4.4. Furthermore, a one
dimensional GC analysis was also carried out with identical samples parallel to the
GCxGC experiment in order to compare results.
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Figure 4.5

4.3
4.3.1

Flow diagram summarizing the method for estrogen quantification

Materials and methods
Reagents, solutions, apparatus and equipment
The internal standard anthracene and the required analytical standards of βE2,

αE2, E3, E1, and EE2 were obtained as powders from Sigma-Aldrich (St. Louis, MO). A
250 mg/mL solution of each standard was prepared by dissolving accurately weighed
powders in a corresponding amount of methanol (MeOH) to obtain the required
concentrations. Calibration solutions of the required concentrations were subsequently
prepared by diluting standard solutions with MeOH. HPLC grade MeOH and water,
anhydrous dimethylformamide (DMF), and BSTFA + 1 % TMCS were also purchased
from Sigma-Aldrich. HLB SPE cartridges (500 mg) were purchased from Waters Corp.
(Milford, MA). Glass fiber filter papers were purchased from EMD-Millipore (Billerica,
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MA). A Visiprep vacuum manifold was obtained from Supelco (Bellefonte, PA) and a
vortex mixer was purchased from Fisher Scientific (Pittsburgh, PA). An N-EVAP 111
nitrogen evaporator was obtained from Organomation Associates Inc. (Berlin, MA). GC
Image software by Zoex Corporation (Houston, TX) was used to generate GCxGC
images.
4.3.2

Sample collection and storage
Influent and effluent waste water samples were collected from a wastewater

treatment plant situated in northern Mississippi and were used for method development.
Samples were collected in amber brown glass bottles, and 1 mL of formic acid was added
on-site to prevent microbial degradation. Collected samples were filtered using glass fiber
filter papers soon after transportation to the laboratory and were kept under refrigeration
(~4.4 °C) until analysis.
4.3.3
4.3.3.1

Sample preparation
Solid phase extraction
Solid phase extraction was carried out similarly to the procedures described in

Chapter II and III. Briefly, samples were removed from refrigeration and allowed to sit at
room temperature for one hour. 500 mL portions of water samples were measured and
placed in glass bottles and the pH was adjusted to between 3-4 using 1 M HCl. According
to the manufacturer’s instructions, Oasis HLB cartridges (500 mg) were preconditioned
using 5 mL MeOH and 5 mL water. Samples were loaded and eluted with a flow rate of
1-2 mL/min. To ensure the extraction of the whole sample, sample bottles were
subsequently washed with 10 mL distilled water and eluted with the same flow rate. For
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the removal of salts and proteins and to prevent the wells from clogging, cartridges were
rinsed with 3 mL 5 % MeOH in water16 and then dried under high vacuum for 30 min.
Trapped hormones were eluted with 10 mL of MeOH with a flow rate of 1 mL/min.
4.3.3.2

Derivatization with BSTFA
MeOH eluent was evaporated to ~1 mL using a gentle nitrogen stream and

transferred to a 3 mL amber brown vial. Subsequently, the test tube used to collect eluent
was washed with 1 mL of MeOH and added to the same vial. Transferred MeOH eluent
and washings were then evaporated to dryness using a gentle nitrogen stream. 100 µL of
DMF and 100 µL of BSTFA + 1 % TMCS were added and heated in a water bath to
65 °C for one hour. The derivatized sample was then used for GCxGC-qMS analysis.
4.3.4
4.3.4.1

Instrumental analysis
Chromatography
GC×GC analyses were performed on a Shimadzu ‘GC×GC-MS-QP 2010 ultra’

comprehensive two dimensional gas chromatograph coupled to high scan speed
quadrupole mass spectrometer. Shimadzu GC/MS solution software was used to control
the instrument and process data while Zoex GC Image R2.4 software was used to
generate 2D and 3D GC images. A 30 m × 0.25 mm × 0.50 μm, 50 % Phenyl
olysilphenylene siloxane (BPX 50) column was used as the first-dimension column and a
2 m × 0.1 mm × 0.1 μm, 100 % Polydimethylsiloxane (BPX 1) column was used as the
second-dimension column. The two serially connected columns were housed in the same
oven. The oven was programmed to heat as follows; initially at 80 °C for 1 min, from 80
to 200 °C at 20 °C/min, from 200 to 280 °C at 8 °C/min and hold at 280 °C for 3 min.
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Total program time was 20 min. Using an auto sampler, 1 µL injections were done in
splitless (1 min) mode at 280 °C. The carrier gas was He at a pressure of 253.2 kPa. The
thermal modulation interval was 3 sec with a hot jet temperature of 330 °C. Cooling was
caused through the Joule-Thompson effect of expanding liquid nitrogen. Retention times
for the most intense peaks of βE2, αE2, E1, EE2 and E3 were 12.93, 13.26, 14.45, 14.34
and 14.48 minutes respectively.
For the 1D-GC analyses, an Agilent 7890A GC/5975C MS system was used. A
BPX 50 column, identical to the first dimension column employed in the GCxGC
experiments, was employed for 1D-GC/MS analysis. The temperature program was also
identical to that in the GCxGC experiment.
4.3.4.2

Mass spectrometry
In the GCxGC experiments, an electron impact ion source was operated at 70 eV.

A quadrupole mass analyzer was operated in SIM mode at an event time of 0.03 seconds
(Scan rate of 33.3 Hz). For high SNR, the analysis was done in three groups; (1) 6 – 10
min for m/z 178, (2) 10.01-14 min for m/z 416 and (3) 14.01-16.0 min for m/z 342, 440,
and 504. The ion source temperature was 200 °C and the interface temperature was 275
°C.
In 1D-GC experiments, the scan rate of the MS was kept at 8.33 Hz. Analysis was
done in two groups, (1) 6 – 9 min for m/z 178, (2) 9.01 -20 min for m/z 416, 342, 440,
and 504. Other parameters were identical to those used in the GCxGC experiments.
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4.4
4.4.1

Results and discussion
Recovery
Recovery tests were performed with the purpose of evaluating the extraction

efficiency of the method. Studies described in chapter II gave excellent percent
recoveries for similar wastewater samples at 20 and 200 ng/L spike levels. To confirm, a
recovery study was carried out at 100 ng/L spike level. Five hundred mL portions of
estrogen-spiked and unspiked wastewater samples were extracted, derivatized and
quantified. Recovery tests were carried out for influent, effluent and pure water.
Recovery values for influent, effluent and pure waters were 87-94 %, 88-96 % and 90-98
% respectively. Moreover, standard deviations (SD) of three replicate analyses were less
than 10 %. Recovery values and their SDs for all five hormones are listed in Table 4.1.
Acceptable recovery values and low standard deviations are indications of the accuracy
and precision of the method, thus, reliable quantification is expected. Anthracene was
used as the internal standard to correct for injection volume variations and matrix
matched calibration curves were generated to confirm a linear response in a typical
sample matrix, and to ascertain that the linear dynamic ranges are satisfactory. Linear
regressions for all generated calibration curves (LOQ - 1000 ng/L) ranged from 0.993 to
0.999. Therefore, the internal standard method can be successfully used in the application
of the method for quantification of estrogens in real samples.

85

Table 4.1

Compiled recovery values; 100 ng/L spiked (n=3)
R % (SD)

4.4.2

Influent

Effluent

Pure

E1

89 (3)

93 (5)

98 (3)

βE2

90 (5)

94 (4)

90 (2)

αE2

90 (3)

92 (5)

94 (5)

EE2

88 (4)

94 (6)

90 (1)

E3

96 (4)

87 (7)

97 (2)

Detection limits
The method has a concentration factor of 2500x when the entire sample

preparation scheme is considered. Method detection limits (MDL) were calculated by
correcting the instrument detection limits (IDL) by the concentration factor of the
method. In the presented method, MDL of E1, αE2 and βE2 ranged from 0.1 – 0.3 ng/L
for pure water and from 1.4 – 2.9 ng/L for influent and effluent waters. For EE2 and E3
in pure water, MDLs were 0.4 and 2.4 ng/L respectively. For influent and effluent waters
the MDL ranged from 3.6 – 8.6 ng/L. Compared to 1D-GC, observed detection limits for
GCxGC experiments were approximately reduced by half (improved) for pure water and
reduced by a factor of 2 to 4 for waste water (Table 4.2).
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Table 4.2

MDLs in GCxGC-qMS and GC/MS methods
GCxGC-qMS

Matrix

Pure

Effluent

Influent

GC-qMS

Estrogen

LOD
(ng/L)

LOQ
(ng/L)

LOD
(ng/L)

LOQ
(ng/L)

E1

0.1

0.3

0.2

0.6

βE2

0.1

0.3

0.2

0.6

αE2

0.3

1.1

0.6

2.1

EE2

2.4

8

5.4

18.1

E3

0.4

1.4

0.8

2.7

E1

1.4

4.8

5.7

19

βE2

1.7

5.6

6

20.2

αE2

1.9

6.5

8

26.6

EE2

6.7

22.2

11.3

37.5

E3

3.6

12.1

6.8

22.5

E1

1.9

6.3

6.4

21.4

βE2

2

6.8

6.1

20.2

αE2

2.9

9.5

9.4

31.4

EE2

8.6

28.6

12.6

41.9

E3

4.6

15.4

7.3

24.3

Chromatographic peaks normally show Gaussian shapes as a narrow
chromatographic band is broadened during its movement through the column. In gas
chromatographic separations with open tubular columns, the longitudinal diffusion and
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the resistance to mass transfer are the main reasons for the band broadening.17 In
GCxGC, the broadened band at the end of the longer first column is periodically trapped
and released by the thermal modulator. Therefore, the sample is introduced to the shorter
second column as very narrow pulses.1, 7, 18 Band widths of the focused bands are
decreased by a factor of 10–50 (Table 4.3) and hence the signal intensity increases
considerably.10 This result in higher signal to noise ratios, thus improved (lower)
detection limits. Therefore GCxGC is expected to give better detection limits than 1DGC.10, 19 Mostafa et al. (2013)19 reported that for hydrocarbons, with FID and TOF-MS,
GCxGC gives enhanced detection limits compared to 1D-GC. In contrast, Engel et al.
(2013)20 reported in a study that utilized many different detectors, that for some
organochlorine or organophosphorus pesticides, in some circumstances, 1D-GC gives
better detection limits than GCxGC. However in our work which used a rapid quadrupole
mass spectrometer, for all five estrogens, we observed improved detection limits in
GCxGC experiments. Figure 4.5 shows the chromatogram of βE2 and αE2 separation
(m/z = 416) in GCxGC-qMS and GC/MS experiments.
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Table 4.3

Peak widths obtained in in GCxGC-qMS and GC/MS experiments
Estrogen

Peak widths (W) / min

𝑊𝐺𝐶/𝑀𝑆
𝑊𝐺𝐶×𝐺𝐶−𝑞𝑀𝑆

GC/MS

GCxGC-qMS

βE2

0.116

0.006

19

αE2

0.177

0.006

29

E1

0.119

0.004

30

EE2

0.226

0.006

38

E3

0.131

0.006

22
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Figure 4.6

Chromatogram of βE2 and αE2 separation (m/z = 416) in (a) GCxGC-qMS
and (b) GC/MS experiments

Previously reported methods often require large initial volumes (500 mL – 2 L) of
sample and multiple cleanup steps to achieve ng/L detection limits.21-23 However in the
presented method, acceptable detection limits were obtained using a relatively small
initial sample volume and without any additional cleanup steps. The baseline of each
90

chromatogram had a sinusoidal waveform with a time interval equal to the instruments
thermal modulation. Analysis to analysis variations in magnitude of this waveform were
observed when monitoring different selected ions and were more pronounced whenever
matrix chemicals were present. These variations did not significantly change estrogen
peak intensities or calculated limits of detection. This results in high standard deviation of
the baseline, which causes lower SNRs of the desired peaks. Figure 4.6 shows the
difference of baselines in chromatograms of EE2 in pure and influent water matrix.
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Figure 4.7

4.4.3

SIM chromatograms when 50 ng of EE2 spiked to 500 mL of (a) influent
and (b) pure water extract

GCxGC images
GCxGC images are graphical representations of the two dimensional separations

achieved by comprehensive two dimensional gas chromatography. In these images,
retention times for chemicals to move across the first column are displayed on X-axis and
the retention times for chemicals to move across the second column are displayed on Y92

axis. GCxGC images allow visualization of two dimensional separations of complex
mixtures. This can aid in the elucidation of the composition of unknown complex
mixtures.24 In the presented work, GC Image software was used to generate two
dimensional images. The use of GC images in this project did not provide a significant
advantage as the method was carried out to identify five selected pre-targeted hormones
in SIM mode, yet the technique can be used to determine co-eluting matrix interferences
and help visualize the two dimensional separation of the five derivatized estrogens.
Figure 4.7 shows the GCxGC image and the chromatogram of separation of βE2 and αE2
in an influent matrix (MS group 2, m/Z 416) which shows no co-eluting spots in the same
retention time. However in the image of the group 3 MS separation, three masses were
included to the same image as the software did not allow generating separate images of
each ion. Therefore the image did not provide a clear idea about the purity of the peaks,
yet showed minimum matrix interferences (Figure 4.8).
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Figure 4.8

GCxGC image and the chromatogram of separation of βE2 and αE2 spiked
50 ng to 500 mL of influent extract

Figure 4.9

GCxGC image of the separation of E1, EE2 and E3 spiked 50 ng to 500
mL of influent extract
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4.5

Conclusions
A method for the trace-level analyses of five estrogens in influent and effluent

wastewater were successfully developed using a GCxGC-qMS. The detection limits of
E1, αE2 and βE2 ranged from 1.4- 2.9 ng/L for influent and effluent waters. For EE2 and
E3 in influent and effluent waters, MDL ranged from 3.6-8.6 ng/L. GCxGC produced 23 times better detection limits than a conventional GC/MS. Additional cleanup steps and
a larger initial sample volume would be needed in order to carry out the same analysis
using a conventional GC/MS. The initial sample volume used was 500 mL, which is
relatively small compared to most of the methods reported in literature. We previously
reported a LC/MS/MS method which used a 200 mL sample volume and produced a
detection limit below 1 ng/L. The currently presented method, however, is more
affordable. A GCxGC-qMS is less expensive than a tandem mass spectrometer and
provides ng/L detection limits. Moreover, the presented method requires no additional
cleanup steps after the HLB extraction, making the analysis faster.

Note: This work has been previously published: Gunatilake, S. R.; Clark, T. L.;
Rodriguez, J. M.; Mlsna, T. E., Determination of five estrogens in wastewater using a
comprehensive two-dimensional gas chromatograph. Anal. Methods 2014, 6 (15), 56525658.
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ESTROGEN LEVELS IN THE 3 MUNICIPAL WASTEWATER TREATMENT
PLANTS
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Table A.1

E3
EE2
E1
αE2
βE2
Total

Estrogen levels and their standard deviations (ng/L) in wastewater samples
from Jackson WWTP
January
Influent
Effluent
185.3 (7.9)
nd
4.6 (1.8)
nd
91.4 (13.7)
nd
13.0 (4.4)
nd
20.5 (5.0)
nd
314.8
0

nd = not dectected
Table A.2

E3
EE2
E1
αE2
βE2
Total

March
Influent
Effluent
171.4 (12.7)
3.8(1.1)
nd
nd
50.1 (5.7)
5.2(0.3)
7.3 (0.6)
nd
22.7 (1.0)
nd
251.5
9

April
Influent
Effluent
187.0 (8.5)
nd
nd
nd
37.1 (9.3)
nd
nd
nd
21.4 (6.6)
nd
245.5
0

Estrogen levels and their standard deviations (ng/L) in wastewater samples
from Starkville WWTP
January
Influent
Effluent
53.6 (1.0)
6.8 (2.2)
nd
nd
30.1 (7.4)
nd
nd
nd
nd
nd
83.7
6.8

March
Influent
Effluent
81.0 (7.6)
nd
nd
nd
44.3 (6.3)
nd
4.5 (0.2)
nd
10.6 (4.1)
nd
140.4
0

April
Influent
Effluent
59.5 (1.3)
5.4 (1.0)
nd
nd
nd
nd
nd
nd
nd
nd
59.5
5.4

nd = not dectected
Table A.3

E3
EE2
E1
αE2
βE2
Total

Estrogen levels and their standard deviations (ng/L) in wastewater samples
from Columbus WWTP
January
Influent
Effluent
160.8 (10.2) 12.2 (1.8)
4.7 (0.6)
nd
178.7 (18.0)
nd
11.7 (2.0)
nd
76.7 (1.9)
6.2 (1.0)
432.6
18.4

March
Influent**
Effluent
24.6 (4.0)
nd
nd
nd
nd
24.6

nd = not dectected, **unable to collect sample
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April
Influent
Effluent
143.0 (1.2)
3.5 (0.7)
nd
nd
100.5 (13.2)
nd
5.8 (0.7)
nd
nd
nd
249.3
3.5

ESTROGEN LEVELS IN THE 18 SWINE LAGOON WASTEWATER SAMPLES
AND THE 26 STORM WATER RUNOFF SAMPLES
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Table B.1

Details of the collected lagoon water samples

Location
Hog lagoon 1
Hog lagoon 1
Hog lagoon 1
Hog lagoon 1
Hog lagoon 2
Hog lagoon 2
Hog lagoon 2
Hog lagoon 3
Hog lagoon 3
Hog lagoon 3
Hog lagoon 1
Hog lagoon 2
Hog lagoon 3
Hog lagoon 3
Hog lagoon 1
Hog lagoon 2
Hog lagoon 3
Hog lagoon 3

Sample ID
HL-1
HL-2
HL-3
HL-4
HL-5
HL-6
HL-7
HL-8
HL-9
HL-10
HL-11
HL-12
HL-13
HL-14
HL-15
HL-16
HL-17
HL-18

Sample name
Lagoon water
Center pivot spray
Center pivot spray
Center pivot spray
Lagoon water
Lagoon water from pump
Traveling gun spray
Traveling gun spray
Lagoon water (lower lagoon)
Lagoon water (upper lagoon)
Lagoon water
Lagoon water
Lagoon water (lower lagoon)
Lagoon water (upper lagoon)
Lagoon water
Lagoon water
Lagoon water (lower lagoon)
Lagoon water (upper lagoon)
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Collection month
August
August
August
August
September
September
September
September
September
September
December
December
December
December
March
March
March
March

Table B.2

E3 (ng/L)

EE2 (ng/L)

βE2 (ng/L)

αE2 (ng/L)

E1 (ng/L)

Lagoon water analyses (n=3) complete data (Concentrations in ng/L units)
HL 1

HL 2

HL 3

HL 4

HL 5

HL 6

Aqueous
phase

8.34 (1.02)

<LOQ

ND

11.36 (0.28)

ND

ND

Residue

<LOQ

<LOQ

ND

<LOQ

ND

ND

Total

8.34

<LOQ

ND

11.36

ND

ND

Aqueous
phase

ND

ND

ND

ND

ND

ND

Residue

ND

ND

ND

ND

ND

ND

Total

ND

ND

ND

ND

ND

ND

<LOQ

ND

ND

ND

ND

ND

Aqueous
phase
Residue

<LOQ

<LOQ

<LOQ

ND

<LOQ

ND

Total

<LOQ

<LOQ

<LOQ

ND

<LOQ

ND

Aqueous
phase

<LOQ

16.84 (1.05)

ND

28.95 (1.03)

ND

ND

Residue

<LOQ

<LOQ

ND

7.91 (0.42)

ND

ND

Total

<LOQ

16.84

ND

36.86

ND

ND

Aqueous
phase

25.73 (5.01)

21.09 (1.63)

<LOQ

70.05 (3.22)

6.89 (0.53)

<LOQ

Residue

24.42 (4.51)

31.51 (1.51)

<LOQ

36.29 (2.13)

<LOQ

<LOQ

50.15

52.6

<LOQ

106.34

6.89

<LOQ

Total

E1-Conjugates
(ng/L)

Aqueous
phase

ND

4.86 (1.30)

ND

ND

ND

ND

βE2-Conjugates
(ng/L)

Aqueous
phase

ND

8.80 (1.25)

ND

ND

ND

ND
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Table B.2 (continued)

E3 (ng/L)

EE2 (ng/L)

βE2 (ng/L)

αE2 (ng/L)

E1 (ng/L)

HL 7

HL 8

HL 9

HL 10

HL 11

HL 12

Aqueous
phase

ND

ND

ND

ND

ND

ND

Residue

ND

ND

ND

ND

<LOQ

ND

Total

ND

ND

ND

ND

<LOQ

ND

Aqueous
phase

ND

ND

ND

ND

ND

ND

Residue

ND

ND

ND

ND

ND

ND

Total

ND

ND

ND

ND

ND

ND

Aqueous
phase

ND

ND

ND

ND

ND

ND

Residue

ND

ND

ND

ND

ND

ND

Total

ND

ND

ND

ND

ND

ND

Aqueous
phase

ND

ND

ND

ND

ND

ND

Residue

ND

ND

ND

ND

13.54 (0.44)

ND

Total

ND

ND

ND

ND

13.54

ND

Aqueous
phase

<LOQ

<LOQ

ND

<LOQ

<LOQ

ND

Residue

<LOQ

<LOQ

ND

ND

<LOQ

<LOQ

Total

<LOQ

<LOQ

ND

<LOQ

<LOQ

<LOQ

E1-Conjugates
(ng/L)

Aqueous
phase

ND

ND

ND

ND

56.33
(13.28)

ND

βE2-Conjugates
(ng/L)

Aqueous
phase

ND

ND

ND

ND

19.37 (1.82)

<LOQ
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Table B.2 (Continued)

E3 (ng/L)

EE2 (ng/L)

βE2 (ng/L)

αE2 (ng/L)

E1 (ng/L)

HL 13

HL 14

HL 15

HL 16

HL 17

HL 18

Aqueous
phase

ND

ND

13.74 (1.68)

ND

ND

ND

Residue

ND

ND

<LOQ

ND

ND

ND

Total

ND

ND

13.74

ND

ND

ND

Aqueous
phase

ND

ND

ND

ND

ND

ND

Residue

ND

ND

ND

ND

ND

ND

Total

ND

ND

ND

ND

ND

ND

Aqueous
phase

ND

ND

ND

ND

ND

ND

Residue

ND

ND

<LOQ

ND

ND

ND

Total

ND

ND

<LOQ

ND

ND

ND

Aqueous
phase

ND

ND

<LOQ

<LOQ

ND

ND

Residue

ND

ND

<LOQ

ND

ND

ND

Total

ND

ND

<LOQ

<LOQ

ND

ND

Aqueous
phase

<LOQ

ND

35.21 (7.76)

8.51 (1.67)

<LOQ

<LOQ

Residue

<LOQ

<LOQ

21.44 (0.08)

ND

ND

ND

Total

<LOQ

<LOQ

56.65

8.51

<LOQ

<LOQ

E1-Conjugates
(ng/L)

Aqueous
phase

ND

<LOQ

31.59 (4.35)

<LOQ

ND

ND

βE2-Conjugates
(ng/L)

Aqueous
phase

ND

<LOQ

6.00 (0.39)

ND

ND

ND

Lagoon water analyses (n=3), ND = not detected, <LOQ = below limit of quantification
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Table B.3

Storm water analyses (n=3) complete data (Concentrations in ng/L units)

ND

E1Conjugates
1.36 (0.15)

β E2Conjugates
ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

SW-5

ND

ND

ND

ND

4.45 (0.23)

ND

SW-6

ND

ND

ND

ND

ND

ND

SW-7

ND

ND

ND

ND

ND

ND

SW-8

ND

ND

ND

ND

1.36 (0.50)

ND

SW-9

ND

ND

ND

ND

5.82 (0.04)

ND

SW-10

ND

ND

ND

ND

2.58 (0.32)

ND

SW-11

ND

ND

ND

ND

1.96 (0.02)

ND

SW-12

ND

ND

ND

ND

3.16 (0.08)

ND

SW-13

ND

ND

ND

ND

ND

ND

SW-14

ND

ND

ND

ND

3.66 (0.10)

ND

SW-15

ND

ND

ND

ND

2.79 (0.02)

ND

SW-16

ND

ND

ND

ND

3.82 (0.18)

ND

SW-17

ND

ND

ND

ND

3.77 (0.12)

ND

SW-18

ND

ND

ND

ND

3.61 (0.23)

ND

SW-19

ND

ND

ND

15.77 (1.09)

3.31 (0.07)

ND

SW-20

ND

ND

ND

23.08 (3.57)

ND

ND

SW-21

2.99 (0.09)

ND

ND

ND

2.24 (0.43)

ND

SW-22

ND

ND

ND

ND

3.04 (0.32)

ND

SW-23

ND

ND

ND

5.12 (0.25)

1.40 (0.56)

ND

SW-24

9.90 (0.25)

ND

20.89 (0.03)

ND

3.19 (0.73)

ND

SW-25

ND

ND

21.96 (0.90)

7.54 (0.05)

2.74 (0.71)

ND

SW-26

8.03 (0.68)

ND

35.92 (0.21)

ND

<LOQ

ND

Sample ID

E1

α E2

β E2

E3

SW-1

2.71 (0.09)

2.60 (0.29)

ND

SW-2

ND

ND

SW-3

ND

SW-4

ND = not detected, <LOQ = below limit of quantification
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