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PREFACE 

The contents of this thesis are my own original work.  Surface water and 

wastewater samples were collected by the Water Security Agency (WSA) at six 

wastewater treatment plants in Saskatchewan.  To protect the location of the sampling the 

sampling sites have been given identifiers (WWTP1-6) and only identified by an 

approximate population that each of these WWTPs service.  Further information and 

original data for any subsequent analysis should be obtained directly from WSA.
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ABSTRACT 

A liquid chromatography-negative ion electrospray ionization-tandem mass 

spectrometry (LC-ESI--MS/MS) method was developed for the simultaneous analysis of 

endocrine disruptive chemicals including bisphenol A, 4-octylphenol, 4-nonylphenol, 

diethylstilbestrol, 17-β-estradiol, estriol, estrone, 17-α-ethinylestradiol, prednisone and 

prednisolone.  Mass spectrometric detection of these target analytes is sensitive to the 

presence of additives in the mobile phase as well as those used in the sample preparation 

steps.  To avoid issues with reduced mass spectrometry sensitivity, the sample 

preparation involved elution of the target analytes from the solid-phase sorbent with 

acetonitrile, drying, and reconstitution with methanol, water, and 2-propanol.  Recoveries 

for all the analytes were from 82.4 to 112%.   The detection limits for bisphenol A, 

octylphenol and nonylphenol using LC-ESI--MS/MS were 1-2 ng/L and for 

diethylstilbestrol, 17-β-estradiol, estriol, estrone, 17-α-ethinylestradiol, prednisone, and 

prednisolone were 1-10 ng/L.  Mass spectrometric signal suppression was moderate to 

severe for all analytes except diethylstibestrol.  Standard addition calibration was used for 

quantitation of the target analytes at five wastewater treatment plants in Saskatchewan.  

Estriol was detected in all the raw wastewater samples with concentrations from 20.4 to 

285 ng/L.  Estrone and 17-β estradiol were detected in 83% and 67% of the raw 

wastewater samples at concentrations ranging from 31 to 157 ng/L, and 14 to 100 ng/L, 

respectively.  Concentrations of estrone and 17-β estradiol were higher in raw wastewater 

than predicted from excretion estimation based on population, indicating non-domestic 

contribution.  In raw wastewater, the concentration of 4-octylphenol was from 127 to 318 

ng/L (detected in 33% of raw wastewater samples), and the concentration of 4-
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nonylphenol was 50 ± 15 ng/L (detected in one location). Bisphenol A was detected in 

100% of the raw wastewater samples with concentrations from 133 to 645 ng/L.  The 

concentration of prednisone in raw wastewater was 302 ± 76 ng/L (detected 66%), while 

prednisolone, which is a metabolite of prednisone, was detected in one raw wastewater 

sample at 18 ± 1 ng/L.  The wastewater treatment process was efficient in the removal of 

natural estrogens and prednisone with percentage removal of 80-100%, and for BPA 

generally from 56-100%.  The removal efficiency of 4-nonylphenol and prednisolone 

were very low.   
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1.  INTRODUCTION 

This chapter introduces the target list of endocrine disrupting chemicals (EDCs) 

included in this study.  This includes a review of the importance of each group of EDCs 

and their use.  The chemical and physical properties of EDCs as it related to transport of 

EDCs in the environment, water quality regulations for EDCs in Canada, and 

environmental and human health impacts of EDCs are discussed.  The objectives of this 

study are presented.  

 

1.1 Structure and physico-chemical properties 

Endocrine disrupting chemicals (EDCs) are a group of chemicals that exert 

hormonal mimicking effects and interfere with the hormonal regulatory mechanisms of 

the living organisms (1).  EDCs can be divided into the estrogenic EDCs (e-EDCs) and 

non-estrogenic EDCs (2, 3).  The e-EDCs include a wide range of hormones and 

synthetic chemicals.  Natural hormones include estrone (E1), estradiol (E2), and estriol 

(E3) and synthetic hormones such as ethinylestradiol (EE) and diethylstilbestrol (DES) 

(1, 3).  Natural and synthetic hormones will be referred collectively as hormonal 

estrogens herein.  Synthetic chemicals that imitate estrogen are known as xenoestrogens 

(3).  They include plasticizers such as bisphenol A (BPA), alkylphenol surfactants such as 

4-octylphenol (4OP) and 4-nonylphenol (4NP), which are included as target analytes.  

BPA is a monomer that is formed mainly from the degradation of longer chain polymeric 

plastics (1).  Target analytes, 4OP and 4NP, are derivatives of the surfactant 

alkylphenolpolyethoxylate.  They are formed by the hydrolytic removal of the ethoxylate 

groups to form more hydrophobic estrogenic active compounds (1, 4).  Non-estrogenic 
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EDCs includes a wide range of natural hormones such as thyroxin and corticosteroids and 

their synthetic derivatives and regulators such as pro and anti-thyroid drugs that affect 

thyroxin hormone regulation (3, 4). Corticosteroids are divided into glucocorticoids and 

mineralocorticoids. Glucocorticoid regulators include the synthetic hydrocortisone and its 

derivatives, such as prednisone (PRDN) and prednisolone (PRNL), which are included in 

my research (4). 

Table 1.1 provides some of the physical and chemical properties of EDCs included 

in this study.  As can be seen from Figure 1.1, the synthetic estrogens and xenoestrogens 

have a structure that is either similar or complementary to natural steroid hormones (1).  

Natural steroid hormones, as a derivative of cholesterol, have a distinctive 4-ring 

structural frame as in Figure 1.1A (3).  Synthetic estrogens and xenoestrogens have 

synthetic modifications that deviate from the typical structure, but still show its main 

characteristics (1-3).  Natural estrogens, in general, have a log KOW between 3 and 4 

indicating their moderate lipophilicity (5).  Surfactants such as 4OP and 4NP have log 

KOW >5 that assigns them to the critical bio-accumulating group as determined by the 

government of Canada persistence and bioaccumulation regulations and the toxic 

substances management policy (TSMP) (5, 6).  
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Table 1.1 Physico-chemical properties of the targeted analytes in this study.  

Compound Monoisotopic 

mass (Da) 

Log Kow (5) Solubility 

mg/L 

Relative estrogen Affinity 

(%): E2 affinity =100% (13) 

                                                                                          Natural estrogens 

17β-estradiol (E2) 

 

272 

 

4.01 1.51 (25℃)7 100.000 

Estrone (E1) 270 

 

3.13 1.30 (25℃)7 7.309 

 

Estriol (E3) 288 

 

2.54 27.34 (25℃)9 

 

9.719 

 

                                                                                        Synthetic estrogens 

17α-ethinylestradiol (EE) 

 

296 

 

3.67 

 
9.20 (25℃)7 

 

190.063 

 

Diethylstilbestrol (DES) 268 

 

5.07 12.00 (25℃)9 

 

399.556 

 

                                                                                          Xenoestrogens 

4-Nonylphenol (4NP) 

 

220 

 

5.43 

 
7.00 (25℃)8 

 

0.031 

 

4-Octylphenol (4OP) 206 

 

3.10 12.6 (25℃)8 0.005 

Bisphenol A (BPA) 228 

 

3.32 300 (25℃)7 

 

0.008 

                                                                               Glucocorticoids 

Prednisolone (PRNL) 360 1.62 

 
223 (25℃)9 

 

- 

Prednisone (PRDN) 

 

358 

 

1.46 

 
77.54 (25℃)9 

 

- 
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Figure 1.1 Chemical structure of sterol ring (cyclopentaperhydrophenanthrene) structure 

and target EDCs.  Chemical structures: A, sterol ring; and B, target EDCs. 
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PRDN and PRNL have low log KOW indicating that they are more hydrophilic and 

less prone to accumulation than other EDCs (4, 5).  The partitioning of EDCs between the 

solid and aqueous phase is affected by their solubility (7).  Except for E3, BPA and 

PRNL, most EDCs in this study have lower water solubility (<10 mg/L) indicating that 

sedimentation may also occur (7-9).  The lower solubility and the higher lipophilicity of 

EDCs suggest that these compounds are prone to sorption into sediment (10, 11, 12).  

Studies show that the removal of natural estrogenic compounds by sedimentation during 

the preliminary wastewater treatment process correlates with an increase in their Kow 

(10).  EDCs including 4OP and 4NP have been detected frequently in sediment (11, 12).  

EDCs are frequently detected in the aqueous phase, suggesting that movement in water 

bodies is an important pathway of transport of these contaminants in the environment (7-

10). 

The affinity of the estrogenic compounds is reported relative to the reference 

female estrogen, 17β-estradiol, E2 (affinity =100%) (13).  While natural estrogens exhibit 

lower affinity to the ER receptors, synthetic estrogens such as diethylstilbestrol (DES) 

and 17α-ethinylestradiol (EE) have affinities of more than 100%.  Xenoestrogens (BPA, 

NP, OP), on the other hand, have very low affinity to ER receptors (less than 1%) (8, 13).  

In spite of their lower estrogenic affinity, the higher solubility of some xenoestrogens 

such as BPA (300 mg/L) enables them to dissociate more rapidly from the carrier 

proteins and cross the cell membranes more readily than natural hormones (1). 

 

1.2 Mechanism of action of steroidal chemicals  

Natural steroid hormones are produced within the body.  Estrogenic hormones are 
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synthesized in the female ovaries and to less extent in the adrenal cortex (14, 15).  The 

role of estrogen in the physiological systems is complex as it is involved in many living 

processes.  The action of estrogen is involved in the sexual differentiation and maturation, 

lipid and protein synthesis and metabolism, and neurobehavioral regulations as well as 

cancer development. It is a contributor in bone development and mineralization and in the 

pathology of cardiovascular and neurodegenerative disease (15).  Estrogen is transported 

in the blood stream by binding to sex-hormone binding globulins (1).  Figure 1.2 

represents the molecular mechanism of action of estrogens and the biochemical method 

of their signalling pathways. Natural hormone work is excelled through to main 

pathways: intra cellular and extra cellular.  The intracellular pathway can be divided into 

the classical pathway (genomic pathway) and the alternative pathway (non-genomic 

pathway).  In the genomic pathway the binding of estrogenic hormones is mainly to the 

nuclear estrogen receptors (ERs), either ER α or ER β, to form a transcription complex 

(14).  The formed transcription complex can up and down- regulates the estrogen- 

sensitive genes.  The non-genomic pathway works through the estrogens (ligands) 

binding to the cell membranous/cytoplasmic ERs including G-protein-coupled estrogen 

receptor 1 (GPER) producing adenylate cyclase activity and cyclic adenosine 

monophosphate (cAMP) production, leading to the subsequent activation of various 

pathways which seems to be cell type dependant (14, 15).  Other estrogen receptors have 

been identified recently such as ER-X and ER-α36 that are involved in the estrogen 

signalling (14).  The crosstalk of the intracellular pathway with the extracellular autocrine 

and paracrine signalling pathways adds to the complexity of the estrogenic function in the 

body (14, 15).  
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Figure 1.2 Estrogenic signaling pathway and crosstalk methods. Adapted from (14). 
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Glucocorticosteroids are synthesized in the adrenal cortex.  They are involved in 

the regulation of many physiological functions such as immunosuppression, 

carbohydrate, lipid and protein metabolism vascular tone regulation and bone 

mineralization (16).  They are also involved in neurobehavioral regulation (16).  

Glucocorticosteroids molecular mechanism of action is similar to that of estrogen. 

Genomic, non-genomic and extracellular signaling pathways have been identified for 

glucocorticosteroid signaling (16, 17).  The genomic pathway is a cytosolic- nuclear 

pathway where glucocorticoids are coupled to cytoplasmic glucocorticoid receptors, 

cGRα, then transferred to the nucleus and trans-activate gene expression (16, 17).  

Transactivation induced by cGRα can be DNA dependent, DNA independent through 

other protein complexes, or through posttranscriptional reduction of mRNA half-life 

using tristetrapoline (TTP) induction (16).  Non-genomic effects are mostly conducted 

through membrane glucocorticoid receptors (mGR) and the mechanism is similar to 

estrogen non-genomic pathway (16).  Non-classical pathway is dependent on mGR that is 

expressed exclusively on neuronal cell membranes. It is main function is mediating 

neurophysiologic behaviour of neural signals (16, 17).  Synthetic glucocorticoids, such as 

PRDN and PRNL, can mimic the glucocorticoid activity; they produce a full range of 

glucocorticoid effects when administered in therapeutic doses (16). 

 

1.3 Health effects of EDCs on aquatic life  

The exposure to the estrogenic and non-estrogenic EDCs has been linked to the 

development of multiple effects in aquatic life, animals, and human beings.  In wildlife, 

the exposure to the 5-6 ng/L of E2 has been experimentally linked to altered oogenesis in 
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females and vitellogenin (Vtg) induction in male fathead minnow (18).  Reproductive sex 

differentiation abnormalities were also reported in Chinese rare minnow, zebra fish and 

fathead minnow upon short-term exposure to concentrations of EE of 0.2, 0.4 and 3 ng/L, 

respectively (19).  Xenoestrogens are toxic to aquatic species as well. Exposure of BPA 

results in effects in aquatic species ranging from foetal and growth abnormalities to Vtg 

induction and abnormal sex differentiation (20).  Flint et al. reported numerous studies 

where adverse effects have been noticed at concentrations of BPA of 80-12500 ng/L at or 

near environmentally relevant concentrations in Canada (20).  Exposure to concentrations 

of 4NP and 4OP of 11400 -11600 ng/L were linked to both abnormal gonadal 

differentiation and Vtg induction in Medaka species (21).  Furthermore, haematological 

and enzymatic abnormalities were experimentally detected in clarias gariepinus after the 

exposure to NP and OP doses of 250000 ng/L for 7 days (22).  Prednisolone has been 

linked to health effects in fish (4, 23).  Lymphopenia and subsequent disease 

susceptibility were observed upon exposure to glucocorticoids at 100 ng/L, while 

hyperglycaemia was induced at 1000 ng/L in trout (4, 23).  

 

1.4 Health effects of EDCs on whole animals and mammalian cells 

Natural hormones are involved in the regulation of the reproductive, cardiovascular, 

skeletal and neurobehavioral body systems (24).  The external exposure to the natural as 

well as synthetic estrogens and xenoestrogen has been linked to various adverse health 

effects in humans.  For natural estrogens, the Joint Food and Agriculture Organization 

and the World Health Organization (FAO/WHO) expert committee on food additives 

established an acceptable daily intake (ADI) of E2 of 0-50 ng/kg bw, and a no observable 
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effect level (NOEL) of 0.3 mg/day (5 µg/kg bw/day) (24, 25).  Caldwell et al. 2009 

calculated the ADIs of E1, E2, E3 and EE in a sensitive population (infant exposure) 

using the occupational exposure limit (25).  The ADIs for E1, E2, E2 and EE were 0.07, 

0.02, and 0.07 and 0.007 μg/person/day, respectively (25).  Studies on laboratory animals 

demonstrated an increase of renal, mammary and uterine cancer upon the exposure to 

E1and E2 (25).  Observational and clinical data suggest that EE exposure may play a role 

in uterine and hepatic cancer development (26, 27).  

Bisphenol A (BPA) is a public or human health concern as the animal studies show 

BPA causes precocious puberty in rats when exposed prenatally to doses of 2 μg/kg daily 

for the gestation period (24).  Obesity and hypertriglyceridemia have been seen upon 

exposing rats to BPA doses of 10 mg/kg/day (28).  Administration of small doses of BPA 

in the cell line studies showed cells proliferation in ER+ cells and androgen sensitive 

cells in females and males.  This evidence connects the exposure to BPA to the 

development of breast and prostate cancer (3, 15, 24, 25, 28).   Rochester et al. 2013 

reviewed a large body of epidemiological evidence listing 75 studies that link the 

exposure of BPA to various adverse health outcomes in humans such as poor ovarian 

function and weak implantation in females and reduced sperm quality in males (28).  

Miscarriage rate was also higher in women exposed to BPA than the control groups.  

Moreover, in these epidemiological correlations, exposure to BPA was directly linked to 

the development of some reproductive disorders in women such as polycystic ovary 

syndrome and endometriosis (28).  The exposure to BPA was not associated with higher 

rates of breast cancer epidemiologically.  Developmental effects such as low birth weight, 

genital abnormalities in males, and neurobehavioral changes in females were associated 
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with higher urinary concentrations of BPA during pregnancy.  Higher urinary 

concentrations of BPA were also associated with diabetes type 2, and cardiovascular and 

liver diseases (28).  

Alkylphenols have been linked to health disorders in animal models, and cell 

culture studies.  Epidemiological data that links concentrations of alkylphenols to health 

effects is not available.  Rodent’s exposure to 4OP (the most potent alkylphenol) at doses 

of 20 ng/kg bw/day were reported to produce a change in sperm morphology (29, 30, 31).  

Pigs exposure to 0.01 mg/kg bw/day of 4OP were reported to increase the length of the 

pregnancy.  LD50 dose of alkylphenols for rats and mice is between 2 and 4 g/kg (31).  

Severe dermal and ocular irritation was noticed at smaller doses (500 mg/ kg and 5 

mg/kg) (29).  Exposure of MCF7 cells to 4NP produces dose dependent-telemetric 

association and chromosome breaks in non-estrogenic manner (30). 

 

1.5 Water quality guidelines 

As the presence of EDCs in water and wastewater systems is associated with adverse 

health effects on both aquatic and human life, there is an increasing demand to develop 

water quality guidelines (31).  This study is a part of the risk assessment approach 

developed by Water Security Agency of Saskatchewan (WSA) to develop water quality 

guidelines for pharmaceuticals presence in water.  The United States Environmental 

Protection Agency (USEPA) and Environment Canada have yet to establish water quality 

guidelines for the natural estrogens included in this study (31-33).  However, E1, E2, E3, 

are included in the USEPA contaminant candidate list 4 (CCL4) and their risk assessment 

is in progress (32).  4NP was added to USEPA toxic release inventory in 2014 due to the 
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high toxicity to aquatic life (32).  EPA suggested voluntary phase-out of 4NP and 

recommended that 4NP concentrations should not exceed 1700 ng/L in salt water and 

6600 ng/L in fresh water (31).  The European Union included 4NP on the priority 

hazardous substances list and recommends that surface water concentrations must be 

below 300 and 2000 ng/L in acute and chronic exposure, respectively (31).  Canadian 

guidelines for water quality for 4NP are 1000 ng/L for fresh water and 700 ng/L for 

marine life (31).  BPA is regulated in surface water with maximum allowed concentration 

of 1400 ng/L and 10 ng/L as per Environment Canada and the European Union 

guidelines, respectively (34).  Noteworthy, USEPA removed BPA from CCL4 based on 

evidence from a two-years rodent study by the national toxicology program, which 

indicated no human health effects from exposure to BPA (32).  

 

1.6 Research objectives 

This study was an extension of contract work that was conducted by Dr.  Raina-

Fulton on the analyses of a large range of pharmaceuticals in wastewater samples 

collected by Water Security Agency at wastewater treatment plants in Saskatchewan.  

This contract work identified issues in the analyses of the targeted EDCs in this study 

including poor recoveries or severe matrix effects in chemical analysis, which prevented 

reliable analysis using existing methods. 

Due to their effect on both human and aquatic organisms, natural estrogens are 

main risk when they present in water systems in small amounts (see section 1.3 and 1.4).  

Moreover, xenoestrogens are not subject to the same regulatory mechanisms as natural 

hormones (section 1.2), hence the guidelines for their presence in water and wastewater 
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systems should be developed separately.  Developing an analytical method with high 

sensitivity and specificity is a major part of the risk identification procedure for EDCs.     

The major objectives of this study are: 

• To develop a new liquid chromatography-electrospray ionization (negative ion 

mode)-tandem mass spectrometry method to quantify a targeted list of EDCs 

listed in Table 1.1.  This method includes the development of a single solid-phase 

extraction (SPE) procedure to simultaneously extract all the target analytes from 

wastewater (or surface waters collected in the vicinity of wastewater treatment 

plants) that is compatible with the developed LC-ESI--MS/MS method. 

• To examine the occurrence and removal efficiency of EDCs at six wastewater 

treatment plants in Saskatchewan.    
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2.  LITERATURE REVIEW 

This chapter reviews previous studies on the occurrence of EDCs in wastewater and 

surface water in the vicinity of wastewater treatment plants (WWTPs).  The degradation 

and fate of the compounds in this study and the removal rates during the wastewater 

treatment process are presented.  Previous sample preparation methods for wastewater or 

surface water samples, and chemical analyses methods for EDCs including gas or liquid 

chromatography coupled to mass spectrometry are discussed.   

 

2.1 Occurrence of EDCs in wastewater and surface water  

Estrogens and xenoestrogens can reach surface water from point and non-point 

(surface water runoff) sources (24).  As animals and humans excrete natural estrogens, 

the main presence of E1, E2 and E3 is from domestic and agricultural discharge (35-42).  

Synthetic estrogens such as 17α-ethinylestradiol (EE) are prescribed in both hospital and 

outpatient settings (36-42).  Human excretion is the main source of EE in wastewater (24-

30).  Xenoestrogens enter the water systems from both domestic and industrial sources 

(24-37) BPA is used in the synthesis of plastics, rubber and flame-retardants (35).  BPA 

is released from plastic and polycarbonate structures to the wastewater and surface water.  

Alkylphenols are used as surfactants, plastic additives, and emulsifiers.  For instance, 

octyl and nonylphenols are used in detergents, and discharged during the synthesis as 

well as the consumption of detergents (24, 37, 43-48).  BPA is a main component in 

plastics and used in coating industries.  It is used in building material production, food 

packaging, dental sealants and composites (43-49).     
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The natural estrogen with the highest average or maximum concentration at most 

locations was estrone (E1) with most sites reporting concentrations of E1 > 50 ng/L in 

influent due to conversion of E2 to E1 during the treatment process (24, 35).  E2 is the 

main estrogen reported in agricultural areas where it is used to support animal feeding 

and breeding (see Table 2.1) (35).  Average concentrations of E1, E2, E3 and EE in 

influent of WWTPs in Beijing were 170, 46.6, 53.9 and 15 ng/L, while effluent 

concentrations of E1, E2, E3 and EE were 2.5, 1, <LOD (limits of detection), and 1.0 

ng/L, respectively (36).  There was a high removal efficiency of natural estrogens in the 

wastewater treatment process from WWTPs in Beijing (32).  Removal rates of estrogens 

in a large scale advanced WWTP with two sequential batch reactors; continuous 

microfiltration, reverse osmosis, and chlorination were close to 100%.  At this advanced 

WWTP which was located in Sydney influent concentrations of E1, E2 and EE were 55, 

22 and <5 ng/L, respectively and effluent concentrations were 1.2, 0.1 and <LODs, 

respectively (37).  A WWTP in Ontario, Canada was the only location with higher 

concentrations of E1 in effluent than influent, which was attributed to the possible de-

glucuronidation of E1 throughout the treatment process (40).  The maximum detected 

concentration of estriol (E3) was higher than E1 in Ulsan, Korea (471 ng/L) and south 

Pennsylvania (259.2 ng/L), and attributed to the higher rate of conversion of E2 to E3 

during the wastewater treatment process (39, 41).  Wastewater influent samples collected 

from south Pennsylvania were grab samples from primary effluent as it was assumed that 

there was minimal removal of estrogens during the primary treatment process.  

Concentrations of E3 at other sites varied from not detected to 81 ng/L in influent and 

33.1 ng/L in effluent as shown in Table 2.1 (36-42).   
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Table 2.1 Global occurrences of natural and synthetic estrogens in wastewater.   

Country-

city 

Population 

[number of 

WWTPs] 

E1 

(ng/L) 

Influent/

effluent 

E2 

(ng/L) 

Influent/

effluent 

E3 

(ng/L) 

Influent/

effluent 

EE 

(ng/L) 

Influent/

effluent 

DES 

(ng/L) 

Influent/

effluent 

Method 

of 

detection 

Reference 

Australia-

Sydney 

1700,000[5] 55/1.2 22/0.1 NA 5/<0.1 NA GC-MS 37 

China-

Beijing 

345,000-

480,000[2] 

120-

170/2.5-

4.31 

7.2-

46.6/ND-

1.01 

53.9/ND 15.0/1.0 ND/11.1 GC/MS 36 

Canada-

Ontario 

50,000-

950,000[2] 

29.3-

104/11.3

-3701 

ND-

66.9/ND-

26.71 

NA ND-

5.7/ND-

9.81 

NA GC-MS 40 

Italy-Rome 40,000-

1,200,000 

[2] 

50.4/19.4 11.9/1.4 81.5/33.1 3.1/0.5 NA LC-

MS/MS 

42 

Korea-Ulsan 1,100,000[5] 47/6 4/ND 415/ND NA NA LC-

MS/MS 

41 

Spain-

Basque 

17,000-

30,000[2] 

13.3-

43.4/ND1 

25.3-

84.4/ND-

31.61 

NA ND/ND NA LC-

MS/MS 

38 

USA-

Pennsylvania  

NA [3]  57.8-

83.8/6.3-

49.11 

ND-

161.6/N

D-5.41 

ND-

259.2/N

D-3.91 

ND-

1.2/ND-

0.6 

ND-

5.1/ND1 

LC-

MS/MS 

39 

Minimum-maximum1 NA= no data available, ND= not detected  
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EE was detected in WWTPs at low ng/L range (36-42).  The highest reported 

concentration of EE in influent wastewater was from Beijing at 15 ng/L, while the highest 

effluent concentrations of EE were in Ontario Canada at 9.8 ng/L (36, 40).  

Diethylstilbestrol (DES) has been rarely screened for or detected in wastewater and 

surface water mainly due to the discontinuation of its human use in the early 1970s (50).  

However, the veterinary use of DES is still a common practice worldwide (36, 39).  DES 

is used for rare veterinary indications in non-food producing animals and banned for 

growth promotion in Canada (50).  DES was detected in effluent in Beijing at 

concentrations of 11.1 ng/L, and in effluent in United States at 5 ng/L (36, 39).  E2 was 

the most commonly detected in some locations in Spain, Canada and United States (35).  

The predominance of E2 in wastewater has been linked to livestock for meat production, 

as it is a licensed growth promoter worldwide (50). 

Xenoestrogens have been detected in wastewater around the world (43-49).  As 

shown in Table 2.2, and the concentrations of BPA in influent of WWTPs ranged from 

60 to 18000 ng/L, which were the highest concentrations of all target analytes in this 

study.  The highest concentrations of BPA were reported in Ontario, Canada (47).  The 

removal efficiency of BPA is variable and the effluent concentrations of BPA were from 

not detected to 600 ng/L (43-49).  4NP was detected in raw wastewater in concentrations 

more than 1000 ng/L (46, 49).  4OP showed low to no detection in most of the studies 

(43-49).  Global average surface water concentrations of E1, E2, E3 and EE were 16, 3, 

9, 4.3 ng/L, respectively (24-53).                                                                  .    
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Table 2.2 Global occurrences of xenoestrogens in wastewater. 

Country BPA (ng/L) 

Influent/effluent 

4OP (ng/L) 

Influent/effluent 

4NP (ng/L) 

Influent/effluent 

Method Reference 

China 109-615/4.6-2061  6.6-27.5/1.2-26.61 95-670/8.9-1821 LC-MS/MS 45 

Canada 1000-18000/350-6001  ND-16.1/ND1 258/NA LC-MS/MS 47 

Greece 676/331 ND/ND 1574/786 LC-MS/MS 43 

Italy 170-1312/ND-701 ND/ND ND-3531/ND-2641 LC-MS/MS 49 

Spain 416/86 6.1/8.6 9.7/17.5 LC-MS/MS 44 

UK 510/33  225/724 NA LC-MS/MS 46 

Western Balkan 60-1000/NA  128/NA  1660/NA  LC-MS/MS 48 

          Minimum-maximum1, NA= no data available, ND= not detected
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The detection of xenoestrogens in surface water is more common than estrogens.  

In Ontario Canada, average concentrations of BPA in source drinking water were 2.1 

ng/L with maximum concentration of BPA reported of 87 ng/L (see Table 2.2) (35).  The 

concentrations of BPA in surface water were reported to be 6-68 ng/L in UK, 7.5-334 

ng/L in Korea, 55-162 ng/L in Greece, 192–215 ng/L in Germany, 6-881 ng/L in China. 

The concentration of BPA in both influent and surface water increased significantly after 

rainfalls (24, 35, 43-49).  This increase in concentration of BPA was attributed to possible 

increase in sewer overflow and increased roof runoff from building materials, which are a 

source of BPA (35).  The worldwide concentrations of 4NP were reported in the range of 

<LOD to 644000 ng/L, while 4OP ranged from <LOD to 470 ng/L (54).  The high 

concentration of 4NP in surface water downstream of the WWTPs was attributed to 

reduced dilution of the released WWTP effluent as the water sampling location was close 

to the waste water treatment plant (45, 42-49).  The concentrations of 4OP and 4NP were 

always very low (<100 ng/L) or non-detected when sampling was further downstream to 

sources (47-49, 54).  Higher concentrations of 4NP and 4OP are reported in sediment or 

sewage sludge as compared to surface water, which is attributed to the high sorption of 

these compounds into the sediment (35, 43-49).   

PRDN and PRNL are not determined routinely in wastewater or surface water, 

particularly in North America.  In Switzerland, concentrations of PRDN and PRNL were 

336-843 ng/L in wastewater influent, less than 5 to18 ng/L in wastewater effluent, and 4-

45 ng/L in river water downstream of the WWTP (55). 

              

2.2 Half-life and degradation of estrogens, xenoestrogens and glucocorticoids 
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The half- life of estrogens has been determined in surface water (24, 56, 57).  The 

half-life of E1 and E2 in river water under aerobic conditions are 2.2-3.1 and 2.3-4.1 

days, respectively (54).  E2 biodegradation to E1 occurred within 0.2-9 days (54).  

Microbial activity is the main cause of degradation as confirmed by the production of 

radiolabeled carbon dioxide from microbial activity in wastewater treatment process 

simulations (51).  Also, photolysis plays a major role in degradation of natural estrogens 

in water (24, 56, 57).  The transformation pathway of estrogens as shown in Figure 2.1 is 

mainly bio-aerobic (24).  Nitrifying bacteria have the ability to convert E2 to E3, and 

sphingobacterium strains can degrade E2 and EE to E1 (24).  Under anaerobic conditions, 

particularly in lake water and sediment, E2 was transformed to E1, but EE degradation 

was minimal (58).  E1 was the highest detected estrogen in source water confirming the 

abundance of this estrogen due to the conversion process (51).  The half-life of EE under 

aerobic conditions was determined under lab conditions in dark in lake water samples to 

be 108 days, but under natural sun light the half-life of EE was as short as 23 hours (24, 

54, 58).  The half-life of BPA was observed to be 0.5-3 days in surface water taken from 

a river (58).  Biodegradation is a main contributor to the shorter half-life for BPA under 

natural conditions as carbon dioxide yield was high in environmental studies with 

bacterial growth colonies present (59).  Photolysis further enhances the degradation of 

BPA, and the presence of dissolved organic matter such as humic and fulvic acid 

increases the photosensitivity of BPA (59).      
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Figure 2.1 Biotransformation pathways of natural and synthetic estrogens.  Taken from 

(24).   
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While no significant degradation of 4NP was observed in lab tests, its biological 

degradation was demonstrated under both aerobic and anaerobic conditions in an aquatic 

environment (55, 60).  In sludge and sediment 4NP degraded in 1.1-99 days (58).  Higher 

temperature and shaking increase the degradation rate, while the addition of NaCl and 

heavy metals inhibit the degradation of 4NP.  Anaerobic degradation shortens the half-

life of 4NP to around 23.9-69.3 days (60).       

 

2.3 Removal of estrogens, xenoestrogens and glucocorticoids from the wastewater 

Conventional wastewater treatment systems are composed of preliminary, primary 

and secondary treatment processes (61).  Removal of EDCs starts even before wastewater 

reaches the WWTP.  Degradation of EDCs occurs early during the transport of sewage 

due to the high load of microorganisms in the sewage transport systems (pipes and tanks).  

No significant removal of natural estrogens has been observed in the preliminary 

screening and grit removal (61).  During the primary treatment process, sorption of EDCs 

onto suspended solids is the main mechanism of removal of EDCs.  Norwegian and 

Canadian studies suggested no removal of E1 and E2 during the primary stage of 

treatment (24, 35, 56, 61).  The removal of BPA and 4NP during the primary wastewater 

treatment process was reported to be 43% and 13%, respectively (35).  When aerated grit 

chambers were used during the primary treatment, there was a significant increase of the 

phenolic compounds mainly due to the peeling off of the attached phenols from the grit 

during agitation (35, 60). 

The secondary treatment process is the main process where the estrogens are 

removed.  Membrane bioreactors with nitrification and de-nitrification achieve removal 
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of estrogens higher than 90% (59, 60).  Longer hydraulic retention time during this 

process correlates with greater removal efficiency of natural hormones as confirmed by 

lab scale studies (58-60).  However, synthetic estrogens such as EE show higher 

persistence during sewage treatment processes (35, 52, 61).  Removal of natural estrogens 

with activated sludge has > 80% efficiency (59).  The use of trickling filters showed the 

lowest removal % of estrogens compared to bioreactors during the secondary treatment 

(61).  Biological degradation can be enhanced with the bulk culturing of specified 

microorganisms such as sphingobium and rhodococcus species for the degradation of 

natural estrogens and fusarium proliferatum that utilizes EE exclusively (56-58). The 

removal of BPA and 4NP during the secondary stage is >75% and ~56%, respectively 

(62).   

Tertiary treatment processes also play an important role in removal of both 

estrogens and xenoestrogens (62).   In lab scale tests, ozonation lead to removal of >99% 

of BPA in 15 minutes and >95% of 4NP after 45 minutes (62).  Granular carbon filter 

were used to remove 66% of BPA and 84% of 4NP (62).  The use of a UV lamp at the 

WWTP scale was reported to increase the concentrations of BPA and 4NP in the final 

effluent with removals of -69% and -5%, which was attributed to the degradation of 

longer chain polymeric plastics and alkylphenols (35, 45, 61).  The degradation of 

prednisone and prednisolone during wastewater treatment processes has been studied (63, 

64).  Around 50% of corticosteroids in general are degraded within 4 hours of the 

activated sludge process, and 100% degradation happens after 24 hours (63).  When 

membrane bioreactors were tested for removal of corticosteroids, such as betamethasone, 

the removal rate was as high as 93% (64).  
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2.4 Analytical chemical analyses methods for EDCs  

Multiple methods have been developed for the analysis of EDCs in water and 

wastewater. These methods have been targeted at each group separately (i.e., hormonal 

estrogens, xenoestrogens, or corticosteroids) (65-62).  Some studies combined selected 

individual compounds from other groups, but most studies have a limited range of target 

analytes included (65-92).  Immunoassays and biosensors have been applied successfully 

as quantification tools (65-67).  Enzyme linked immunosorbent assays (ELISA) have 

been used to detect natural estrogens in water and wastewater samples with the limit of 

detection (LOD) from 0.0022 - 5 ng/L for E1 E2, EE and E3 (65, 66).  A similar 

approach was applied to detect BPA with a LOD of 100 ng/L (67).  Electrochemical 

biosensors have been employed to the quantitation of BPA in drinking water and 

wastewater with LODs of 40 ng/L and 180 ng/L, respectively (64, 65).  The drawback of 

the use of immunoassays and biosensors is their inability to detect multiple compounds 

simultaneously and the cross reactivity of the analytes with the conjugated forms and 

analogues of the tested analytes (65, 66).   

Chromatographic-mass spectrometry techniques are generally used for 

simultaneous detection of EDCs to avoid the above-mentioned drawbacks. Hyphenated 

chromatography- mass spectrometry techniques are able to detect and quantify a larger 

number of analytes with a high degree of confirmation (67-97).  

Gas chromatography-mass spectrometry (GC-MS) methods for the quantification of 

xenoestrogens (BPA, NP, and OP) without derivatization have been developed with 

recoveries in water and wastewater ranging from 88-112% and 111-129 % and limits of 

quantification (LOQs) from < 29 and 33 ng/L, respectively (70, 71).  Analytes with polar 
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functional groups such as hydroxyl groups common in the target analytes in this study 

often suffer from poor peak shapes, poor chromatographic resolution, or poor MS 

sensitivity such that derivatization is often used prior to GC-MS to improve LOQs.  

During silylation the hydrogen of the hydroxyl group in the molecule is replaced to 

produce a trimethylsilyl or tert-butyldimethylsilyl derivative using N-methyl-N- 

(trimethylsilyl) trifluoroacetamide (MSTFA) or N, O-bis (trimethylsilyl) 

trifluoroacetamide (BSTFA) as derivatization reagents (70-74).  BSTFSA is more 

commonly used when pharmaceuticals such as ibuprofen and naproxen are also analyzed 

with xenoestrogens due to improved MS sensitivity over trimethylsilyl derivatives (70).  

When BSTFA with 1v% trimethylchlorosilane (TMCS) was used recoveries for natural 

estrogens (E1, E2, EE) were 70-117% and LODs were 0.86-1.34 ng/L, while for 

xenoestrogens (BPA, NP, OP) recoveries were 75-120% and LODs were 0.73-5.47 ng/L 

(72).  Recoveries with BSTFA derivatization can be variable depending on conditions 

(temperature, reaction time, completion of reaction requirements, and presence of matrix 

such as humic acids typically present in surface and wastewater) (72-74).  Lower 

recoveries (52-71%) for both natural estrogens and xenoestrogens were reported when 

splitless injections and BSTFA was used as the derivatizing agent to lower the LODs for 

BPA, OP and NP to 0.3 ng/L, while obtaining reasonable low LODs for E1, E2 EE at 

3.33 ng/L (73).  With a GC-MS system using large volume programmable temperature 

vaporizer injections the recoveries for tertbutyldimethylsilyl derivatives of BPA, NP and 

OP were 57-91% with LODs ranging from 0.1-1 ng/L (74).   

To avoid the time-consuming derivatization procedure and issues with variable or 

lower recoveries (<85%), liquid chromatography-tandem mass spectrometry (LC-
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MS/MS) methods were developed for EDCs (75-97).  Both natural hormonal estrogens as 

well as xenoestrogens can be ionized using atmospheric pressure chemical ionization 

(APCI) or electrospray ionization (ESI) in negative ion mode, however ESI- was reported 

to provide a better sensitivity than APCI- or APCI-/ APPI- (atmospheric pressure 

photoionization) dual mode when used for hormonal and xenoestrogen without 

derivatization (75).  Consequently, this study will focus on the development of a LC-ESI-

-MS/MS method for the simultaneous analysis of the target list of analytes shown in 

Table 1.1. 

 

2.4.1 LC-MS/MS instrumentation design 

ESI is the most popular MS ionization source for the analysis of hormones and 

steroids (72-74).  The ionization mechanism in the negative ionization mode is 

represented in Figure 2.2A and involves the application of a high negative potential on 

the column effluent through the capillary needle.  As shown in Figure 2.2B, as the charge 

builds up on the liquid surface at the end of the capillary probe, liquid breaks and forms 

smaller droplets in the process of desolvation.  Ions are formed when the Coulombic 

forces overpower the surface tension potential.  In negative ionization mode, the [M-H]- 

ions are pulled toward the analyzer using a counter electrode (positive potential), while 

the heat and gas flow evaporates the solvent.  The neutral and positive ions are 

subsequently drawn to the exhaust and discarded (76).  When the ionization process is 

complete, the ions are exported into the mass analyzer to be separated depending on their 

mass to charge ratio.  The dominant mass analyzer used in the analysis of EDCs is a 

quadrupole. 
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Figure 2.2 Schematic diagram of the electrospray ionization source.  A, schematic 

diagram; and B, mechanism of charged droplet formation.  
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The quadrupole as shown in Figure 2.3 A can be described as two pairs of rods 

arranged in four corners of square.  Each pair of matched charged rods face each other 

forming two poles (positive and negative) and leaving a tunnel between them to pass the 

charged ions.  A specific spectrum can be obtained through the voltage control to deliver 

the target ions and exclude the ions that are too low and too high in mass.  While single 

quadrupole can detect estrogens with a good sensitivity, the need for confirmatory data 

for the selected ions led to the development and utilization of the tandem mass (MS/MS) 

spectrometry.  The MS/MS system consists of two quadrupole mass analyzers with a 

collision cell in between.  The generated ion in the first quadrupole Q1 is transferred to 

the collision cell Q2, where collision induced dissociation produce the fragment that can 

be detected by the detector Q3 as in Figure 2.3 (76).   

A selected reaction monitoring (SRM) transition is produced from the collision-

induced dissociation of the parent ion (deprotonated ion in ESI-) in Q1 to produce a 

fragment in the Q3.  For example E2 forms [M-H]- that has m/ z of 271 in the ESI- source 

and is selected in Q1.  Collision induced dissociation produces the fragment ion, 

dihydronaphthoxide anion (m/z 145), which is detected in Q3 as shown in Figure 2.  The 

produced fragments are stabilized by the aromatic rings and the conjugated bonds (76).  

The pre-selection process reduces the uncertainty related to the origin of the fragment ion 

detected in Q3 (76). 
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Figure 2.3.  The schematic diagram of a quadrupole mass analyzer and triple quadrupole 

mass analyzer with predicted fragmentation of E2.  Q1 and Q3 represent a quadrupole 

mass analyzer, while Q2 is a collision cell (in current instrument design Q2 is a 

hexapole).  SRM for E2 (271→145) is shown. 



 31 

2.4.2 Fragmentation patterns of the studied EDCs in ESI--MS/MS 

Croley et al.  2000 studied the fragmentation pattern of natural estrogens using ESI- 

(77).  The base peak is the [M-H]- species with deprotonation occurring on the hydroxyl 

group producing a polycyclic phenoxide anion.  Common fragment ions for the estrogens 

include m/z=143 and 145 corresponding to the naphthoxide anion and 

dihydronaphthoxide anion.  These ions form as a result of ring cleavages such as for 

estradiol the m/z=143 and 145 fragment ions are produced from neutral loss of C8H14O 

and C8H16O (77).  Larger fragment ions such as m/z=183 produced from the deprotonated 

molecular ion of estradiol form from cleavage at the terminal 5-membered ring structure 

(D ring shown in Figure 1.1) resulting in loss of C5H12O.   

The major fragments ions of the deprotonated molecular ion of BPA, OP and NP 

are shown in Figure 2.4 (78).  The collision induced dissociation of [M-H]- ion for BPA 

at m/z=227 produces fragment ions at m/z=212, 133, 93, and 196 corresponding to [M-H-

CH3]
-•, [M-H-C6H6O]-, [M-H-C6H6O-C3H4]

-, and [M-H-CH3-CH4]
-•, respectively (78).  

Fragmentation of [M-H]- of 4OP with loss of alkyl radical ion produces fragment ion 

assigned to [M-H-C7H15]
-• at m/z= 106 and similarly fragmentation of [M-H]- of 4NP at 

m/z=219 produces a fragment ion [M-H-C8H17]
-• at m/z=106 (78). 
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Figure 2.4 ESI fragment spectra of the [M-H]- ion of BPA, NP and OP.  Adapted from 

(78).    
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2.4.3 LC Chromatography conditions and detection limits for target analytes 

Estrogens, xenoestrogens, and glucocorticoids are most commonly analyzed using 

LC-ESI--MS/MS as shown in Table I of Appendix I.  Both estrogens and xenoestrogens 

can be analysed using the soft ionization of atmospheric pressure sources either by 

atmospheric pressure chemical ionisation (APCI) or electrospray ionization (ESI), thus a 

simultaneous LC-MS/MS method for a wider range of target analytes is considered 

feasible if sample preparation and MS sensitivity needs can be met (38, 79-92).  The 

LODs for natural hormonal estrogens (E1, E2, EE, DES, Eq) were 5-16 ng/mL 

(expressed as injected concentrations) with APCI- and lower (1-12 ng/mL) using ESI- 

probe (38).  LODs for xenoestrogens (BPA, NP, OP) were 15-30 ng/mL and 1-30 ng/mL 

with APCI- and ESI-, respectively (34).  APCI+ can also be used for hormonal estrogens, 

but of low utility when used for xenoestrogens.  LODs for E1, E2, E3 and other hormonal 

estrogens were 4.4-17 ng/L when APCI+ was used (79, 80).  APCI+ was used to 

determine xenoestrogens (NP, OP) in water and wastewater, but LODs were as high as 

150 ng/L (81).  Despite higher LODs for both APCI+ and APCI- than ESI- mode, APCI- 

may still be preferred for selected analysis of difficult sample matrices due to lower 

susceptibility to MS signal suppression or enhancement from matrix interferences as 

compared to ESI- (75, 79-81).     

Octyldecyl silane (C18) was the most commonly chosen reversed phase LC column 

for separation of any of the three groups of target analytes (38, 79-92).  C8 columns have 

also been used for xenoestrogens and hormonal estrogens when separated as individual 

groups and found to provide adequate chromatographic resolution (93, 94).  Polyvinyl 



 34 

alcohol–based size exclusion column has been used specifically when surfactants (4NP 

and 4OP) have been analyzed with other longer chain surfactants (95).   

The mobile phase composition can impact the sensitivity of MS detection and the 

desired mobile phase may be different in negative and positive ionization mode. Mobile 

phases composition varied widely in the literature and with the selection of target 

analytes in these targeted groups of analytes.  For hormonal estrogens, ESI- has been 

tested with methanol/water (84, 86) acetonitrile/water (61), and 

methanol/acetonitrile/water (83, 85).  Methanol/acetonitrile/water gradients provide good 

detection limits with both acidic and basic additives for hormonal estrogens and BPA.  

LODs were the best for BPA, E1, E2 and EE (0.02-0.1 ng/L) using ESI- with a mobile 

phase of acetonitrile with 1v% ammonia in H2O/methanol and a gradient of 7.5/85/7.5 

v/v/v% initially to 50/00/50 v/v/v% in 6 minutes (83).  A mixture of H2O with 0.1 v% 

formic acid with an increasing gradient of acetonitrile/methanol mobile phase has been 

used for E1, E2, and EE with LODs of 0.4-1.2 ng/L (85).  When ESI+ was used no 

additives were added to an H2O/acetonitrile mobile phase to achieve LODs of 0.5-2.0 

ng/L for E1, E2, E3 and EE (93).  When APCI+ was used hormonal estrogens had similar 

detection limits (4-17 ng/L) even under different separation conditions (columns were C8 

or C18) with mobile phase containing water and acetonitrile or 0.1 v% formic acid in 

water and methanol (79).  No direct comparison of MS sensitivity with methanol and 

acetonitrile as the organic modifier in the mobile phase were available. 

BPA, 4OP, and 4NP are usually analyzed with other alkylphenol ethoxylate and 

carboxylate rather than estrogens (81, 89, 92, 94, 95).  They produce distinct fragments 

with collision induced dissociation of the deprotonated molecular ion in ESI- and poor 
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MS sensitivity with ESI+ (81, 89, 92, 94, 95).  Methanol and water gradient was used 

with ammonium acetate as an additive in the mobile phase provides LODs of 0.2-0.3 

ng/L for 4OP and 4NP when a mixed-mode (size-exclusion and reversed-phase) column 

was used (95).  Separation using C18 provided LODs 0.5-32 and 2-10 ng/L for 4OP and 

4NP when mobile phases of methanol/0.05 v% ammonia in water and acetonitrile/ water 

were used, respectively (92, 93).  Using ESI- mode and a mobile phase of 50 v% 

acetonitrile /50 v% methanol with 0.5% acetic acid in both components, the LODs for 

4OP and 4NP were 150 ng/L in coastal water (81).  When estrogens and xenoestrogens 

were analyzed together using ESI- the mobile phase most commonly used was 

methanol/H2O (38, 44, 82, 83, 91).  The mobile phase of methanol/H2O gave LODs for 

xenoestrogens ranging from 0.5-6.0 ng/L to 3.4-9.2 ng/L, respectively (44, 91).  The 

addition of 0.05 v% ammonium hydroxide increased LODs to 6 and 30 ng/L for 4OP and 

4NP (38), and similarly presence of 1 mM of ammonium acetate increased the LODs to 

53-1126 ng/L for the same group of compounds (96).  With 1 mM ammonium formate in 

an acetonitrile/ water mobile phase the LODs were 0.5-2 ng/L for hormonal estrogen, and 

5 and 20 ng/L for 4OP and 4NP, respectively (90). 

Few separations included the analysis of PRDN and PRNL and generally, they 

were analyzed with other corticosteroids or estrogens (55, 85, 97).   The abundance of 

[M+H]+ in ESI+ and [M+H]- in ESI- is strongly influenced by presence of mobile phase 

additives.  [M-H]- abundance of corticosteroids is greatly diminished when formic acid is 

present in the mobile phase, however with addition of ammonium acetate buffer (pH 6.8-

6.9) the abundance of [M-H]- improved and adduct [M+CH3COO-] was also abundant 

(97, 99).  MS/MS of [M-H]- produces [M-H-CH2O]- through neutral loss of 
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formaldehyde, which is also observed as a minor fragment ion in the ion source (98).  

The adduct ion also produces the same fragment ion (99).  It has been suggested that M-. 

may also form in the ion source and produce the fragment ion M-31 attributed to [M-H-

CH2O]- with collision induced dissociation, although this is less likely even under 

different mobile phase conditions given the presence of hydroxyl groups in the structure 

of these molecules (100).  Sensitivity in ESI- mode may be better with SIM rather than 

SRM as [M-H]- and [M+CH3COO-] account for >95% of total abundance of all ions 

observed in the ion source and these ions do not fragment easily (98).  The formation of 

acetate or formate adducts when acid additives are present in the mobile phase diminish 

the abundance of [M-H]- in the ion source, but [M-H]- abundance can be increased by 

increasing the potential used for ionization (72).  No analysis was completed without the 

presence of additives under neutral pH conditions.  The protonated molecular ion is 

formed with ESI+ when the mobile phase contains ammonium acetate or ammonia with 

either methanol or acetonitrile selected as the organic modifier (55, 84, 97).  Collision 

inducted dissociation of [M+H]+ produced [M+H-H2O]+ and a fragment ion at m/z=147 

due to cleavage at the C ring followed by loss of CH2=CH2 from the B ring to produce 

C8H10C=OH+ (55, 85, 97).  LODs for PRDN and PRNL with ESI+ using SRM analyses 

were 9.2 and 6.1 ng/L, respectively when methanol was selected as the organic modifier 

(84).  The use of acetonitrile/ water gradient with 10mM ammonium formate buffer in 

aqueous phase (pH 3) decreased LODs to <4 ng/L (55).  No direct comparisons of ESI+ 

and ESI- were available in the literature, however mobile phase selection for ESI- had pH 

ranging from 6.8-6.9 (pKa PRDN=12.4 and pKa PRNL=12.5) (101), while for ESI+ 

acidic to neutral (no additives) mobile phases were used (84, 97).   Selection of positive 
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or negative ion mode for ESI was generally based on the other analytes simultaneously 

analyzed in the methods developed. 

Derivatization is a common practice when analyzing estrogens and xenoestrogens 

in biological fluids and plasma where matrix issues are not as severe as wastewater 

samples (102-104).  It is used mainly with LC-ESI+-MS/MS to enhance the ionization of 

the estrogens.  It also increases the stability of some compounds that are readily 

susceptible to photodegradation and biodegradation such as BPA (102-104).  The 

derivatization procedure can be carried out during SPE with Oasis HLB column 

(2.1 mm × 20 mm i.d.) used as a support for the on-line derivatization process (103).  

Dansyl chloride is a common derivatization agent to improve electrospray ionization of 

phenols through the introduction of a secondary nitrogen (dimethylamino group) into the 

molecular structure that can be ionized with ESI+ when acidic mobile phase is used (102-

104).  Other derivatization agents reported for derivatization of target analytes in water 

samples include pentafluorobenzyl bromide (PFBBr) and 2-fluoro-1-

methylpyridinium p-oluenesulfonate (FMPTS) (98-100).  In wastewater matrices, 

derivatives of estrogens showed more matrix suppression than the native ESI- or APCI- 

corresponding ions (104). 

 

2.4.4 Sampling and pre-treatment 

Water and wastewater sample preparation includes off-line and on-line SPE 

methods as listed in Table II of Appendix I (38, 55, 79-97).  The main differences in the 

sample preparation lie in the decision making of filtration approach, the extraction 

techniques, the presence or absence of an extra clean-up step and the type of the 
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extraction/clean-up sorbents.  Two sampling techniques have been reported using either 

grab sampling or automatic samplers with a purge mechanism (38, 55, 79-97).  Grab 

sampling for volumes of 1-2 L is the standard procedure (38, 55, 79-87, 89-97).  Polar 

organic chemical integrative biological sampler has also been used with the sample 

duration of 10-14 days for influent and effluent wastewater tanks, respectively (88).  In 

some cases, additives such as sodium azide (NaN3) were added immediately after 

sample collection to prevent further chlorination especially when sampling treated 

wastewater (83).  Acidification to pH 1-3 immediately following sample collection is 

used to reduce biodegradation of target analytes (82, 83, 96).   Sample pre-treatment by 

filtration is a matter of controversy for estrogen analysis. For some compounds such as 

EE, some protocols describe the use of centrifugation due to concerns of the EE 

adsorption into the filtration material (105).  However, when water containing E1, E2 

and EE was passed through different types of filters (pore size of 1.0 μm and 0.3 μm) 

there was no significant loss in the concentrations of the three hormones (106).  For 

filters of pore size 0.2 μm composed of cellulose, polyninylidene difluride, or 

Polytetrafluoroethylene (PTFE) there was also low adsorption of E1, E2 and EE with 

recoveries >80% (106).  The only concern was regarding the use of nylon filters, which 

showed adsorption of the three-targeted estrogens as high as 100% (106).  BPA has also 

been detected in sludge (44, 55, 82).  In practice, the standard for water analysis is to 

include filtration for dissolved phase concentrations of target analytes (38, 55, 79-97).  

It is also impractical to process wastewater samples without filtration due to the large 

load of particulate matter, which would quickly clog sorbent materials used in the solid-

phase extraction process.  
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Extraction of the EDCs from the filtered water sample is commonly carried out 

using solid-phase extraction (SPE).  However, other extraction techniques have been 

applied such as membrane assisted solvent extraction (MASE) and dispersive liquid-

liquid micro extraction (DLLME) (38, 92, 96).  While the recoveries achieved using SPE 

and MASE were above 80%, DLLME recoveries were 35-102% with the lowest 

recoveries for E3 (38, 92, 96).  Both on-line and off-line SPE methods were developed 

with the most common SPE sorbents including Oasis HLB and C18 (44, 55, 80, 81, 83, 

84, 86, 87, 89-91, 94, 95).  Other SPE sorbents used include ENVI CARB® (carbon 

based) and Isolute ENV+®(hypercross linked polystyrene) (83, 91).  For on-line SPE, 

fused silica cartridges such as Supel-Q PLOT, Hypersilgold C18, and Oasis HLB have 

been used (79, 82, 84, 93).  The main advantage of on-line SPE methods is that it utilizes 

smaller sample volume (1-10 mL) to be processed (79, 82, 84, 93).  For off-line 

extraction, elution solvent for the hormonal estrogens (E1, E2, E3, EE) was mainly 

methanol with elution volume ranging from 8-15 mL (80, 86, 87).  However, when 

xenoestrogenic compounds such as BPA, 4OP and 4NP were added to the off-line 

methods, stronger solvents and higher volumes were needed to recover these compounds 

(38, 90, 96).  For off-line elution of BPA, 4OP and 4NP, it was more common to use 

dichloromethane, hexane, ethyl acetate or mixes of these solvents to elute the target 

analytes (89, 94, 95).  Extra clean-up methods involve one of three methods: 1) an extra 

SPE cartridge wash with mixture of H2O and an organic solvent to get rid of the more 

polar matrix interferences (44, 82, 87, 90, 94).  2) Secondary SPE clean-up using 

Florisil (38, 83).  3) The use of final filtration with PTFE (0.2 μm pore size) just before 

the instrumental injection to prevent re-precipitation of target analytes or matrix (91).  
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Overall recoveries for hormonal estrogens are reported to be satisfactory with most of the 

SPE columns and elution steps.  Target analytes (E1, E2, E3 and EE) from industrial 

wastewater influent and effluent samples loaded on ENVI–CARB® (500 mg sorbent/6 

mL volume) required 8 mL of methanol for elution with recoveries in the range of 88-

103% (87).  For C18 (500 mg/6 mL) two elutions of 10 mL of methanol and 10 mL of 

dichloromethane were required to achieve recoveries for E2, E3 and EE of 83-100% (86).  

For Oasis HLB (200 mg/6 mL) 15 mL of methanol were needed to elute E1, E2, E3, EE, 

and equilin with recoveries ranging from 76-114 % (80).  The lowest recovery was 

reported for E3 (44).  If concentrations of target analytes are low it is desirable to have 

conditions that require smaller elution volumes so that drying steps for pre-concentration 

of analytes prior to analysis is not as time-consuming. 

Non-polar reversed-phase SPE sorbents (Lichrolute C18 and Isolute ENV) have 

given recoveries of 81-91% and 95-110%, for 4NP and 4OP, respectively when methanol 

and dichloromethane were used for elution (81, 87).  Similar elution parameters using 

Oasis HLB gave lower recoveries of 50-75% for 4NP and 4OP (89, 94).  Combining the 

two groups (hormonal estrogens and xenoestrogens) or adding individual compounds is 

feasible with adjustments of elution solvent or volume of the solvent.  BPA, DES, E1, E2, 

E3, EE, 4NP, and 4OP from effluent and river water samples extracted using Oasis HLB 

200 mg/6 mL with an elution mixture of 3 mL propanol/methyl tertiary-butyl ether (10/90 

v/v%) had recoveries from 80.1-106.3% (90).  Xenoestrogens (BPA, 4OP, 4NP) and the 

synthetic hormone DES extracted using C18 SPE with elution with 2 mL methanol; 

dichloromethane and hexane had good recoveries (87.4-116.9%) (91).  Recoveries were 

generally acceptable (85-110%) when Oasis HLB or C18 was used for SPE of estrogens 
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(90, 91).  Some elution solvents however are not compatible with LC-MS/MS analysis 

(dichloromethane and hexane) and require a solvent exchange step.  Lower recoveries of 

the xenoestrogens (BPA, 4OP, 4NP) have been observed with Oasis HLB, but are 

dependent upon sorbent amounts and elution volumes of solvents (89, 94). 

Prednisone and prednisolone have been analyzed with other corticosteroids and 

with estrogen/ androgen groups (55, 84).   They have both on-line and off-line processing 

methods (55, 84).  Oasis HLB has been mainly used as the main extraction sorbent. C18 

has been used as a clean-up sorbent (84).  Both HLB and C18 had good recoveries for 

prednisone and prednisolone at neutral pH (55).                                                   .
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3.  EXPERIMENTAL PROCEDURE 

This chapter describes the materials and methods developed to recover and detect 

the list of target analytes (see Table 1.1) in surface water and wastewater samples 

collected in Saskatchewan.  Method optimization included selection of the best solid-

phase extraction (SPE) sorbent, choice of solvent and elution volume necessary to 

provide desired recoveries (85-110%), and compatibility to LC-ESI--MS/MS detection 

needs.  The mobile phase necessary for optimal separation and MS detection needs was 

determined.  Matrix effect and the limits of detection (LODs) were determined for the 

target analytes.  This chapter also summarizes the calculation required for theoretical 

concentrations of the excreted estrogens (E1, E2, E3 and EE) based on excretion factors 

from Kostich et al 2013 (111). 

 

3.1 Materials and chemicals 

All organic solvents (acetonitrile, ethyl acetate, methanol and 2-propanol) are 

pesticide-grade analytical solvents supplied by Fisher Scientific (Ottawa, ON, Canada).  

Deionized water (18 M Ω cm resistivity) was prepared in the lab using a Nanopure 

DiamondTM System (Barnstead International, Dubuque, IA, USA).  Aqueous ammonia 

(21% w/v) and glacial acetic acid (EMD chemical Inc.) were purchased from VWR 

Scientific (West Chester, PA, USA).  SPE format cartridges of Oasis HLB, MAX and 

MCX (500 mg, 6 mL) were purchased from Waters Limited (Milford, MA, U.S.).  C18 

SPE cartridges (1000 mg, 6 mL) were purchased from Canadian Life Science 

(Peterborough, ON, CA).  All qualitative filter papers (glass microfiber filters 934-AHTM 
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and Filter papers 113TM) were purchased from Whatman (Florham park, NJ, U.S.).  All 

procedures for both standard recovery tests and water/wastewater samples processing and 

analyses were carried out in a clean room (class 100).  

 

3.2 Standards 

Standards of bisphenol-A, BPA, (97.0%), 4-octylphenol, 4OP, (99.0%), and 

diethylstilbestrol, DES, (99.6%), were purchased in solid form from Sigma-Aldrich 

(Oakville, ON, CA), while 4-nonylphenol, 4NP, (99%), in solid form was obtained from 

Fluka (St.  Louis, MO, USA).  Other natural and synthetic hormonal standards were 

obtained in solution.  Estrone (E1), 17β- estradiol (E2), estriol (E3) and 17α-ethinyl 

estradiol (EE) (>90% purity) at 1.0 mg/mL standards in methanol (MeOH) were 

purchased from Cerilliant (Round Rock, TX, USA).  Prednisone (PRDN) and 

prednisolone (PRNL) (>90% purity) 100 μg/mL in acetonitrile (MeCN) were supplied by 

Cerilliant (Round Rock, TX, USA).  Bisphenol A-d16 ,BPA-d16, (99.0%D), 4-nonylphenol 

2, 3, 5, 6-d4,  4-NPd4, (98.9%D)  and gemfibrozil-d6 (2, 2-dimethyl-d6) were purchased 

from C/D/N isotopes (Pointe-Claire, Quebec, Canada) in solid forms.  Estrone 2, 4, 16, 

16-d4, (E1-d4) (97%D) was obtained in liquid form (5 mg/100 mL) from Cambridge 

isotopes laboratories (Tewksbury, MA, USA).    

 

3.3 Sampling and pre-treatment 

Sampling was carried out by Water Security Agency (WSA) at six WWTPs in 

Saskatchewan.  Additional samples upstream and downstream to each WWTP were also 
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collected by WSA.  Our lab provided the sampling bottles for the grab samples.  The 

standard amber bottles of one-liter capacity were cleaned by acid bath impregnation for 

minimum of 24 hours, followed by rinsing with deionized water and drying in an oven 

for 8 hours at 100C.  Six wastewater treatment plants were sampled and analyzed in this 

study.  The sampling sites include both urban and rural wastewater treatment plants 

(WWTPs).  The source of wastewater to the WWTP is mixed with sources including 

sanitary, industrial and some agricultural discharge.  All WWTPs have a secondary 

treatment process. The WWTPs operational parameters are represented in Table 3.1 

(107).  The raw and treated wastewater samples were taken at the WWTPs.  Surface 

water samples were also collected at upstream and downstream river locations for the 

same sampling period.  All samples were delivered the same day of sampling and the 

filtration and SPE was completed within 24 hours.  All procedures following delivery of 

the water samples were carried out in a class 100 clean room.  Immediately after delivery 

the water samples were filtered by vacuum filtration through glass fibre filters 934-AH 

(1.5 μm pore size) for the upstream, downstream and treated wastewater samples.  In 

most cases the raw wastewater sample had high particle loadings and required sequential 

filtration.  
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Table 3.1 Parameters of the WWTPs located in Saskatchewan.  Taken from (107).   

WWTP* Population 

Served by 

WWTP 

Wastewater 

source 

Secondary 

wastewater 

treatment 

Daily flow rate (m3/day) 

 

Wastewater 

temperature (C) 

winter/summer 

HRT 

1 220000 Mixed Yes 86000 10.0-20.0 10-17hrs 

2 250000 Mixed Yes 85000 10.0-18.0 24hrs 

3 15000 Mixed Yes 7,320 6.8-19.2 NA 

4 17000 Mixed Yes 5,000 NA NA 

5 16000 Mixed Yes 11,360 NA 3hrs 

6 36000 Mixed Yes 11500 9.0-19 NA 

Mixed as defined as domestic and industrial sources; HRT= hydraulic retention time, NA=not available; *the locations of the WWTPs have been protected from 

publication in agreement with WSA
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For these raw wastewater samples, the water was filtered through a Whatman grade 

113 (30 μm pore size) filter followed by the glass fibre 934-AH filter.  After filtration the 

pH was measured and adjusted to pH of 7.00.1 using either acetic acid or ammonium 

hydroxide.  To improve the flow through SPE sorbents 10 mL of methanol was also 

added per 1 L water.  No stabilization additives were added.  Samples were stored on ice 

or in a refrigerator if stored overnight prior to SPE procedure. 

 

3.4 Solid-phase extraction procedure 

Samples were all delivered on the day of sampling.  The pre-treatment steps 

(including filtration and reagent addition) and SPE loading and drying of SPE cartridge 

were completed within 24 hours of sample delivery.  C18 SPE cartridges were 

conditioned with 5mL of ethyl acetate, 10 mL of methanol, and 10 mL of H2O at pH=7.  

A 1 L surface water or 500 mL of wastewater sample was then loaded at a rate of 200 

mL/hour.  Drying of the cartridges was applied for minimum of 3 min under gentle 

pressure after which the cartridges were stored in dark at -4C.  The elution of the target 

analytes from the stored SPE tubes, subsequent pre-concentration of the eluted extract 

and LC-ESI--MS/MS analysis was completed in 5 days or less.  SPE tubes were brought 

to room temperature and washed with 2 mL of water at pH=7.  Two surrogates (50 μL of 

10 μg/mL 4NP-d4 and equilin at 500 ng/mL) were added and the wash was collected into 

F0.   An additional 0.8 mL of acetonitrile (MeCN) was added to the SPE tube and eluted 

in the F0 fraction, which did not contain target pesticides.  A 15.2 mL volume of MeCN 

was used to elute the target analytes into a 15 mL pre-weighed vial, which was labelled as 
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the F1 fraction.   The eluted F1 extracts were dried to 0.8 mL at a rate of 0.5 mL/hour in a 

SPE apparatus under slight vacuum (0.5 mmHg) and air flow (cleanroom air) from the 

slight opening of the SPE valves.  After drying, volume check was added at 25 μL of 10 

μg/mL (250 ng/mL).  Reconstitution was done with two different methods for standard 

addition and internal calibration curve as described in section 3.6.  

 

3.5 LC-ESI--MS/MS analysis  

Instrumental analysis was conducted using waters LC system with1525 μ binary 

pump, equipped with an auto sampler from Leap Technologies (Minneapolis, MN, USA).  

Separation column was Phenomenex Gemini C18 (150 mm length x 2.0 mm i.d., 3μm) 

connected to a pre-column Phenomenex Gemini C18 (4 mm length x 2.0 mm i.d.).  Flow 

rate was 0.2 mL/min and injection volume was 5 μL. Every injection is accompanied by 

two pre- and post- rinses with ethyl acetate and methanol.  Separation was optimized 

using a mobile phase containing water and methanol (organic modifier).  The mobile 

phase gradient started at 70 v% methanol, increased linearly to 85 v% methanol from 

0.00 to 4.00 minutes, held at 85 v% for another 3 minutes. This is followed by a further 

increase in methanol content to 100 v% from 9.00 to 14.50 minutes.  Re-equilibration of 

the column to initial mobile phase takes place for 10.10 minutes such that the total run 

time was 25 minutes.  Target analytes elute within 14 minutes. 

The LC system is connected to the Quattro premier tandem mass spectrometry 

(Milford, MA, USA).  The source temperature is set to 120 °C and the desolvation 

temperature was 390 °C.  The desolvation N2 gas flow was 800 L/hr and the cone N2 gas 
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flow was 100 L/hr.  Electrospray ionization was used in negative ion mode with the 

capillary voltage set to 2.90 kV.  The collision gas was argon at 0.18 mL/min or 1.6X10-3 

mbar.  The parameters of the individual selected reaction monitoring transitions (SRMs) 

such as collision energy and cone voltage are shown in Table 3.2.  The first SRM shown 

for each compound is the quantitative SRM, while the 2nd or other SRMs are used for 

confirmation of analyte identity.  The minimum concentration that showed a percent 

relative standard deviation (%RSD) of less than 25% from the best-fit line determined 

from least-square regression analysis for both the quantitative and qualitative SRM 

transitions was established as the LODs.  Infusion experiments were carried out in ESI- 

mode using pure standards at 1 μg/mL and a syringe pump infusion rate of 50 μL/min to 

determine the SRMs and optimal cone and collision energy.                                 .                                                   

.    
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Table 3.2 MS parameters for individual analytes.   

Compound Retention 

time 

(min) 

Parent ion 

(m/z) 

Daughter 

ion 

(m/z) 

Cone voltage 

(Volts) 

Collision 

energy 

(eV) 

Natural estrogens 

E1 7.02 269 

269 

269 

269 

145 

143 

159 

183 

50 

50 

50 

50 

40 

40 

35 

40 

E2 6.95 271 

271 

271 

145 

183 

271 

50 

50 

50 

45 

45 

1 

E3 3.98 287 

287 

145 

171 

50 

50 

40 

40 

Synthetic estrogens 

DES 6.57 267 

267 

267 

252 

238 

222 

40 

40 

40 

25 

30 

35 

EE 6.69 295 

295 

295 

145 

159 

295 

50 

50 

50 

40 

40 

1 

Xenoestrogens 

4NP 13.80 219 

219 

106 

219 

35 

35 

20 

1 

4OP 13.13 205 

205 

106 

205 

35 

35 

20 

1 

BPA 5.62 227 

227 

212 

133 

30 

30 

17 

20 
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Compound Retention 

time 

(min) 

Parent ion 

(m/z) 

Daughter 

ion 

(m/z) 

Cone voltage 

(Volts) 

Collision 

energy 

(eV) 

Glucocorticoids 

PRNL 5.02 359 

359 

359 

329 

328 

359 

35 

45 

35 

10 

10 

1 

PRDN 

 

 

4.34 358 

327 

327 

327 

300 

327 

45 

45 

35 

10 

10 

1 

Standards and surrogates 

BPA-d16 

(IS) 

5.44 241 

241 

223 

241 

30 

30 

20 

1 

E1-d4 (IS) 6.84 273 

273 

273 

273 

147 

145 

161 

187 

50 

50 

50 

50 

40 

40 

40 

40 

4NP-d4 

(SURR) 

13.80 223 

223 

110 

223 

30 

30 

21 

1 

Equilin 

(SURR) 

6.84 268 

268 

268 

143 

224 

225 

50 

50 

50 

30 

40 

40 

Gem-d6 

(VC) 

11.58 255 

255 

121 

255 

20 

20 

20 

1 

*IS=internal standard, VC=volume check standard, SURR= Recovery surrogate 

 

 

 

 



 

 51 

3.6 Matrix effect determination and standard addition calibration 

For the solvent-based internal standard calibration, the target analyte standards 

were added at 0.5, 1, 2, 5, 7, 10, 15, 25, 50 75 and 100 ng/mL.  The internal standards, 

BPA-d16 and E1-d4, were added to the calibration standards and the samples at 

concentrations of 500 ng/mL and 50 ng/mL, respectively.  The amount of sample extract 

added was 100 μL.  The aliquots were diluted with adding 100 μL of H2O and 50 μL 2-

propanol to achieve a final volume of 1 mL (v/v% is 50/50 MeOH/MeCN).  When matrix 

effect was severe, a second dilution of 50L sample extract in 1mL was added.  For 

internal standard calibration using solvent-based standards the Y-scale is peak area of 

standard/peak area of IS and x-scale is concentration of target analyte.   

The matrix effect can be calculated by comparison of the slopes from standard 

addition and the internal standard calibration (solvent-based standards) curves as follows: 

%ME=
(𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒−𝑠𝑙𝑜𝑝𝑒 𝑜𝑓𝑠𝑜𝑙𝑣𝑒𝑛𝑡−𝑏𝑎𝑠𝑒𝑑 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠)

𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑠𝑜𝑙𝑣𝑒𝑛𝑡−𝑏𝑎𝑠𝑒𝑑 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒
 X100           (3.1) 

 

3.7 Prediction of concentrations of natural estrogen in wastewater  

For the mathematic estimation of concentrations of natural estrogens in wastewater 

samples, Johnson and William 2004 model was used (109).  The average excretion of 

natural and synthetic estrogens for different population groups was taken from Kostich et 

al (111) (Table 3.3).  Male population size for the six cities in this study was obtained 

from the Canadian census estimates for the year 2016 and the pre-pubertal male estimates 

were determined from total male population by the percentage of males under 15 years 
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(112, 113).  The female demographic group was further subdivided to menstruation 

females (15-59 years old) and menopausal females are assumed to be >59 years old.  

Pregnancy rates were estimated from the live birth records obtained from the Health 

Ministry of Saskatchewan (113).  The numbers of abortions/ stillbirths may contribute to 

the total estrogenic excretion, however these records could not be obtained which may 

add another factor of underestimation to this model.  Menopausal women numbers on 

hormonal replacement therapy (HRT) were estimated from the rates of HRT consumption 

among menopausal women (112). 

Resident populations, demographic strata and group size percentages are 

represented in Table III in Appendix I.  Input of the natural estrogens into the wastewater 

treatment plant can be determined from the total excretion per particular demographic 

stratum from the equation below: 

𝑅𝑎𝑤 𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟 𝑒𝑠𝑡𝑟𝑜𝑔𝑒𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =

                         
𝐸𝑠𝑡𝑟𝑜𝑔𝑒𝑛 𝑒𝑥𝑐𝑟𝑒𝑡𝑖𝑜𝑛 𝑝𝑒𝑟 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑋 𝑡𝑜𝑡𝑎𝑙 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛

𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑊𝑊𝑇𝑃
                                       (3.2) 
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Table 3.3 Excretion factor for natural estrogens.  Taken from (111). 

Population stratum Excretion Factor 

for E1 

(g/day) 

Excretion Factor 

for E2 

(g/day) 

Excretion Factor 

for E3 

(g/day) 

Excretion Factor 

for EE 

(g/day) 

Adult Male 3.51 1.83 3.21 0 

Female child 0.595 2.5 0.918 0 

Male Child 0.629 0.54 0.731 0 

Menstruating woman 9.32 6.14 17.4 0 

Pregnant woman 787 277 9850 0 

Menopausal, no HRT 2.93 1.49 3.9 0 

Menopausal, with HRT 31.5 59.2 90.7 0 

Contraceptive Pill 0 0 0 13.1 

Contraceptive Patch 0 0 0 15 

Contraceptive Ring 0 0 0 11.3 
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4.  RESULTS AND DISCUSSION 

This chapter discusses the development of the new LC-ESI- -MS/MS method to 

simultaneously determine the target list of EDCs (see Table 1.1), including sample 

preparation using SPE, choice of column and optimization of LC and MS/MS conditions.  

The occurrence of the EDCs is presented in raw and treated wastewater samples as well 

as upstream and downstream to major WWTPs in Saskatchewan.   Matrix effects were 

evaluated using solvent-based standards and standard addition ratio.  Removal 

efficiencies of the WWTPs processes are calculated.  The presence of natural estrogens in 

raw and treated wastewater is compared to the predicted excretion of estrogens per 

population size and strata to evaluate the estrogen sources.  

     

4.1 Optimization of SPE condition 

When developing an SPE procedure, the main factors that must be optimized to 

obtain satisfactory recoveries (85-110%) of the analytes of interest are the choice of the 

SPE sorbent, the elution solvent, and the elution volume of selected solvent needed to 

elute target analytes from the given mass of sorbent selected.  The choice of solvents of 

the extract obtained from SPE must also be compatible with the LC-ESI--MS/MS 

method.  Prior work that was part of a contract of the Raina-Fulton lab with Water 

Security Agency using Oasis HLB at pH 3 for loading of water samples containing 

pharmaceuticals showed no detection of the targeted list of EDCs.  As C18 sorbents are 

ideal for non-polar analytes, they were evaluated as an alternative SPE sorbent.  End 

capped C18 was our first choice for the EDCs of interest.   
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A preliminary test for BPA, 4NP, and 4OP loading onto the C18 sorbent (1000 

mg/6mL) and elution with various solvents was completed (see Figure 4.1).  Low 

recoveries (<80%) for BPA, 4NP, and 4OP were observed when elution from C18 was 

completed with 20 mL of methanol or 50/50 v/v % methanol/acetonitrile (Figure 4.1 A, 

and B).  Furthermore, BPA, 4OP, and 4NP observed stability issues when sample 

preparation took over 1 week even if extracts were stored in the refrigerator overnight.  

Several days are required for the drying of the extracts to 0.8 mL at 0.5mL/hour to pre-

concentrate the target analytes.  Degradation of BPA and 4NP analytes in methanol has 

also been observed within 7 days (80).  Precipitation of injected samples occurred in the 

LC-MS/MS system when methanol was used as the elution solvent for SPE and when 

methanol was used for dilution of samples prior to analysis.  This precipitation was 

evident on the pre-column over time and deterioration in peak shapes was observed.  

Retention time shifts and reduced MS sensitivity were also observed if samples were 

stored for more than 1 week from time of elution from the SPE cartridge.    

Figure 4.1C shows that when the target analytes were eluted from C18 with 15.2 

mL of acetonitrile recoveries > 80% were obtained and the majority of target analytes 

eluted in the first 10 mL, BPA showed an early elution within the first 5mL of 

acetonitrile.  4 NP and 4OP needed 10 mL and 15mL, respectively for optimal recoveries. 
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Figure 4.1 Elution profile of BPA, 4OP and 4NP for SPE with C18 (1000mg/6mL) 

sorbent and 20 mL of different elution solvents.  Elution solvent: A, methanol; B, 50/50 

v/v% methanol/ acetonitrile; and C, acetonitrile. 
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No stability issues were observed when acetonitrile was used as the elution solvent 

during the pre-concentration step.  MS sensitivity of the target analytes is lower in 

acetonitrile mobile phases as compared to methanol mobile phases, however analyte 

stability is poor in methanol.  To avoid degradation of the target analytes the 

preconcentrated extracts from SPE are diluted just prior to LC-ESI--MS/MS analysis such 

that the solvent composition of the sample prepared for injection was MeOH/MeCN 

50/50 v/v%.  By keeping the mobile phase the same (methanol/water gradient) and only 

changing the solvent composition in the diluted SPE extract prior to injection, the 

analysis can be completed with minimal reduction in MS sensitivity.   

A wash volume of 2.0 mL of H2O was chosen as higher volumes resulted in earlier 

elution of the BPA into the F0 fraction.  As can be seen from Figure 4.1 the first 1 mL of 

the elution of acetonitrile shows no detection of target analytes, so 0.8 mL of 

acetonitrile was also eluted into the F0 wash fraction to aid in removal of more polar 

matrix components. 

The total recovery within 15.2 mL of acetonitrile is shown in Figure 4.2.  To ensure 

all target analytes were eluted into the F1 fraction 15.2 mL of acetonitrile was evaluated 

which was the maximum volume the standard 15.0 mL vials could hold.  This volume 

was considered the maximum volume to be practical for the subsequent drying steps to 

avoid problems with the stability of the target analytes given the drying rate of 0.5 mL/hr.  

Recoveries of target analytes on commercially available sorbents including Oasis HLB, 

Oasis MAX, and C18 were evaluated.  
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Figure 4.2 Total recoveries of BPA, OP and NP from C18 (1000mg/6mL) using total 

volume of 20 mL of each of MeOH, MeOH/MeCN 50/50 and MeCN.  Fraction specific 

elutions are represented in Figure 4.1.  
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For initial testing of recoveries using C18 and acetonitrile as the elution solvent, 

BPA, E2, EE, 4OP, 4NP were selected as representative target analytes and the SPE 

elution step was 2 mL of H2O and 0.8mL of acetonitrile were eluted into the F0 fraction, 

15.2 mL of acetonitrile eluted in the F1 fraction, and an addition 15.0 mL acetonitrile was 

eluted (fraction F1-2).  A different pH value was used for loading of the water sample 

depending on the SPE sorbent selected.  Analytes were dissolved in 100 mL H2O at 

pH=7.0 and loaded onto the C18 sorbent or at pH=3.0 with Oasis HLB and MAX.   

The standard procedure for pharmaceuticals utilized Oasis HLB or MAX requires 

the pH of the water sample adjusted to 3.0 (81, 84).  For Oasis MAX the elution process 

also differs with 5 v% NH4OH in H2O used in the wash step and 2 v% formic acid (in 

acetonitrile) (81).  Figure 4.3 shows that acceptable recoveries with Oasis HLB were 

obtained for E2, EE, 4NP and 4OP in the F1 fraction, however most of the BPA was 

recovered in the 2nd 15 mL fraction (F1-2) such that a large elution volume of 30 mL 

would be required if Oasis HLB (500 mg/ 6mL) was used.  This large elution volume 

would require at least 10 days to pre-concentrate the target analytes, which is impractical.  

Target analytes eluted from Oasis MAX observed low recoveries with this solvent choice 

as shown in Figure 4.3.  

When C18 sorbent (1000 mg/6mL) was selected for SPE, the pH of the water was 

selected to be 7.0 0.2 to avoid the use of additives for pH adjustment that could alter MS 

sensitivity if not removed completely during the preconcentration step.  The pKa of the 

target analytes is high (pKa for BPA, estrogens and surfactants, prednisone, and 

prednisolone were 9.8, 10.2-10.5, 12.4, and 12.5, respectively) such that the target 

analytes would not be ionized (96, 114). 
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Figure 4.3 Average recoveries of selected target analytes BPA, 4OP, 4NP, E2 and EE on Oasis HLB and MAX at pH=3, and C18 at 

pH=7.  F1, 1st elution with 15 mL MeCN; F2, 2nd elution with 15 mL MeCN; n=3.   The error bars represent the relative standard 

deviation for triplicate samples.
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 It was determined that additives such as formic acid if present in the extract 

obtained from SPE or in the mobile phase used for the separation reduced MS sensitivity 

dramatically.  Figure 4.2 shows that average recoveries were >80% for the target 

analytes.  A trace (<1%) of 4OP and 4NP was detected in the F2 fraction such that the 

final elution volume was selected to be 15.2 mL to ensure complete elution of target 

analytes.  The reproducibility of recoveries for target analytes when C18 SPE sorbent was 

used was also better than Oasis HLB as shown in Figure 4.3.  Other studies have also 

chosen C18 (500-1000 mg) for analysis of a range of EDCs due to better reproducibility 

(85, 93).  Subsequent recovery tests were completed for all target analytes in this study at 

three concentrations (20 ng/L, 100 ng/L and 500 ng/L).  The recoveries of the target 

analytes (see Table 4.1) were in the desired range of 85-110% except at low 

concentration (20 ng /L) for E3, 4NP, and PRNL, but still greater than 80%.  The percent 

relative standard deviation was less than 15%.    
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Table 4.1 The retention times, recoveries, and LODs of the developed method. 

Compound Retention 

time 

(min) 

Quantitative 

SRM,  

Confirmation 

SRMs 

Recovery% at 20 

ng/L, 100 ng/L, and 

500 ng/L  ± RSD% 

(n=4) 

SRM1/SRM2 ratio (±RSD%) 

SRM1/SRM3* 

SRM1/SRM4** 

LODs (ng/L) 

E1 7.02 269→145, 

269→143, 

269→159,  

269→ 183 

88.0 ± 12.8, 

93.6 ± 4.10, 

98.3 ± 5.45 

9.03±19.9% 

5.27±23.1%* 

8.30 ± 19.4%** 

 

2.0 

E2 6.95 271→145, 

271→183, 

271→271 

89.7 ± 6.55,   

105 ± 6.48, 

105 ± 1.39 

1.20 ±8.58% 

2.98 ±10.5%* 

5.0 

E3 3.98 287→145, 

187→ 171 

82.4 ± 12.4, 

102 ± 9.08, 

98.3 ± 5.46 

0.59 ±21.5% 3.0 
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Compound Retention 

time 

(min) 

Quantitative 

SRM,  

Confirmation 

SRMs 

Recovery% at 20 

ng/L, 100 ng/L, and 

500 ng/L  ± RSD% 

(n=4) 

SRM1/SRM2 ratio (±RSD%) 

SRM1/SRM3* 

SRM1/SRM4** 

LODs (ng/L) 

DES 6.57 267→252, 

267→222, 

267→ 237 

86.0 ± 5.42, 

87.4 ± 3.10, 

95.3 ± 7.71 

1.05±6.52% 

1.081±7.29%* 

5.0 

EE 6.69 295→145,  

295>195, 

295 →295 

99.8 ± 14.4, 

112 ± 14.2, 

108 ± 2.14 

1.45±21.3% 

0.92±10.63%* 

10. 

4NP 13.80 219→106, 

219→219 

80.5 ± 9.49, 

105 ± 13.0, 

93.3±5.88 

1.00±1.22% 2.0 

4OP 13.13 205→106,  

205 →205 

85.6 ± 7.98, 

109 ± 10.3, 

91.2 ± 8.18 

1.00±1.02% 1.0 
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Compound Retention 

time 

(min) 

Quantitative 

SRM,  

Confirmation 

SRMs 

Recovery% at 20 

ng/L, 100 ng/L, and 

500 ng/L  ± RSD% 

(n=4) 

SRM1/SRM2 ratio (±RSD%) 

SRM1/SRM3* 

SRM1/SRM4** 

LODs (ng/L) 

BPA 5.62 227→212, 

227→133 

89.7 ± 4.23, 

100 ± 3.84, 

112 ± 3.28 

1.56±17.3% 1.0 

PRNL 5.02 359→329, 

359→259,  

359 →359 

80.2 ± 6.56, 

91.1 ± 8.14, 

88.5 ±15.0  

3.82± 1.97% 

10.86±4.45%* 

10. 

PRDN 4.34 358→327, 

327→300, 

327→327,  

84.3 ±5.53, 

96.9 ± 8.10, 

90.0 ± 4.56 

4.19±9.27% 

13.8±14.5%* 

10. 

Total volume 1 L water, 2 mL extract, and 50/50 dilution of the extract for analysis  
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4.2 Optimization LC-ESI--MS/MS parameters 

Estrogenic ECDs have relatively weak retention on C18 columns such that mobile 

phase conditions have to also be appropriately selected for the separation.  It was found 

that Phenomenex Gemini C18 (150 mm x 2.0mm, 3μm) with a precolumn, Phenomenex 

Gemini C18 (4 mm x 2.0mm), could provide adequate retention of EDCs and sufficient 

chromatographic resolution for EDCs with the same or similar SRMs (see Table 4.1) 

when methanol/H2O was used as the mobile phase.  Target analytes with partial co-

elution will be further discussed in the MS/MS conditions.  A flow rate of 200 μL/min 

improved the MS sensitivity and reduced peak widths observed.  In general, E3 and 

glucocorticoids (PRDN and PRNL) were eluted first, followed by BPA. The target 

analytes, 4OP and 4NP, and the volume check gemfibrozil-d6 were retained longer and 

needed higher concentrations of methanol in the mobile phase to elute all target analytes 

such that the gradient for the separation ranged from 70% to 100% methanol.   

MS sensitivity of the target analytes, particularly BPA, 4OP, and 4NP were 

significantly lower when the organic modifier was acetonitrile as compared to methanol.  

The use of methanol allowed for a higher percentage of organic modifiers to be used in 

the mobile phase, which also improves MS sensitivity.   As noted previously the extract 

from SPE stage contains acetonitrile and these extracts were diluted in a 50/50 v/v% 

mixture of methanol/acetonitrile to minimize degradation, while maintaining MS 

sensitivity for the LC-ESI--MS/MS analysis. 

Table 4.1 shows all analytes had unique SRMs.  Although BPA and DES, E1 and 

Eq partial co-elution on C18 column used in the separation, their response could be 
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isolated for the quantitative and confirmation SRMs.  Several deuterated standards were 

evaluated for internal standard, surrogate standard, and volume check standard (extract 

volume determination).  BPA-d16, E1-d4, were selected as internal standards as they had 

no response for the SRMs for the target analytes over the concentration standards range 

used.  Deuterated and non-deuterated standards (BPA and BPAd16, E1 and E1d4, and 4NP 

and 4NPd4) co-eluted with each other as shown in Figure 4.4, however the response of 

the SRMs for could be isolated from each other as at the concentration of the deuterated 

standard used there is no response at the SRM selected for BPA, E1, or 4NP.  Other 

deuterated standards that were evaluated included 17α-estradiol-2,4-d2 and 17β-estradiol-

2,4-d2, however they were excluded from this study as co-elution with E2 occurred and 

the deuterated standards also gave a response for the SRM of E2 at the lowest 

concentrations feasible for detection. 
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Figure 4.4 Quantitative and confirmation SRMs chromatographs of target analytes and 

main standards and surrogates.  A, Quantitative SRM chromatographs with compound 

identity noted as follows: 1: E3 (287>145), 2:PRDN (358>327), 3:PRNL (359>329), 4: 

BPA-d16(241>227), 5:BPA(227>212), 6:DES(267>252), 7:EE(295>145), 

8:E2(271>145), 9:E1(269>145), 10:Eq(268>143), 11:E1-d4(273>147), 12:Gem-

d6/50(255>121), 13: 4OP/10(205>106), 14:4NP-d4/10(223>110), 15:4NP/10(219>106)].  

B, Confirmation SRM Chromatographs. Compounds identity and selected SRM noted as 

follows: 1, E3 (287>171); 2, PRDN (327>300); 3, PRDN (358>328); 4:PRNL 

(359>259); 5:PRDL/10(359>359) 6:BPA (227>133), 7:DES/20(267>237), 

8:DES/20(267>222), 9:EE/10(295>295), 10:EE (295>195), 11:E2(271>183), 

12:EE/1o(271>271), 13:E1(269>143), 14:E1(269>183), 15:4OP/65(205>205), 

15:4NP/40(219>219).  For some transitions, the abundance (Y-scale) is divided by factor 

of 10, 40, 50 or 65 to fit the scale as noted after compound identity.  SRM monitored 

noted in brackets. 
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The SRM with strongest response for the target analytes was selected as the 

quantitative SRM, while the second most intense response was selected for the 

confirmation SRM.  As shown in Table 4.1 each analyte has at least one confirmation 

SRM.  In some cases there was only one fragment of significant abundance with collision 

induced dissociation such that [M-H]- → [M-H]- was selected for the confirmation with 

no collision energy (4OP; 205>205 and 4NP 219>219).  For confirmation, the ratio of 

SRM1/SRM2 must be within the relative standard deviation (RSD) determined from day 

of analysis and typically within the acceptable as presented in Table 4.1 from analysis 

completed on April 27th 2018.  Typical linearity was from 1 ng/L (or LOD) to 100 ng/L 

with regression coefficients >0.996 for all the analytes.  This standard concentrations 

range was appropriate for determination of samples diluted 0.1/1.  Analysis of blank 

samples completed before and after each set of samples or standards showed no carry-

over problems (no response to all target analytes).   

Various mobile phase additives such as formic acid and ammonia were evaluated 

for both influence on chromatographic separation conditions and MS sensitivity of target 

analytes.  Formic acid (0.05-0.1 v%) caused significant signal suppression particularly for 

xenoestrogens (BPA, OP, and NP) such that the use of formic acid in the mobile phase 

was not feasible.  It was also found that if formic acid or acetic acid was present in 

sample extracts and not removed during the drying steps signal suppression was 

observed.  In addition, traces of formic acid present in the LC-MS/MS system from prior 

analysis had to be flushed for minimum of 2 days to avoid loss of MS sensitivity.  The 

lack of flushing of the LC-MS/MS system is likely a significant source of the variable 
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results observed in the literature and it is critical to obtaining consistently low detection 

limits.  Other common additives including ammonia (1 v%) did not improve the MS 

sensitivity as shown in Figure 4.5.  Ammonium acetate (5-10 mM) slightly improved the 

LODs for Eq and PRNL, but increased the LODs for the other compounds significantly.  
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Figure 4.5 LODs of target analytes obtained with different mobile phases.  Mobile 

phases: Pure methanol/ water, methanol water with 1%volume ammonia, and 

methanol/water with 5mM ammonium acetate.  Column: Separation column was 

Phenomenex Gemini C18 (150 mm length x 2.0 mm i.d., 3μm) connected to a pre-

column Phenomenex Gemini C18 (4 mm length x 2.0 mm i.d.).  Mobile phase gradient: 

70-100% methanol with additives noted and flow rate of 0.2 mL/min.  Error in repeat 

analysis and day-to-day variation based on methanol/water analysis is <1 ng/L.
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4.3 Evaluation of matrix effects in the analysis of EDCS in wastewater by LC-ESI- -

MS/MS  

Initial evaluation of treated wastewater effluent and raw wastewater (diluted 0.1 

mL/1 mL) showed moderate to severe MS suppression.  LODs and linearity of the 

calibration curve were not significantly affected by the encountered matrix from sample 

run during the continuing calibration curve (standards and blanks run before and after 

sample injections).  Matrix interferences and baseline shift were observed for the raw and 

treated wastewater samples and more severe for the raw wastewater matrix.  Three 

distinct large matrix blobs were identified in the chromatograms from raw and treated 

wastewater at 4.09, 6.84 and after 12.00 minutes of elution time.  Recoveries for SPE and 

preconcentration steps were >85% as assessed from the deuterated surrogate (4NP-d4 and 

EQ).  For surface water samples it is expected that the presence of humic and fulvic acids 

is the main attribute to the matrix suppression effect and no chemical additives were 

added during the water treatment process (60-68, 78, 107).   

To evaluate matrix effects the percentage matrix effect (ME%) was determined by 

comparison of the slope of the standard addition curve with the slope of the solvent based 

standards (see equation 3.1).  When preparing standards for standard addition calibration 

the standard is added directly to aliquots of sample such that the standard solution 

contains matrix (see section 3.6).  Negative % matrix effects (ME) value means MS 

signal suppression, and positive %ME values indicate MS signal enhancement (114-117).  

The categorization of matrix effect can be interpreted as soft (0 to  20%), moderate 

(>20 to  50%) and severe (>  50%) (115).  When matrix effects are soft then solvent-
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based standards with internal standard calibration can be used (herein referred to as 

solvent-based standards).  For moderate matrix effects matrix matched standards or 

standard addition calibration are typically used, while for severe matrix effects standard 

addition is used if good linearity in the calibration curve and the required method 

detection limits can be obtained. 

Figure 4.6 represents an example of the calibration curves (solvent-based and 

standard addition calibration) for BPA.  For the standard addition calibration, a 

calibration curve is completed for every sample and consequently there is a standard 

addition calibration curve for upstream, downstream, raw and treated wastewater from 

WWTP3 (~15,000 population) representing each matrix type.  As can be seen good 

linearity is obtained for the analytes for all calibration curves, however MS signal 

suppression is evident by the reduction in slope of standard addition calibration curves 

relative to solvent-based (solvent-only) calibration.  The calibration curves for BPA are 

typical of most analytes from water samples collected at WWTP3 where MS signal 

suppression is observed for all sample types (upstream, downstream, raw and treated 

wastewater).  At this site, BPA has a lower slope of the calibration curve for standard 

addition of the treated wastewater as expected from the heavy matrix in wastewater 

relative to surface water.  All the WWTP showed similar matrix effect with the highest 

effect (either suppression or enhancement) in raw wastewater with WWTP1, 4 and 5, and 

in treated wastewater for WWTP2 and 3.  The linear regression equations and the r2 

values for each calibration curve from WWTP3 are shown in Appendix II, Table I.    
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Figure 4.6 Calibration curves for BPA in presence or absence of matrix. Best –fit linear 

regression equation and r2 values are presented in Table I of Appendix II.   
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Figure 4.7 shows the average matrix effects observed for each target analyte 

determined from water samples collected at five wastewater treatment plants located in 

Saskatchewan (WWTP1-5, see Table 3.1).  Matrix effects for samples analyzed at each 

wastewater treatment plant are provided in Appendix II (Figures I-V).  MS signal was 

suppressed for BPA, EE, and PRDN with matrix effect generally ranging from moderate 

to severe in all sample matrices.  The matrix effect for 4OP and 4NP ranged from soft 

signal suppression or enhancement to severe signal suppression (>-50% ME) in treated 

and surface water. Severe MS signal suppression of 4OP and 4NP was observed for all 

raw wastewater sample matrices with only a smaller variation in magnitude of %ME 

between sites.   The MS signal at SRM (359>329) measured for PRNL was less prone to 

signal suppression than the signal at SRM (358>327) measured for PRDN (PRDN and 

PRNL have retention times of 4.34 and 5.02 minutes, respectively).  MS signal 

enhancement was observed in the upstream water samples for PRNL and to a lesser 

extent for PRNL.  This could be native to the transitions of both PRDN and PRNL with 

the LC separation conditions as the magnitude of signal suppression correlates with the 

load of matrix in raw, treated wastewater, upstream and downstream surface water.  The 

range of %ME for E1, E2, and DES was larger in raw wastewater than other sample 

matrices attributed to the highly variable nature of the raw wastewater matrix at the 

different WWTPs.  The response of DES at SRM (267>252) more commonly observed 

MS signal enhancement than other target analytes even in raw wastewater, and there was 

evidence of baseline shifts in the chromatograms at and near the retention time of DES 

(DES retention time is 6.57 min). 
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Figure 4.7 Percentage matrix effect for target analytes at Wastewater Treatment Plants in Saskatchewan.  Average and median are 

represented by X and midline, respectively.  Upper and lower box borders are first and third quartile, respectively.  The whiskers are 

minimum and maximum values.  WWTP1-5 are included using standard addition and solvent-based slopes as in equation 3.1.  
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The largest average MS signal suppression was observed for 4OP in raw 

wastewater (99±1.1%) at SRM 205>106.  All other matrices had lower %ME with high 

variability in % ME for the same transition of 4OP.  Generally, soft to moderate matrix 

suppression was observed for natural estrogens in surface water at WWTPs located in 

larger population cities (WWTP1 and 2) as in Figures I and II of Appendix II.  A positive 

% ME for DES and PRDN was observed for samples collected from raw or treated 

wastewater and downstream to WWTP1 (Figure I, Appendix II), but not in the upstream 

water matrix or for PRNL.  At WWTP2 positive matrix effect for PRNL was observed 

only with the upstream water matrix indicating the highly variable nature of the matrix 

between different WWTPs.  Positive matrix effect for PRNL was also observed at 

WWTP3-5 and this analyte more commonly observed signal enhancement.  The 

magnitude of %ME for all target analytes was the largest for all sample matrices 

evaluated at WWTP3.  In general, the magnitude of %ME for a target analyte varied with 

site location and SRM of each analyte.  Compounds with high retention times such as 

4OP and 4NP commonly observed more severe matrix suppression in raw wastewater at 

all sites (average %ME -100%).  Samples collected upstream to WWTP5 showed soft 

matrix effect with all the analytes except BPA and E2. The matrix load at this site was 

higher in raw wastewater than treated wastewater and surface water.  The average % ME 

for all WWTPs decreased (more MS signal suppression) with the increase of matrix 

complexity (-19 ± 35%, -29±29%, -31 ± 25% and -42 ± 39% for upstream surface water, 

downstream surface water, treated and raw wastewater, respectively).   
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4.4 Concentrations of analytes in surface and wastewater 

When there is severe matrix effect (>±50%), standard addition calibration is 

required to determine the concentrations of the target analytes under the conditions that a 

linear calibration curve with sufficient MS sensitivity can still be obtained.  As most 

analytes observed moderate to severe ME (see section 4.3), the standard addition 

calibration approach was selected for all subsequent analysis.  All the samples were 

analyzed in duplicates collected at the same day and the same location.  The %RSD of the 

duplicates was <10% in all the samples except in few cases of the more difficult 

compounds in raw wastewater samples such as E3 (%RSD 3-22.5%) and PRDN (%RSD 

4-19%).  

The frequency of detection of target analytes was low for surface water samples 

collected at upstream or downstream sites near the WWTPs as compared to wastewater 

(detection <34% of all the upstream and <17% of all downstream samples).  Only 

selected target analytes were detected in surface water samples downstream of WWTPs 

including BPA (11.84 ± 1.0ng/L at WWTP5) and 4NP (15 ± 1.7 ng/L at WWTP3).  E2 

was detected in an upstream surface water sample near WWTP3 (60.2 ± 2.6 ng/L).  No 

other analytes were detected in surface water upstream to WWTPs.  The presence of E2 

upstream could be due to the presence of a non-point agricultural source in the close 

proximity of runoff to the upstream sample collection to WWTP 3 as there was no 

detection of E2 downstream to the same location (LOD for E2 is 5 ng/L).   

BPA was the most frequently detected xenoestrogen in raw wastewater (100% of 

samples) and treated wastewater (83.3% of samples), and concentrations of BPA 



 

 78 

generally ranged from 125 to 693 ng/L in raw wastewater, and were lower (non-detected-

180 ng/L) in treated wastewater except for WWTP6 (see Figure 4.8). Higher 

concentrations of BPA have been reported when the WWTP process uses a UV lamp, 

which is a common summer practice for the WWTPs in Saskatchewan (36, 107).  4NP 

and 4OP were only detected in treated wastewater at WWTP3.  The highest concentration 

of 4OP in raw wastewater was 306 ± 17.1 ng/L, which occurred from sample collection at 

WWTP5 on June 22, 2018.  The maximum concentration of BPA is low relative to 

influent at other Canadian WWTPs (see Table 2.2) (43-49).  Concentrations of BPA in 

effluent (treated wastewater) are generally significantly lower than raw wastewater at 

other WWTPs worldwide as was measured at the WWTPs in this study. 

Detection frequency of E1, E2 and E3 in raw wastewater samples was 83%, 66% 

and 100%, respectively.  As shown in Figure 4.8, E3 was detected in raw wastewater at 

all WWTPs with concentrations ranging from 20 to 285 ng/L.  At WWTP1 and WWTP5 

the concentration of E1 was higher than E3 in raw wastewater, while at other WWTPs the 

concentration of E3 was higher than E1.  This may indicate slower degradation process at 

WWTP 1 and 5 or faster conversion of E1 to E3 in WWTP 2, 3, 4.  To determine factors 

influencing the conversion of E1 to E3 such as pH, temperature, aerobic/anaerobic 

processes it is would be necessary to sample at each stage of wastewater treatment 

process (particularly after secondary wastewater treatment where aerobic and anaerobic 

conditions can strongly influence degradation).  E3 is a degradation product of both E1 

and E2 so its presence could be a function of the degradation factors such as temperature, 

pH and photolysis as presented in Figure 2.1.  E3 was detected in treated wastewater at 
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WWTP1 with concentrations of 30 ± 1 ng/L, while lower concentrations of E3 were 

observed at WWTPs 3 and 4 (11 ± 1 ng/L).  E1 was detected once in treated wastewater 

of WWTP5 at 12.5 ± 2 ng/L.  E2 was detected in raw wastewater at WWTP1, WWTP2, 

WWTP5, and WWTP6 at concentrations from 14 to 155 ng/L, which was within the 

range reported at other WWTPs (see Table 2.1) (36-42).  Concentrations of E2 were 

significantly higher in treated wastewater than raw wastewater at WWTP2 (101±9 ng/L 

and 425ng/L, respectively), while other WWTPs in Saskatchewan observed lower 

concentrations of E2 in treated wastewater.  Most WWTPs outside of Saskatchewan 

observed lower concentrations of E2 in treated wastewater than raw wastewater (36-42). 

The higher concentrations of E2 in treated wastewater may be due to de-glucuronidation 

and de -sulfation of the conjugated E2 as suggested by a previous Canadian study (40). 

The concentration of E2 in treated wastewater in WWTP2 is higher than previously 

reported in the literature (38).                                                           .                      
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Figure 4.8 Analytes concentrations in raw wastewater (A) and treated wastewater (B) of six WWTPs.  All the concentrations are 

average of 2 replicates with the standard deviation as error bars.  *WWTP 6 concentrations are from internal standard calibration 

approach.  Concentration of BPA in treated wastewater is 1150 ± 55 ng/L at WWTP6.  The Y-scale for WWTP6 for BPA only is 

divided by 2 to allow visual distinction of other analytes.  No concentration bars are assigned when concentrations of analytes are 

below detection limits (LODs provided in Table 4.1).  When error bars are not visible, error is <2 ng/L. 
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 Kostich et al. 2013 model predicts concentrations of estrogens in raw wastewater 

based on human excretion of estrogens, population strata and daily flow rates of 

wastewater (110, 111).  Per capita excretion of E1, E2, E3 and EE values were selected at 

119.4, 49.8, 1423.8 and 13.1 μg/person/day, respectively for Saskatchewan (111).    The 

number of pregnant, menstruating and menopausal women on hormonal replacement 

therapy are the main contributors to the total load of natural estrogens.   The only source 

of EE is from women on contraception.  The average concentrations of E1, E2 and E3 in 

raw wastewater of WWTP1-4, and 6 were predicted to be 53.8 ± 4.8 ng/L, 40 ± 4.8 ng/L, 

495 ± 47 ng/L, and 1.43 ± 0.4 ng/L, respectively.  WWTP5 had lower predicted 

concentrations of estrogens than other WWTPs (see Table II, Appendix II) due to a lower 

fraction of pregnant women in the population (greatest contributor to excretion) and 

higher daily flow compared to a WWTP at urban area of similar population size (e.g. 

WWTP4 has 44% of the flow of WWTP4 and 5 are of similar populations).  At other 

WWTPs the size of the population of an urban area is somewhat compensated by the 

increased average daily flow of wastewater at the WWTP such that the magnitude of 

predicted concentrations of estrogens has little variations between WWTPs.  The higher 

flow leads to dilution of the raw wastewater.   

The measured concentrations of E1 in WWTP1, 5, and 6 (156 ± 1.6 ng/L and 110 ± 

8.4 ng/L, 99 ± 23 ng/L) were more than the predicted from human excretion (55.5, 27.9 

and 62.9 ng/L, respectively).  These higher concentrations of estrogens could be partially 

attributed to other sources such as industrial or agricultural practices (dairy and treated 

stock feeding production) (24). WWTP 3 had no detection of E1, while WWTPs 2 and 4 
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average measured concentrations (33 ± 2.3, 32 ± 1.0 ng/L of E1) were lower than the 

model prediction (60.7 and 61.3 ng/L for E1).  This may be due to the conversion of E1 

into E2 during the wastewater treatment process as suggested by William and Johnson 

2004 (50% of E2 is converted into E1 within 3 hours) (109).  E3 measured concentrations 

were lower than the predicted human excretion at the WWTPs.  E3 prediction was not 

applied by William and Johnson 2004 or Fleming 2016 due to lower estrogenecity and 

variability in the human excretion (109, 110). 

The concentrations of PRND were significantly higher than PRNL in raw 

wastewater at four of the WWTPs 2, 3, 4, and 6 (302 ± 76 ng/L).  PRNL was only 

detected in raw wastewater for one sampling period at WWTP3 18.3 ± 0.23 ng/L and 

concentrations of PRNL were higher in treated wastewater than raw wastewater at this 

site (58 ± 2.4 ng/L).  These are the first reported detections of PRND and PRNL at 

WWTPs in Canada.  PRNL is a metabolite of PRDN, thus the presence of PRNL in 

treated wastewater could be attributed to the conversion of PRDN during the wastewater 

treatment process at WWTP3.  The non-detection of PRNL at WWTPs were PRDN was 

detected (WWTP2, 4, 6) suggests no conversion of PRDN to PRNL at these locations.  

Although PRND and PRNL have not been detected in effluent measurements across the 

United States (LODs of PRDN 30 ng/L, and PRNL 11 ng/L), predicted maximum 

concentrations of these target pharmaceuticals could reach >1400 ng/L (24, 119).   

 

4.5 Percentage removal of target analytes during wastewater treatment in 

Saskatchewan 
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Removal of estrogens, xenoestrogens and glucocorticoids can be calculated from: 

Percentage removal of target analytes = 

𝐴𝑛𝑎𝑙𝑦𝑡𝑒 𝑐𝑜𝑛𝑐.  𝑖𝑛 𝑟𝑎𝑤 𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟−𝐴𝑛𝑎𝑙𝑦𝑡𝑒 𝑐𝑜𝑛𝑐.  𝑖𝑛 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟

𝐴𝑛𝑎𝑙𝑦𝑡𝑒 𝑐𝑜𝑛𝑐.  𝑖𝑛 𝑟𝑎𝑤 𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟
𝑋100 %   (4.1) 

As no samples were taken after each treatment stage, the overall performance of the 

WWTPs was determined.  A positive % removal means the concentration of the analyte 

is lower in the treated wastewater than raw wastewater (40).  The negative % removal 

means the concentration of the analyte is higher in the treated wastewater.  As in Table 

4.3, BPA had average removal rates of 56-100% in water collected from WWTP1-5.  

Higher concentrations of BPA were found at WWTP6 in treated wastewater than raw 

wastewater (removal efficiencies -78.1 ± 9.8%).    Similar results of lower removal were 

reported when ultraviolet lamp disinfection was used as it may cause further degradation 

of polymeric plastics to BPA during the wastewater treatment process (45).  The use of 

UV lamp is common practice in Saskatchewan, but as similar results were reported for 

other WWTPs in Saskatchewan other factors may also be contributing to the formation of 

BPA.  The sampling of WWTP6 took place in April 18, 2018 after 2 days of snow 

(average temperature -7°C); hence the final effluent volume may be affected by the 

freezing temperature leading to such results.   

Removal of 4OP and 4NP was lower at WWTP3 compared to other sites.  This 

could be due to the continuous degradation of the longer chain polyethoxylated 

surfactants to form 4OP and 4NP as this WWTP is within an industrial/agricultural area.  

The low removal of 4OP and 4NP is widely reported in multiple studies in both large and 

smaller WWTPs (44-46). 4OP was detected in WWTP5 in raw wastewater, but not in the 
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treated wastewater.  The detection limit of 4OP in treated wastewater (standard addition 

calibration) was higher that specific day (10 ng/L) due to difficulty of matrix. 

E1 and E3 showed removal rates from 75-100% in all WWTPs with no significant 

difference between larger and smaller WWTPs.  Negative E2 removal was observed in 

WWTP 2 and 5.  The reason could be the formation of E2 during treatment due to de-

glucurination and de-sulfation of conjugated E2 during the wastewater treatment (40).  

The variability in the E2 removal was observed from samples collected during two 

different months at WWTP2.  The sample collected in the fall when temperature was 

lower observed higher % removal of E2 (70%), while during the summer there was 

formation of E2 (-138 ± 5.1%).  WWTP1 and 6 showed 100% removal of E2.  The 

variability in the removal of E2 could be a function of degradation factors that are not 

standard for different WWTPs (wastewater temperature and aerobic/anaerobic 

conditions).  

Removal rates of PRDN are from 85-100% in all WWTPs.  PRNL had a removal 

rate of -173% in WWTP3.  The excess PRNL (>100%) could be from conversion of 

PRDN to PRNL, and PRDN was detected in a large amount in raw wastewater and 

removed completely in treated wastewater of WWTP3 (55, 119).   

Overall, larger and smaller tested wastewater treatment plants showed equal 

efficiency in the removal of natural and synthetic estrogens, and moderate to efficient 

removal of BPA except in WWTP6 (-78.1 ± 9.8% removal).  BPA was detected at higher 

concentrations in treated wastewater than raw wastewater in WWTP 6.  High removal 
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efficiency was observed for PRDN in all the WWTPs.  Negative removal was observed 

for 4NP and PRNL as expected from degradation.  
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Table 4.3 Percentage removal of target analytes at the WWTPs. 

Analyte 

 

 

Average % Removal 

 

WWTP1 WWTP2 WWTP3 WWTP4 WWTP5 WWTP6 

BPA 69.1±1.0 56.3±6.8 56.2±1.1 100±00 54.1±0 -78.1±9.8 

4OP  NA NA 16.5±9.8 NA 100±0 NA 

4NP NA NA -17.0±3.6 NA NA NA 

E1  100±00 100±00 NA 100±00 89.7 ±00 100±00 

E2  100±00 -138±5.1 NA NA -93.5±31 100±00 

E3  75.5±4.9 100±00 79.7±2.7 95.7±00 100±00 100±00 

EE  NA 100±00 NA NA NA NA 

PRDN  NA 100±00 100±00 81.7±1.0 NA 100±00 

PRNL  NA NA -217±9.2 NA NA NA 

Removal % values are average from two duplicate samples collected at each wastewater 

treatment plant on the same sampling day.  Sampling dates are shown in Table II, 

Appendix II.  NA=not applicable (no detection in raw and treated wastewater)  
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4.6 Seasonal variations in the occurrence of estrogens, xenoestrogens and 

glucocorticoids in wastewater 

The main contributor to the decrease in concentrations of analytes in water from 

treated wastewater to downstream is the dilution effect.  In Saskatchewan, the rivers 

water levels are not significantly affected by the Rocky mountain headwaters meltdown 

(108, 118).  However, the local prairie meltdown increases the water flow to the 

maximum in May, June and July (118).  The water levels start to decrease and reach a 

minimum with the complete freezing in January.  With rainfall there is typically an 

increase in the water load and discharge to and from wastewater treatment plants.  

Increased rainfall has been reported to increase the release of industrial chemicals such as 

BPA, 4OP and 4NP as they are transferred into runoff in large amounts from construction 

materials and pavements (73-77).   

One wastewater treatment plant (WWTP2) was sampled 20 September 2017 and 14 

June 2018.  Figure 4.9 shows that the concentrations of BPA, E1, and E2 are similar for 

the two sampling periods, while the concentration of E3 was higher in the summer than in 

the fall.   PRDN and EE where detected in raw wastewater in the summer at relatively 

high concentrations, but not during the fall.  E1 converts to E2 and vice versa and E3 is 

formed from degradation of both E1 and E2 (see Figure 2.1).  The rate of degradation of 

these analytes increases with the temperature such that concentrations of E3, PRNL, and 

EE would be expected to be higher during the summer than in the fall (average 

temperature 20 and 10°C in summer and fall, respectively) (24, 25).  
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Figure 4.9 seasonal variations in occurrence of analytes in raw and treated wastewater at 

WWTP 2.   
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5. CONCLUSION AND FUTURE WORK 

I have developed an LC-ESI--MS/MS method for quantification of an extended list 

of 10 EDCs which include natural estrogens, synthetic estrogens, xenoestrogens and 

glucocorticoids.  This analysis is considered difficult due to the time constraints in the 

analysis as some compounds are highly degradable, and there is a need to match the 

solvents used in SPE with optimal mobile phase for the MS sensitivity (32, 33, 34).  

Analytical methods developed previously were either specific to one group of analytes 

(e.g. natural estrogens or xenoestrogens), or with higher LODs (lower sensitivity) (38, 44, 

55, 89-96).  This chapter highlights the main steps in the method development, and the 

difficulties faced when applying the method to complex wastewater matrices.  The 

occurrence of the target EDCs and their removal efficiency from WWTPs in 

Saskatchewan will be summarized for samples largely collected in summer 2018.  Further 

recommendations for subsequent analyses are discussed. 

 

5.1 Conclusions 

The method development included selection of the choice of the SPE sorbent and 

solvent for elution of target analytes, the elution volume for optimum recovery.  These 

sample preparation steps were also optimized such that it minimized loss in MS 

sensitivity.  The MS sensitivity for the target analytes was evaluated with mobile phase 

composition and presence of additives in the mobile phase.  Matrix effect was generally 

moderate to severe such that standard addition calibration was used for quantitation.  The 
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wastewater treatment plants were efficient at removing some target analytes, while others 

had low removal efficiency and this will be discussed in section 5.1.2.   

 

5.1.1 SPE and LC-ESI--MS/MS method optimization 

The main steps in the method development were the choice of the sorbent and 

elution solvent that could provide an optimal recovery of the analytes for extraction.  

Various sorbents and solvents have been tested and C18 (1000mg/6mL) with elution 

using acetonitrile to obtain recoveries (> 80% at three levels (20, 50 and 100ng/L)).  The 

choice of acetonitrile as the elution solvent also minimized degradation of the target 

analytes, which generally occurred during the drying (0.8 mL at rate of 0.5 mL/hour) and 

reconstitution steps.  Target analytes had poor recoveries when methanol was used as an 

elution solvent and there was noticeable degradation of BPA, 4OP and 4NP.  Other 

sorbents, such as Oasis HLB, provided good recoveries (>80%) but required large elution 

volumes, which would subsequently increase time required for the drying step.  The 

extracts from the SPE were diluted to 0.3/1, 0.1/1 and 0.05/1 to reduce the matrix effect.  

Each sample was reconstituted just prior to analysis to achieve a final 50/50% v/v 

methanol/acetonitrile (with 10% H2O) to improve the peak shape of the surfactants (4OP 

and 4NP).  5v% of 2-propanol was also added to the acetonitrile solution to enhance the 

solubility of the analytes and reduce the potential for precipitation in the LC-MS/MS 

system.  

For LC-ESI--MS/MS the mobile phase was 70/30 v/v to 100/0 v/v% 

methanol/water as methanol without the use of additives provided the lowest LODs for 
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the target analytes.  Mobile phase additives such as formic acid lead to high MS signal 

suppression of xenoestrogens (BPA, 4OP and 4NP), and the use of ammonium hydroxide 

or ammonium acetate did not improve the LODs of the analytes.  Care must be taken to 

ensure that the LC-MS/MS is adequately flushed from traces of additives from prior 

analysis of other target analytes to ensure optimal MS sensitivity of the target analytes.  

Stability tests showed the analytes were stable when the time from SPE elution to 

completion of instrumental analysis was carried out within 5days.  The LODs were (1-10 

ng/L) which is a desirable range for surface and wastewater and comparable to the 

estrogens specific methods (38, 44, 91).  In addition, this method included PRDN and 

PRNL (not commonly analyzed using ESI-) with LODs of 10 ng/L.  The linearity of 

internal standard calibration recovery was >0.996 and >0.982 for standard addition 

calibrations.  The relative standard deviation of replicate analysis ranged from 4.3 to 

11.2% in surface water and 1.0 to 22.5% in raw wastewater.  Generally, % RSD of 

replicate analyses was better in surface water than treated wastewater and the worst in 

raw wastewater.   

In spite of the good recoveries and LODs obtained by the developed method, 

surface and wastewater samples still showed matrix suppression noticed from the 

baseline shift and the suppression of the MS signal of the internal standards (BPA-d16 and 

E1-d4).  Most of the analytes suffered moderate to severe matrix suppression, but good 

linearity was obtained with standard addition calibration.  This suggests that although the 

SPE sample preparation step can recover the target analytes from water samples the SPE 

sorbent and elution solvent are not selective to only the target analytes.  Additional 
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recommendations for further improvements in matrix removal will be discussed in the 

future work section.  

 

5.1.2 The occurrence of target analytes in surface and wastewater and removal of 

the analytes from WWTPs in Saskatchewan 

 All the target analytes have been detected in raw wastewater at the WWTPs of 

Saskatchewan, except DES. The frequency of the detection of BPA (100%) was the 

highest in raw wastewater with average concentrations of 295 ± 200 ng/L.  The maximum 

concentration of BPA in raw wastewater reported in this study was significantly lower 

than at other WWTPs in Canada and worldwide sites (43-48).  This may indicate that 

Saskatchewan has different BPA consumption/usage rate than other Canadian provinces 

or that the efficiency of the risk management plan in the past two years lead to reduced 

use of BPA.  4OP (average 219 ± 122 ng/L) and 4NP (49 ± 15 ng/L) were detected in 

WWTP3 and 5 suggesting industrial activities specific to these areas.  PRDN was found 

in raw wastewater in concentrations (302 ± 76 ng/L).  PRNL, which is a metabolite of 

PRDN, was detected in one raw wastewater sample (18 ± 1 ng/L) and one treated 

wastewater sample (58 ± 2.4 ng/L).  To the best of our knowledge, this is the first 

detection of PRDN and PRNL in Canada. 

The only compounds detected in surface water were 4NP and BPA downstream to 

wastewater treatment plants 3 and 5 at concentrations significantly lower than in treated 

wastewater (15.0 ± 2.0 ng/L and 11.84 ± 1.0 ng/L, respectively).  The concentrations 

detected are very low in comparison with the water quality guidelines.  E2 was detected 
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in an upstream surface water sample near WWTP3 (60.2 ± 2.6 ng/L) at significantly high 

concentration, which can be attributed to non-point source of estrogenic discharge within 

the sampled area.  Further sampling of this location is necessary to confirm the results 

and detect the discharge source. 

E3 was the most commonly detected natural estrogen in raw wastewater with 

average concentration of 110 ± 94 ng/L (20-262 ng/L).  E1 was detected in 83% of the 

samples (86 ± 53ng/L) and E2 in 66% (78 ± 62 ng/L).  The quantified estrogens were 

higher than the predicted human estrogens excretion in WWTP1, 5 and 6 but similar to 

concentrations reported from urban/industrial areas with similar populations (36, 39, 40).         

All the wastewater treatment plants in Saskatchewan showed efficient removal of 

natural estrogens (E1, 88-100%; E3, 72-100%).  E2 removal was variable with high 

removal in WWTPs 1 and 6 and negative removal at WWTP2 and 5.  E2 is highly 

converted to E1 during the wastewater treatment process as reported by the literature.  

The conversion of E2 to E1 is temperature, pH, photolysis, and aerobic/ anaerobic 

dependant (24).  These parameters can be variable from one WWTP to another giving 

different conversion rates of E2.  PRDN removal was 82-100%.  BPA removal is from 

56-100% except at WWTP6.  Low removal percentages were observed specifically for 

WWTP3 with 4OP removal of 16.4 ± 10%, 4NP removal of -17 ± 3.6% and PRNL -217 

± 10%. E3 is produced from E1 and E2 degradation indicating degradation is an 

important factor in concentrations of estrogens observed in Saskatchewan.  At most sites 

a significant fraction of the estrogen concentrations measured in raw wastewater could be 

attribution to excretion from population. 
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5.2 Future work 

The analysis of EDCs is essential to the human and aquatic health.  In spite of the 

high importance of the EDCs monitoring in the risk assessment procedure, there are still 

no guidelines in place for these compounds presence in water due to difficulties in their 

analysis (32, 33, 34).  The method developed in this study can be utilized to measure the 

concentrations of EDCs in water and wastewater using standard addition approach.  In 

addition, this work provides some insight into why the analysis of these compounds is 

difficult.  The need of a LC-MS/MS system that is free of additives is critical for the 

xenoestrogens analysis (BPA, 4OP and 4NP).  As matrix effect was moderate to severe 

for most target analytes in wastewater samples, further clean-up of the extracts obtained 

from SPE are recommended.  Additional SPE sorbents that have promise for removal of 

matrix include Florisil or silica gel clean-up (38, 55, 83).  Florisil, which is magnesium 

silicate, has been tested for the removal of the wastewater complex matrix as it adsorbs 

polar compounds from non-polar matrix (without additives) (38, 83).  Silica gel has a 

similar function of removing polar matrix.  As all the target analytes are relatively non-

polar, they would be expected to elute from the SPE sorbents at a different time than 

more polar matrix components.   

 It was also identified that E3, 4OP, 4NP, and PRNL may be influenced by 

different degradation processes in the WWTPs.  The removal efficiency of BPA was also 

higher at some WWTPs (WWTP4).  Further sampling at each stage of the wastewater 

treatment process would aid in identifying the control measured that efficiently removes 
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the target analytes and where formation of degradation products occurs.  A study of 

operational parameters at these WWTP during each stage would also be beneficial.   
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Appendix I  

Table I: LC-MS/MS conditions and LODs.    

Compounds MS 

ionization 

source 

Reversed phase stationary 

phase (L X i.d., particle 

size) 

Mobile phase used in 

gradient 

LODs [LOQs] 

(ng/L) 

Sample 

volume 

(mL) 

Reference 

BPA, 

E1, E2, EE 

ESI- Nova-Pak C18 HPLC 

column (150 mm × 3.9 mm, 

3μm) 

H2O with NH3 0.1 

v%/MeOH / MeCN 

0.02-0.1 2000 83 

DES, E1, E2, 

E3, 

ESI- ACQUITY UHPLCBEH 

C18 (50 mm X 2.1 mm, 1.7 

μm) 

H2O with 0.1 v% 

NH3/MeOH 

13.2, 4.1, 8.5, 

4.5 

2000 84 

E1, E2, EE ESI- Symmetry C18 (75mm 

X4.6mm, 3.5μm) 

H2O with 0.1% v 

HCOOH/MeCN/ 

MeOH 

0.6, 1.2, 0.4 2000 85 

E1, E2, E3, EE ESI- Gemini C18 column 

(100 mm × 2 mm, 3μm) 

H2O/ MeOH both 

with 0.1v% NH3 

0.1, 0.2, 0.2, 

0.1 

1000 86 

DES, E1, E2, 

E3, EE 

ESI- XDB-C8 column 

(50 mm × 2.1 mm, 5μm) 

H2O with 0.01v% 

NH3/MeCN (60/40, 

v/v) 

6.9, 2.7, 7.4, 

11.7, 10.5 

NA 93 

E1, E2, E3, EE ESI+ Reliasil C18 (150 mm x 

2mm, 5  μm) 

H2O/MeCN 0.5-2.0* 500 87 

E1, E2, E3, EE2 

and other 

hormones 

APCI+ Hypersil Gold C18 (100 mm 

× 2.1 mm, 3μm) 

H2O with 0.1 v% 

HCOOH/ MeOH 

9, 5, 17, 13(13-

35) 

1000 79 
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Compounds MS 

ionization 

source 

Reversed phase stationary 

phase (L X i.d., particle 

size) 

Mobile phase used in 

gradient 

LODs [LOQs] 

(ng/L) 

Sample 

volume 

(mL) 

Reference 

E1, E2, E3, EE, 

Eq other 

hormones 

APCI+ Zorbax Eclipse®XDB-C8 

column, (150 mm × 3.0 mm, 

3.5 μm) 

H2O/MeCN 4.4-9.4(8.7-

31.3) 

200 80 

4NP, 4OP, other 

ethoxylats 

ESI- Mspak GF-310 4D (150 mm 

X 4.6 mm, 3.5 μm) 

A: (50:50 v/v %) 

H2O/MeOH with 10 

mM NH4Ac / B:  

MeOH 

0.2-0.3(9-10) 3800 95 

4-t-OP, 4NP, 

other 

ethoxylates 

ESI- Zorbax Eclipse XDB-C8 

column (150 mm x2.1mm, 

NM) 

H2O / MeOH both 

with 1.5 mM NH4Ac 

2.0-4.0 NA 94 

BPA, 4NP, 

4OP, their 

ethoxylates and 

carboxylates 

ESI- Synergi Polar-RP (150 mm 

× 2 mm, 4 μm) 

H2O/MeCN 2, 5, 10 1000 89 

4-t OP, 4NP, 

4OP, other 

pharmaceuticals 

ESI- Hypersil Gold C18(150 mm 

× 2.1 mm, 3 μm) 

H2O with 0.05 v% 

NH3/MeOH 

0.5-32 1000 92 

4NP, 4OP ESI- LiChrospher 100 RP-18(250 

mm x 4mm, 5 m) 

A:(50:50 

v:v)MeOH/MeCN 

B:H2O, both with 0.5 

v% acetic acid 

150 200 81 

BPA, 

DES, E1, E2, 

E3, EE, 4NP, 

4OP 

ESI- ACQUITY BEH 

C18  (50 mm × 2.1 mm, 

1.7 μm) 

H2O/MeOH both with 

0.1 v% or mM NH3 

and  15 mMNH4Ac 

1.9, 0.6, 1.3, 

1.2, 1.3, 0.9, 

1.3, 1.8 

NA 82 
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Compounds MS 

ionization 

source 

Reversed phase stationary 

phase (L X i.d., particle 

size) 

Mobile phase used in 

gradient 

LODs [LOQs] 

(ng/L) 

Sample 

volume 

(mL) 

Reference 

BPA, 4OP, 4NP 

DES E1, E2, 

EE, Eq 

ESI- Agilent Zorbax Extend-C18 

(50 mm X 2.1 mm, 1.8 μm) 

H2O/MeOH with 0.05 

v% NH3 

1, 6, 30, 3, 1, 

3, 12, 1 

250 38 

BPA, 4NP 

E1, E2, E3, EE 

ESI- Zorbax Eclipse XDB–C18 

Rapid Resolution HT 

(50 mm × 4.6 mm, 1.8 μm) 

H2O with 1mM 

NH4Ac/MeOH 

574, NM 

53, 983, 917, 

1126 

2000 96 

BPA, 4OP, 4NP 

DES, E1, E2, 

E3, EE 

ESI- C18 Luna column (100 mm 

× 2 mm, 3 μm) 

H2O with 1 mM 

NH4COOH /MeCN 

(80:20, v/v) 

0.5, 5, 20 

1, 1, 1, 2, 0.5 

500 90 

BPA, 4OP, 4NP 

E1, E2, E3, EE 

ESI- Ultra-C18 (50 mm × 2 mm, 

2.8 μm) 

MeOH with 0.1v% 

HOAc and 

15 mM NH4Ac /H2O 

1.9, 1.8, 1.3 

1.3, 1.2, 1.3, 

0.9 

250 44 

BPA, 4NP, 4OP 

DES 

ESI- Zorbax Eclipse Plus C18 

column (100 mm × 2.1 mm, 

3.5 μm) 

H2O/MeOH 

(30:70%v/v) 

3.4, 8.4, 9.2 

2.3 

4000 91 

BPA, 4NP, 4OP 

DES E1, E2, 

EE, Eq 

APCI- Agilent Zorbax Extend-C18 

(50 mm X 2.1 mm, 1.8 μm) 

H2O/MeOH both with 

0.05 v% NH3 

15, 33, 32 

27, 5, 16, 10, 

54 

250 38 

PRDN, PRNL ESI+ Agilent Zorbax SB-C18 

(100 mm × 3 mm, 1.8 μm) 

H2O with HCOOH 

0.01 v% /MeOH 

0.35, 0.39 1000 97 

PRDN, PRNL ESI+ Poroshell 120 EC18 column 

(100 mm ×2.1 mm, 2.7 μm) 

H2O/MeCN both with 

10mM HCOONH4  

<4 1000 55 

PRDN, PRNL ESI+ ACQUITY UHPLCBEH 

C18 (50 mm X 2.1 mm, 1.7 

μm) 

H2O with 0.1 v% NH3 

/MeOH 

9.2, 6.1 2000 84 
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Table II: Sample preparation, SPE, elution and recovery of targeted analytes.  

Compounds Sample 

type 

(volume) 

Sampling 

method+ pre-

treatment (pore 

size filter) 

SPE ±Clean up Elution 

solvent/volume 

Recoveries Ref 

On-line SPE approaches 

E1, E2, E3, 

EE2 and 

other 

hormones 

Wastewater

-

Influent/effl

uent (1-10 

mL) 

Grab samples 

filtration (0.3 μm) 

glass fiber filter 

2 Hypersil Gold 

columns (20 mm X 

2 mm, 12 µm) and 

(100 mm X 2.1 

mm, 1.9 µm) 

MP 64 to 101% 83 

DES, E1, E2, 

E3, EE 

Surface 

water, 

treated 

effluent (2 

mL) 

Filtered (Nylon 0.2 

μm syringe, 13mm) 

Supel-Q PLOT (60 

cm × 0.32 mm, 

12 μm) 

MP 84-106% 93 

DES, E1, E2, 

E3, PRNL, 

PRDN 

Wastewater  

2L 

divided(2m

L /inj) 

Filtered (0.22 μm) 

membrane filters, 

acidified to pH 

10.4 

Oasis HLB (2.1 

mm X 30 mm, 20 

m) and XBridge 

C18 (2.1 mm X 30 

mm, 10 m) 

MP 50-90% 84 

BPA, DES, 

E1, E2, EE, 

4NP, 4OP, 

other 

ethxylates 

Primary, 

secondary, 

and treated 

sewage (4 

mL/inj) 

Grab samples, 

acidified to pH=3, 

filtered to 

(0.65 μm) 

membrane filters 

2 Oasis HLB 

columns in series 

(2.1 mm × 50 mm, 

20 μm), extra wash 

MeOH/H2O 90:10 

(v:v) 

MP 72–104% 

 

82 
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Compounds Sample 

type 

(volume) 

Sampling 

method+ pre-

treatment 

SPE ±Clean up Elution 

solvent/volume 

Recoveries Ref 

Off-line SPE approaches 

E1, E2, E3, 

EE 

Wastewater 

industrial 

influent and 

effluent -

steroid 

production 

(NA) 

Grab samples every 

10 days, filtered 

ENVI-CARB 500 

mg/6 mL, extra 

washing step with 

10 mL n-hexane 

2 x 4mL MeOH 88%-103% 87 

E1, E2, E3, 

EE, Eq other 

hormones 

Surface and 

wastewater 

(200 mL) 

Grab samples, 

filtration 

(membrane 

0.45μm, pH=7.5 

Oasis HLB 200 

mg/6 mL 

15 mL MeOH 76-114% 80 

DES, E1, E2, 

EE, PRNL, 

PRDN and 

other 

corticosteroid

s 

River water, 

wastewater, 

filtered with 

0.7 μm pore 

size (1L) 

Grab samples, 

acidified pH =3, 

filterd 0.7 μm, 

NaN3 added (1L) 

Oasis HLB 500 

mg/6 mL in-house 

silica gel clean-up 

cartridge 

12 mL EA 

elution, then for 

clean-up 

EA/MeOH 

(90:10, v/v)  

90.6-119% 55 

4NP, 4OP Spring 

bottled 

water (3.7 

L) 

Grab (local 

stores/random) 

Isolute ENV+ (500 

mg/6 mL) 

12 mL of each 

DCM, MeOH, 

acetone 

sequentially 

95-110% 95 

4NP, 4OP Wastewater 

discharge 

site(200 

mL) 

Grab samples, 

membrane filter 

0.45μm  

LiChrolut C18 

(500mg/6mL) 

2 x 5mL of 

MeOH/DCM 

(9:1, v:v) 

81-91% 81 
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Compounds Sample 

type 

(volume) 

Sampling 

method+ pre-

treatment 

SPE ±Clean up Elution 

solvent/volume 

Recoveries Ref 

4-t-OP, 4NP Three 

effluent 

samples 

(NA) 

#1 grab, 2, 3 time 

lapse 24 hours + 

filtration 

Glass columns in-

house SPE: Oasis 

HLB (400 mg), 

wash step for 

cleaning 6 mK 

H2O, 6 mL of 2 v% 

acetic acid in 

MeOH and 6 mL of 

2 v% NaOH in 

MeOH 

6 mL of MeOH 

+6 mL of DCM 

50-75% 94 

BPA, DES, 

E1, E2, E3, 

EE, 4NP, 

4OP 

Effluent 

WWTP and 

river water 

(500 mL) 

Grab samples, 

Filtration 

GF+Membrane 

(0.7 μm+ 0.45 

μm)+25 ml MeOH 

Oasis HLB200 

mg/6mL, Clean up 

washing 3 mL of a 

mixture of water 

and MeOH (70:30, 

v/v) 3 mL of H2O, 

and 3 mL of 2 v% 

ammonia in 

H2O/MeOH (90:10 

v/v, pH 11.5) 

3 mL portions of 

2-

propanol−MTB

E (10:90  v:v %) 

80.1-

106.3% 

90 

BPA, E1, E2, 

EE 

River water 

downstream 

to WWTP 

(2 L) 

Two seasons, 

filtered (GF/F, 

0.7μm) NaN3 

added, acidification 

to pH 2-3. 

Oasis HLB 200 

mg/mL, subsequent 

Florisil 500 

mg/6mL for clean 

up 

MeOH 1st SPE  

2nd  

clean-up 6 mL 

of 

acetone/dichloro

methane(DCM)  

(1:4, v/v) 

83.8% - 

92.3% 

83 
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Compounds Sample 

type 

(volume) 

Sampling 

method+ pre-

treatment 

SPE ±Clean up Elution 

solvent/volume 

Recoveries Ref 

BPA, 4NP, 

4OP 

WWTP 

receiving 

water, 

textile 

industry 

effluent (1 

L) 

Grab samples, 

stored for 1 wk, 

supernatant 

decanted 

Oasis HLB 200 

mg/6 mL 

MeOH/acetone/ 

EA 2:1:1+0.1 

v% formic acid 

(2 x3 mL) 

50% 89 

E2, E3, EE Wastewater 

effluent (1 

L) 

Grab samples, 

filtered -GF (NM) 

C18 bonded silica 

500 mg/6 mL 

10 mL MeOH 

first elution, 

followed 

by10mL DCM 

second elution 

83-100% 86 

BPA, E2, EE Primary, 

secondary 

and final 

effluent 

WWTP 

(250 mL) 

Grab samples, 

filtration, 

membrane filters 

(0.45μm), PH=6-

7.5 

C18, Milli-Q 

water/MeOH 

(5%/95%(v/v) 

wash solution 

(extra washing 

step) 

MeOH 2mL >90% 44 

BPA, DES, 

4NP, 4OP 

Influent and 

effluent 

wastewater  

(4 L) 

Grab samples+ 

filtration GF 

Sep-Pak C18 

(1000 mg, 6 mL). 

 

 After elution and 

drying, the extract 

is filtered with 

PTFE  

(0.2 μm pore size)  

2 mL MeOH, 

2 mL DCM, 

2 mL n-hexane 

sequential 

87.4-

116.9% 

91 
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Compounds Sample 

type 

(volume) 

Sampling 

method+ pre-

treatment 

SPE ±Clean up Elution 

solvent/volume 

Recoveries Ref 

Other extraction approaches 

4-t OP, 4NP, 

4OP 

River water, 

seawater 

(1L) 

Grab samples, no 

filtration no 

modifiers 

MASE Membrane 

HDPP. Extraction, 

500 mL hexane 

then Agitation 

for 60 min at 

750 rpm. 

81-108% 92 

BPA, DES 

E1, E2, EE, 

Eq, 4NP, 

4OP 

Wastewater

-

Influent/effl

uent (250 

mL) 

Grab samples+ 

filtration (NA) 

MASE/SPE (200 

mg Bond Elute 

Plexa/6ml) 

followed by florisil 

clean up 

8ml EA from 

the Bond elut 

and DCM: EA: 

MeOH 

(40:40:20 v:v:v) 

from the 

Florisil 

97-112% 38 

BPA, E1, E2, 

E3, EE and 

4NP 

Surface 

water, tap 

water (10 

mL 

aliquots) 

Grab samples, 

Filtered GF (1.2 

μm), acidified to 

pH=1 

DLLME-SFO 

80μL Agitation+ 

centrifugation 

+cooling 

1-undecnol 

(dispersant) and 

500 mL MeOH 

(extractant) 

35-102% 96 

NA= Not available, EA: ethyl acetate: MTBE: methyl tert-butyl ether PTFE: polytetrafluoroethylene, MP= mobile phase MEOH: 

methanol, DCM: dichloromethane; DLLME: dispersive liquid-liquid microextraction, MASE: microwave assisted solvent extraction, 

SPE: solid phase extraction, GF: glass fibre 
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Table III: Populations of the area served by each WWTP.  Demographic strata adapted from 111-113. 

WWTP Population 

Served by 

WWTP 

Child 

males (%) 

Males (%) Child 

females (%) 

Menstrual 

females (%) 

Menopaus

al females-

no HRT 

(%) 

Menopausal 

on HRT (%) 

Pregnant 

females 

(%) 

Women on 

Contracepti

on (%) 

WWTP1 220000 20340(9.5) 85575(39.8) 19330(9.0) 66490(30.9) 1636(0.8) 21729(10.1) 3215(1.5) 9320(4.3) 

WWTP2 250000 22740(9.2) 97900(39.7) 21565(8.8) 77895(31.6) 1840(0.7) 24440(9.9) 4184(1.7) 11074(4.5) 

WWTP3 15000 1500(10.5) 5225(36.5) 1510(10.5) 4165(29.1) 134(0.9) 1776.3(12.4) 193(1.4) 572(4.0) 

WWTP4 17000 1445(8.7) 6685(40.3 1330(8.0) 4695(28.3) 172(1.0) 2283.15(13.8) 224(1.4) 632(3.8) 

WWTP5 16000 1520(9.3) 6310(38.6) 1435(8.8) 4615(28.2) 172(1.1) 2287.8(14.0) 221(1.4) 628(3.8) 

WWTP6 36000 4020(11.2) 13090(36.4) 3775(10.5) 10820(30.1) 295(0.8) 3924.6(10.9) 485(1.4) 1520(4.2) 

HRT: hormonal replacement therapy
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Appendix II  

 

Table I: linear regression equation of the best- fit curve and the r2 values for all the analytes from WWTP3(for quantitative SRMs). 
Analyte Y=mx+b(r2) Solvent-based 

calibration 

Y=mx+b(r2) standard 

addition with upstream 

water WWTP3 as matrix 

Y=mx+b(r2) standard 

addition with raw 

wastewater from WWTP3 

as matrix 

Y=mx+b(r2) standard 

addition with treated 

wastewater from WWTP3 

as matrix 

Y=mx+b(r2) standard 

addition with downstream 

water WWTP3 as matrix 

BPA Y=0.0846x-0.0877(0.997) Y=0.0193x-0.0304(0.987) Y=0.0156x+0.1285(0.997) Y=0.0095x+0.0508(0.997) Y=0.0142x-0.0877(0.997) 

4OP Y=0.5314x+0.4466(0.996) Y=0.2108x+1.5498(0.997) Y=0.0029x-0.0231(0.995) Y=0.2725x+1.5498(0.991) Y=0.3684x+0.2613(0.986) 

4NP Y=0.2175x+0.4182(0.990) Y=0.1019x+0.0082(0.997) Y=0.0105x+0.0329(0.992) Y=0.1445x+0.4265(0.998) Y=0.1511x+0.1252(0.999) 

E1 Y=0.0272x-0.0228(0.999) Y=0.0201x-0.0492(0.997) Y=0.0174x-0.0709(0.973) Y=0.0174x-0.0709(0.973) Y=0.0158x-0.0286(0.990) 

E2 Y=0.0015x+0.002(0.999) Y=0.0009x+0.0039(0.998) Y=0.0017x-0.0036(0.990) Y=0.0005x+0.0033(0.940) Y=0.0012x-0.0104(0.963) 

E3 Y=0.0045x-0.0061(0.991) Y=0.0011x+0.0008(0.982) Y=0.0028x+0.0924(0.979) Y=0.0009x-0.0076(0.985) Y=0.0009x+0.0007(0.992) 

EE Y=0.0032x+0.0034(0.997) Y=0.0007x+0.0011(0.982) Y=0.0025x-0.0352(0.956) Y=0.0021x-0.0368(0.992) Y=0.0006x+0.0006(0.993) 

DES Y=0.0231x-0.0144(0.997) Y=0.0994x+0.0568(0.999) Y=0.0885x-0.0591(0.968) Y=0.0736x+0.0012(0.996) Y=0.0865x+0.0804(0.999) 

PRDN Y=0.0077x-0.0464(0.996) Y=0.0108x-0.1122(0.995) Y=0.0021x+0.0389(0.985) Y=0.0058x-0.1241(0.980) Y=0.0062x-0.0023(0.999) 

PRNL Y=0.0163x-0.0869(0.989) Y=0.0421x-0.1217(0.992) Y=0.0013x+0.0138(0.989) Y=0.0304x+0.129(0.996) Y=0.0178x-0.0149(0.990) 
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Table II: Prediction model of estrogens in raw wastewater.  

WWTP Daily flow 
rate m3/day 

Population 

Served by 

WWTP 

Wastewater 

temperature 

winter/summer 

HRT E1 E2 E3 EE Flow average Sampling 

2018 

1 75000.00 220000 10.0-20.0 10-

17hrs 55.52 37.38 468.12 1.63 Yearly June, 07 

2 85000.00 250000 10.0-18.0 24 hrs 60.76 39.20 531.09 1.71 Yearly June, 14 
3 6057.46 15000 6.8-19.2 NA 51.26 35.29 445.10 1.24 May May, 17 
4 5000.00 17000 NA NA 61.32 47.75 476.34 1.66 Yearly June, 27 
5 11360.00 16000 NA 3hrs 27.94 21.35 223.35 0.73 Yearly average June, 22 

6 12531.65 36000 9.0-19 NA 62.91 41.10 559.08 1.59 April 2017 flow April, 18 
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Figure I: Matrix effect percentage for target analytes from water and wastewater collected at WWTP1. 
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Figure II: Matrix effect percentage for target analytes from water and wastewater collected at WWTP2. 
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Figure III: Matrix effect percentage for target analytes from water and wastewater collected at WWTP3. 
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Figure IV: Matrix effect for target analytes from water and wastewater collected at WWTP4. 
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Figure V: Matrix effect percentage for target analytes from water and wastewater collected at WWTP5. 
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