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ABSTRACT

Endocrine disrupting chemicals such as steroid estrogens and alkylphenol

polyethoxylates entering the environment via regular domestic or industrial

discharges have been demonstrated to cause feminization of aquatic organisms at

trace levels. The presence of these compounds in surface waters has been primarily

attributed to their incomplete removal in sewage treatment works and to degradation

products generated from alkylphenolic compounds such as alkylphenols and short

chain one to three ethoxy units, ethoxylates.

This study investigates the factors controlling biodegradation of these chemicals in

four sewage treatment works with various configurations of the biological treatment

stage. Analytical methodologies for these endocrine disrupting compounds have been

developed to allow accurate quantification at nanogram per litre concentrations in

sewage matrices. Three activated sludge plants and one trickling filter work were

examined.

Temperature variation (±10°C) has no impact on the removal of estrogens with the

exception of the conjugated estrone-3-sulphate. Removal efficiencies for most of

these compounds were >90% at most of these works however the biochemical activity

of the biomass was found to be 50-60% more efficient in the nitrifying/denitrifying

plant (STW2) compared to the biological nutrient removal plant (STW3). The

presence of an anaerobic zone in STW3 did not provide additional benefit in the

removal of these compounds compared to a conventional nitrifying/denitrifying plant.

The biochemical activity in the nitrifying only pilot-scale plant (STW4) was in

between that of the nitrifying/denitrifying plant (STW2) and the biological nutrient

removal plant (STW3).

It was found that most of the alkylphenols in the final effluents did not exceed and

complied with the proposed predicted no effect concentration (PNEC) values of 330

ng l-1 and 122 ng l-1 for nonylphenol and octylphenol respectively. However,

concentrations of estrogens at all the works potentially fail to comply with the

proposed Environment Agency PNEC value (E2 equivalent = 1 ng l-1).
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EDCs Endocrine disrupting chemicals

EEq Estradiol equivalent

ESI Electrospray ionisation

ER Estrogen receptor

ESTs Estrogens

E-SCREEN Estrogen-screen

EtOAc Ethylacetate

EU European Union

F/M Food to microorganism ratio

GAC Granular activated carbon

GC Gas chromatography

GC/MS Gas chromatography mass spectrometry

GC/MS/MS Gas chromatography tandem mass spectrometry

GPC Gel permeation chromatography

HPLC High performance liquid chromatography

HRT Hydraulic retention time

IDL Instrument detection limit

IFAS Integrated Fixed Film Activated Sludge System

LC Liquid chromatography

LC/MS Liquid chromatography mass spectrometry

LC/MS/MS Liquid chromatography tandem mass spectrometry

LOD Limit of detection

LOQ Limit of quantitation

MBR Membrane bioreactors

MCF-7 Human breast adenocarcinoma cell line

MDL Method detection limit

MLSS/MLVSS Mixed liquor (volatile) suspended solids

MRM Multiple Reaction Monitoring

MS Mass spectrometry

MeOH Methanol

ND Not detected

NA Not analyzed

NDP National Demonstration Program

NI Negative ionisation
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NP 4-nonylphenol

NPEO Nonylphenol polyethoxylates

NP1EO Nonylphenol monoethoxylate

NP2EO Nonylphenol diethoxylate

NP3EO Nonylphenol triethoxylate

NP4EO Nonylphenol tetraethoxylate

NP1EC Nonylphenoxy acetic acid

NP2EC Nonylphenoxy monoethoxy acetic acid

OP 4-tert-octylphenol

OPEO Octylphenol polyethoxylates

OP1EO Octylphenol monoethoxylate

OP2EO Octylphenol diethoxylate

OP3EO Octylphenol triethoxylate

OP4EO Octylphenol tetraethoxylate

OP1EC Octylphenoxy acetic acid

OP2EC Octylphenoxy monoethoxy acetic acid

PAHs Polycyclic aromatic hydrocarbons

PCBs Polychlorinated biphenyls

PCDDs Polychlorinated dibenzo-dioxins

PCDFs Polychlorinated dibenzo-furans

PE Population equivalent

PNECs Predicted no effect concentrations

RAS Return activated sludge

RSD Relative standard deviation

RP-HPLC Reversed phase-high performance liquid chromatography

SPE Solid phase extraction

SRT Sludge retention time

STWs Sewage treatment works

TF Trickling filter

UK United Kingdom

USA United States of America

USEPA United States environment protection agency

VFA Volatile fatty acid

WAS Waste activated sludge
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LIST OF UNITS AND SYMBOLS

± Standard deviation

= Equal

> More than

< Less than

% Percentage

Ac Peak area of the quantitation ion for the selected determinant

identified

Ai Peak area of the quantitation ion for the internal standard

°C Degrees Celsius

BODinf Influent biochemical oxygen demand

CO2 Carbon dioxide

dwt Dry weight

d Day

Q Volumetric flow rate

QASP/BNR Flow rate of ASP/BNR

QTF Flow rate of TF

g Gram

h Hour

H2O Water

Kd Absorption constant

Koc Octanol-carbon partition coefficient

Kow Octanol-water partition coefficient

r2 Linear regression using correlation coefficient

l Litre

l sec-1 Litre per second

Log Kow Log of octanol-water partition coefficient

m3 d-1 Meter cube per day

Mdiff Mass difference

Min Mass influx

Mout Mass outflux

min Minute

mg Milligram
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mg kg-1 Milligram per kilogram

mg d-1 Milligram per day

mg l-1 Milligram per litre

mg tonne-1 Milligram per tonne

ml Millilitre

ml min-1 Millilitre per minute

mV Millivolts

m/z Mass to charge ratio

µg Microgram

µg l-1 Microgram per litre

µg g-1 Microgram per gram

µg kg-1 Microgram per kilogram

µg d-1 Microgram per day

µg tonne-1 Microgram per tonne

µl min-1 Microlitre per min

µm Micrometre

ng Nanogram

ng l-1 Nanogram per litre

ng g-1 Nanogram per gram

nd Not detected

NH3 Ammonia

NH4 Ammonium

NH4OH Ammonium hydroxide

N2 Nitrogen

O2 Oxygen

ORP Oxidation/reduction (redox) potential

S/N Signal to noise ratio

pg picogram

pKa Negative log to base 10 of the acid dissociating/acidity constant

Ka

ppm Parts per million

ppb Parts per billion

ppt Parts per trillion

rpm Revolutions per minute
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V Volt

Vol Volume of tank (m3)

W/o With or without

θA Hydraulic retention time (h)

θC Sludge retention time (d)
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1 INTRODUCTION

1.1 Endocrine Disrupting Chemicals

Endocrine disrupting chemicals (EDCs) comprised of a very broad, diverse collection

of substances with wide ranging physio-chemical characteristics. Recently these

organic contaminants have emerged as a major environmental and human health issue,

generating a vast amount of interest amongst the scientific community worldwide and

considerable media coverage. Results about severe feminization effects of endocrine

disrupting compounds (e.g. steroidal hormones) on aquatic organisms at trace levels

have garnered concerns that other pharmaceuticals designed for special biological

effects are also perilous to the environment.

Research emphasis for the past three decades has been mainly on, but not limited to,

“classic” environmental pollutants such as pesticides (DDT, DDE, lindane, atrazine),

polychlorinated compounds (polychlorinated biphenyls (PCBs), polycyclic aromatic

hydrocarbons (PAHs) and dioxins (PCDDs, PCDFs), (Birkett, 2003). In recent years,

a focus shift in environmental research has been extended to “emerging

contaminants” such as EDCs steroidal estrogens (ESTs), and alkylphenol

polyethoxylates (APEOs) entering the environment via regular domestic or industrial

discharges (Glassmeyer et al., 2005, Gross et al., 2004, Richardson et al., 2005,

Sumpter and Johnson, 2005) (Figure 1.1). The degree of concern about EDCs is

generally according to their estrogenic potency. Wildlife and human exposure to these

chemicals during critical periods can alter the development of many tissues and result

in permanent character changes in the mature organism (Colborn et al., 1993). There

is also a body of evidence that these effects can occur at low doses and trace

concentrations.
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Figure 1.1. Components of a (partially) closed water cycle with indirect potable re-
use. Adapted from (Petrovic et al., 2003b).

1.2 Phenomena of EDCs

The feminization of male fish has been detected in several European countries

(Flammarion et al., 2000, Hecker et al., 2002, Jobling et al., 1998, Larsson et al., 1999,

Versonnen et al., 2004), USA (Folmar et al., 2001, Folmar et al., 1996, Harshbarger et

al., 2000, Sole et al., 2002) and in the Asia Pacific region (Batty and Lim, 1999,

Chapman, 2003, Gong et al., 2003, Hashimoto et al., 2000). Work in the last decade

has clearly implicated certain sewage treatment works (STW) (Kirk et al., 2002,

Rodgers-Gray et al., 2000) and pulp mill effluents (Durhan et al., 2002) as sources of

EDCs in the aquatic environment. The majority of EDCs are believed to reach the

aquatic environment by sewage effluent and this has been observed in the UK

(Jobling et al., 1998), France (Cargouet et al., 2004), The Netherlands (Belfroid et al.,

1999), Italy (Baronti et al., 2000), Germany (Spengler et al., 2001), Sweden (Svenson

et al., 2003), Spain (Sole et al., 2000), Norway (Knudsen et al., 1997), Portugal (Diniz

et al., 2005) and Switzerland (Espejo et al., 2002). One of the most comprehensive

studies of endocrine disruption in wildlife is that on the impact of steroid estrogens

and non-ionic surfactants on British fish (Vos et al., 2000). It has clearly been
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established that the STW effluent (Purdom et al., 1994, Sheahan et al., 2002, Sumpter

and Jobling, 1995) and several receiving surface waters in the United Kingdom are

estrogenic for fish (Harries et al., 1996). These nationwide surveys showed an

increased plasma level of vitellogenin (egg yolk protein precursor that is normally

produced by mature females) in male roach (Rutilus rutilus) in rivers near sewage

effluent discharges. A high prevalence (locally up to 100%) of intersex (ovotestis)

was observed in these fish (Jobling et al., 1998). Currently there are few studies which

show the effect of EDCs on female fish and most experiments on endocrine disrupting

phenomenon have been on male fish. Even though the precise mechanisms of action

are poorly understood and the causative chemicals are not always known, extensive

evidence is available that sewage effluents can disturb endocrine function in fish

(Harries et al., 1999, McArdle et al., 2000).

Despite the early evidence of endocrine disruption observed in wildlife (Dodds et al.,

1938), this topic was largely ignored as an environmental issue. The actual impetus

when it came to the fore was from studies in the 1990s revealed potential problems of

declining human semen quality in countries such as Belgium, Denmark, France, and

Great Britain (Carlsen et al., 1992, Handelsman, 2001, Swan et al., 2000). The

incidence of testicular cancer has increased during the same period, as has the

incidences of hypospadias and cryptorchidism (Sharpe and Skakkebaek, 1993,

Toppari et al., 1996). There is also emerging evidence that certain species of wildlife

were also experiencing endocrine disruption to their reproductive systems with the

exposure to environmental pollutants such as organochlorines (PCBs and DDE)

(Guillette et al., 1994, Guillette et al., 1996, Pickford et al., 2000). Currently human

exposure to these chemicals are only postulated to induce endocrine disrupting effects,

no strong evidence exists to link then to a risk to human (Damstra et al., 2002).

1.3 Rationale for Research

As a result of endocrine disrupting phenomena in the aquatic environment, a £40

million National Demonstration Program (NDP) is being undertaken by the water

industry of the UK as part of the asset management plan (AMP) 4 settlement, initiated

by the Environment Agency (EA) of England and Wales to investigate the potential

removal of these EDCs from the final effluents (Burke, 2004). One of the objectives
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of the EA NDP involves collecting baseline data across 17 STWs in the UK that will

be used to evaluate the ability of treatment options (conventional and enhanced

sewage treatment processes) to remove EDC (namely ESTs and APEOs), reduce

estrogenic activity of final effluent and curtail intersex and potential toxicity in fish.

The occurrence and concentration of anthropogenic EDCs is an excellent marker of

human impact and a good indicator of water quality as indicated by regulatory

agencies (EU and USEPA) (Lopez de Alda et al., 2003). Urban Waste Water

Treatment Directive 91/271/EC requires that all EU wastewater will have to be

collected and subjected to secondary treatment (biological, with secondary settlement)

before being discharged into the environment, to eliminate the input of potentially

active estrogenic compounds (European Commission, 1999). With the impending

deadline within the European Community Water Framework Directive to phase out or

reduce all discharges of priority hazardous substances by 2015 to achieve “good

chemical surface water status”, many wastewater operators will have to make

informed decisions on the effectiveness, cost and benefits and sustainability of

existing or enhanced wastewater treatment processes in dealing with the present

estrogenic activity of sewage effluent discharged from their works (European

Commission, 2000).

The presence of EDCs in surface waters has been primarily attributed to their

incomplete removal in the STW (Gomes et al., 2003, Purdom et al., 1994) and to the

deconjugation of estrogens or degradation products generated from the APEO such as

alkylphenols (AP) and short-chain APEOs (Ahel et al., 1994a, Langford et al., 2005a).

It is therefore necessary to determine whether the EDCs are brought into the aquatic

environment via wastewater at levels that could be harmful to aquatic life, and to

assess STW efficiency at removing EDCs from wastewater effluent.
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2 LITERATURE REVIEW

2.1 Endocrine Disrupting Chemicals of Environmental Interest

Steroid hormones and non-ionic surfactants are two important classes of compounds

which have been identified due to their estrogenic potency (Table 2.1). Reports of

estrogenic responses in fish exposed to sewage effluent showed an increased level of

oocytes in testes of male fish exposed to these estrogenic chemicals at low

concentrations (Jobling et al., 1998, Jobling et al., 1996, Purdom et al., 1994,

Villeneuve et al., 2002, White et al., 1994). The compounds showed the following of

order potency; EE2 > E2 > E1 > NP&OP > E3 > APEO& metabolites.

Based on available data and its strategy on endocrine disruption, the EA has derived

the following predicted no effect concentrations (PNECs) for steroid estrogens: 0.1 ng

l-1 for EE2, 1 ng l-1 for E2, and 3 ng l-1 for estrone (Environment Agency, 2000). A

combined PNEC value for total steroid estrogens of 1 ng l-1 EEq (E2 equivalents) was

derived which takes into account the relative potency of each steroid and their

additive effects since estrogens work synergistically (Environment Agency, 2002).

Determination of steroid estrogens in the EA national survey of STW effluents

showed that they are present in some effluents at concentrations at or higher than the

PNEC derived for estrogens (Environment Agency, 2002). Furthermore, modelling

studies undertaken as part of the EA risk assessment of effluents indicated predicted

concentrations higher than these PNECs in the downstream receiving environment,

thus leading to unacceptable exposure of aquatic life that inhabit certain river reaches

below the STW.

The calculated PNEC values for NPnEO, NP2EC, NP1EC, NP2EO, NP1EO, NP and

OP are 0.9 µg l-1, 0.99 µg l-1, 2 µg l-1, 0.11 µg l-1, 0.11 µg l-1, 0.021 µg l-1 (Fenner et

al., 2002) and 0.12 µg l-1 (Brooke et al., 2003) respectively. The PNEC of NP for

aquatic organisms of 0.33 µg l-1 was derived for three species representing three

trophic levels (European Commission, 2002). Although the estrogenic potency of NP

suggests that, in isolation, it is unlikely to elicit an estrogenic response in fish

downstream of discharges once dilution is taken into consideration. This is because
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estrogenic responses are dose-dependent for NP which can cause intersexuality at

“high” concentrations (Gray and Metcalfe, 1997), but not at lower concentrations

(Nimrod and Benson, 1998). Nonetheless, the long term effects of low concentrations

of NP on vitellogenin induction and gonadal disruption in fish are still uncertain

(Gross-Sorokin et al., 2006).

Table 2.1. Endocrine disrupter concentrations in sewage effluent to potential
impacts on wildlife.

Estrogen
In vitro E2
equivalent

Typical
effluent

conc (ng l-1)

Typical
predicted E2

equiv (in vitro)

In vivo VTG
response in trout E2

equiv

Typical
predicted E2

equiv (in vivo)
Judgement

E1 0.5 5 2.5 0.5 2.5 Concern
E2 1 1.5 1.5 1 1.5 Concern

E3 0.005, 0.04 20 0.1 0.001 0.02
Little

concern

EE2 1 – 2 0.5 0.5 – 1 25 12
Greatest
concern

4t-NP or
4t-OP

0.0001 2 000 0.2 0.001, 0.0006 2 – 20? concern

NPEO,
NPEC, &
CNPEC

0.00001 20 000 0.2
no significant

NPEO mixture
effect at 100 µg l-1

? less concern

Total 5 – 5.5 18.1 – 36
Adapted from (Johnson and Sumpter, 2001).

2.1.1 Steroidal estrogens

Natural and synthetic estrogens: estrone (E1), 17β-estradiol (E2) and 17α-

ethinylestradiol (EE2) are EDCs that display the strongest estrogenic effects. A large

extent of the estrogenicity in the sewage treatment work (STW) effluent was a result

of their presence in the aquatic environment (Belfroid et al., 1999, Jobling et al., 1998,

Larsson et al., 1999, Rodgers-Gray et al., 2000, Ternes et al., 1999b). Estriol (E3) is a

natural steroid which is less estrogenic than those steroids previously mentioned,

however is still worthy of consideration due to possessing greater estrogenicity

compared to EDCs of industrial origin. The predominant pathway of excretion is as

conjugates, either glucuronides or sulfates in urine, with the sulfate conjugate of

estrone (E1-3S) being the main urinary excretion product (Tang and Crone, 1989,

Ternes et al., 1999a). Due to the activity of β-glucuronidase, gluconuride conjugates

are broken down before reaching the STW, however, concentrations of the conjugated

steroid, E1-3S, may be important when considering total load reaching STW (Gomes

et al., 2005), since arylsulfatase enzyme is less common in the STW (Baronti et al.,

2000).
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The physiochemical properties of the unconjugated and conjugated steroid estrogens

can be found in (Table 2.2). Further information of the steroidal estrogens can be

found in (Table 2.3). Unconjugated steroid estrogens have low water solubility, which

range from 4.8 to circa 13 mg l-1, whilst conjugated estrogens have higher solubility.

The synthetic steroids have the highest octanol-water partitioning coefficients (log

Kow) ranging from 2.81 to 4.15 for free estrogens and 0.95 (calculated) for the sulfate

conjugate estrogen. All of the steroids have very low vapour pressures and relatively

high pKa values (above 10), therefore they are weakly acidic. Thus these steroid

estrogens are non-volatile, highly lipophilic chemicals that can be expected to adsorb

to solids in environmental matrices (Lai et al., 2000). Experiments on river water

demonstrated that due to their high Log Kow, steroid estrogens will readily sorb to

particulates which consist largely of decaying natural organic matters (NOM) (Xiao et

al., 2001). The biologically inactive conjugated steroids (sulfate- and glucuronide

conjugates) are a factor of 10 to 50 times more water soluble than their parent

estrogens.

Table 2.2. Physiochemical properties of selected steroid estrogens.

Steroid
compound

Vapour
pressure (Pa)

Aqueous
Solubility
(mg l-1)

Henry’s
constant (atm

m3 mol-1)
Koc (l kg-1) Log Kow pKa

E1 3 x 10-8 13 6.2 x 10-7 4882d 3.43 10.4g

E2 3 x 10-8 13 6.3 x 10-7 3300d 3.94 10.4g

E3 9 x 10-13 13 2 x 10-11 1944d 2.81 10.4g

EE2 6 x 10-9 4.8 3.8 x 10-7 4770d 4.15 10.4g

E1-3S 1.08 x 10-14a 9.6 x 102b 6.9 x 10-16c 29660e 0.95f

Data taken from (Lai et al., 2000). a Modified grain method (MPBPWIN v1.42). bWater solubility
estimate from Log Kow (WSKOW v1.41). c Henry’s law constant (25°C) (HENRYWIN v3.10). d (Ying
et al., 2002a). e Estimated Koc (PCKOCWIN v1.66). f Estimated Log Kow (KOWWIN v1.67 estimate). g

(Huber et al., 2003).
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Table 2.3. Information of steroidal estrogens.

Steroid estrogen
Type of
steroid

Molecular
formula

Molecular
weight
(g/mol)

CAS no. Structure

Estrone (E1) Natural C18H22O2 270.37 53-16-7

CH3

H

HH

O

OH

17β-Estradiol
(E2)

Natural C18H24O2 272.38 50-28-2

CH3

H

HH

OH

OH

Estriol (E3) Natural C18H24O3 288.39 50-27-1

CH3

H

HH

OH

OH

OH

17α-
Ethinylestradiol

(EE2)
Synthetic C20H24O2 296.40 57-63-6

CH3

H

HH

OH

OH
CH

Estrone 3-sulfate
(E1-3S)

Natural C18H22O5S 350.50 481-97-0

CH3

H

HH

O

OSOH

O

O

Estrone-
2,4,16,16-d4

Deuterated C18H22O2D4 274.40 53866-34-5

CH3

H

HH

O

OH

D

D
D

D

17α-Estradiol-
2,4,16,16-d4

Deuterated C18H24O2D4 276.41 66789-03-5

HCH3

H

HH

OH

OH

D

D
D

D

17β-Estradiol-
2,4,16,16, 17-d5

Deuterated C18H23O2D5 277.42 221093-45-4

DCH3

H

HH

OH

OH

D

D
D

D
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16α-Hydroxy-
17β-Estradiol-

2,4,17-d3

Deuterated C18H24O3D3 291.40 79037-36-8

D HCH3

H

HH

OH

OH

OH

D

D

17α-
ethinylestradiol-

2,4,16,16-d4

Deuterated C20H24O2D4 300.43 350820-06-3
D

D

D

D

CH3

H

HH

OH

OH
CH

Sodium Estrone-
2,4,16,16-d4

Sulfate
Deuterated

C18H22O5SNa
D4

376.44 285979-80-8

Na

CH3

H

HH

O

OSO

O

O D

D
D

D

2.1.2 Alkylphenol polyethoxylates

Alkylphenols polyethoxylates (APEOs) are commercially important nonionic

surfactants used in both industrial and domestic detergent and emulsifier formulations

(Ferguson et al., 2001b). As a result of this use, they are also ubiquitous in the

environment and wastewater discharges (Gibson et al., 2005, Langford et al., 2005b).

Among APEOs, nonylphenol ethoxylates (NPEO) are the most commonly used

isomer at 80% whilst octylphenol ethoxylates (OPEO) represent 20% (Staples et al.,

1999). Giger et al. (1984) have reported that primary degradation of APEOs in

wastewater treatment plants or in the environment generates more persistent shorter-

chain APEOs and alkylphenols (AP) such as octylphenol (OP), nonylphenol (NP) and

AP mono- to triethoxylates (NP1EO, NP2EO and NP3EO) (Giger et al., 1984). During

biological treatment, alkylphenol polyethoxycarboxylates (APEC) and

carboxyalkylphenol polyethoxycarboxylates (CAPEC) can also occur. After the

secondary wastewater treatment usually >95% of the APEOs are degraded; however

more recalcitrant metabolites (such as AP and APEC) are formed, which are

widespread environmental pollutants. Further research has confirmed the wide-spread

occurrence of these APEO metabolites in the environment (Bennie et al., 1997,

Blackburn et al., 1999, Ferguson et al., 2001b, Naylor et al., 1992, Tabata et al., 2001).

Numerous studies have shown that APEO metabolites (APs, short-chain APEOs and

APECs) are more toxic than their parent substances and possess the ability to mimic

natural hormones by interacting with estrogen receptor (ER) (Field and Reed, 1996,

Jobling et al., 1996, Jobling and Sumpter, 1993, Renner, 1997, Routledge and
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Sumpter, 1996, Soto et al., 1991). The scientific and regulatory concerns have been

raised over APEO metabolites (NP, OP, NP1-3EO) present in the environment above

the threshold necessary to disrupt endocrine function in wildlife and humans.

The physiochemical properties influence the behavior of APEO metabolites in the

environment. Table 2.4 lists some physiochemical properties of APEO and their

metabolites (short-chain APEOs, APECs and APs). Further information of the

alkylphenolic compounds can be found in Table 2.5. The solubility of APEOs

depends on the number of polar groups forming the hydrophilic part of the molecule.

Lower APEO oligomers (EO<5) usually display lipophilic properties in contrast to the

higher oligomers which are hydrophilic (Ahel and Giger, 1993a). The solubilities of

OP1-4EO ranged from 8 to 24.5 mg l-1 in water, while the solubility of OP was 12.6

mg l-1, which is higher than the solubilities for OP1-4EO. NP has a water solubility of

5.43 mg l-1, while NP1-4EO have solubilities ranging between 3.02 and 9.48 mg l-1 at

20.5 °C (Ahel and Giger, 1993a). The solubilities of OP1-4EO and OP were

significantly greater than those of NP1-4EO and NP, indicating the predominant

influence of the hydrophobic chain length on APnEO solubility. Ahel and Giger

(1993b) determined the partition coefficients of OP, NP and NP1-3EO in the

octanol/water system and also calculated other log Kow values from the solubility

values (Ahel and Giger, 1993b). The logarithmic values (log Kow) were between 3.90

and 4.48 for the APEO metabolites, suggesting that these substances may become

associated with organic matter in sediments. However the data presented showed that

NPEC are less likely to sorb onto organic matter. The vapour pressure data are very

scarce for APEO metabolites. Nielsen et al. (2000) reported a high vapour pressure

(0.0023 mm Hg) for NP (Nielsen et al., 2000) and similarly for OP. However lower

vapour pressure is associated with the rest of the metabolites (based on calculations).

The physicochemical data could help us predict the partitioning behavior of these

substances among different phases (air, water and sediment/soil) in the environment.

Even so, from solubility and log Kow data, we can see that OP, NP and O/NP1-4EO

could easily adsorb onto the sediment in an aquatic environment.
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Table 2.4. Physiochemical properties selected APs, APEOs and APECs.

Alkylphenolic
compound

Vapour
pressure

(Pa)

Aqueous
solubility
(mg l-1 at

20C)

Henry’s
constant

(atm m3 mol-1)
Koc (l kg-1)c Log

Kow
f pKa

NP 1.73 x 10-5o 5.43b 1.23 x 10-5k 245,470d 4.48f 10.7m

NP1EO 1.34 x 10-9a 3.02b 1.25 x 10-6k 288,403d 4.17f

NP2EO 6.86 x 10-11a 3.38b 2.68 x 10-9k 151,356d 4.21f

NP3EO 5.88b 74,131d 4.20f

NP4EO 7.65b 4.30g

NP1EC 7.37 x 10-8a 0.45j 1.41 x 10-6k 2496l 5.80i

NP2EC 3.57 x 10-10a 0.43j 3.01 x 10-9k 852l 5.53i

OP 3.89 x 10-6a 12.6b 6.89 x 10-6k 151,356d; 3500
– 18,000e 4.12f ~9.9 –

10.9n

OP1EO 8.18 x 10-9a 8.0b 5.87 x 10-7k 1078l 4.10h

OP2EO 13.2b 4.00h

OP3EO 18.4b 3.90h

OP4EO 24.5b 3.90h

a Modified grain method (MPBPWIN v1.42). b (Ahel and Giger, 1993a). c Organic carbon sorption
constant Koc.

d (Ferguson et al., 2001b). e (Johnson et al., 1998). f (Ahel and Giger, 1993b). g Half-life (days) in
river water. h Calculated values using the solubility (Ying et al., 2002b). i Estimated Log Kow

(KOWWIN v1.67). j Water solubiilty estimate from Log Kow (WSKOW v1.41). k Henry’s law constant
(25°C) (HENRYWIN v3.10). l Estimated Koc (PCKOCWIN v1.66). m (Deborde et al., 2004). n (Shiu et
al., 1994) o (Nielsen et al., 2000).

Table 2.5. Information of alkylphenolic compounds.

Alkylphenolic
compound

Type of non-
ionic surfactant

Molecular
formula

Molecular
weight
(g/mol)

CAS no. Structure

4-Nonylphenol
monoethoxylate

(NP1EO)

Short-chain
APEO

C17H28O2 264.41 104-35-8
OH

O

C9H19

4-Nonylphenol
diethoxylate

(NP2EO)

Short-chain
APEO

C19H32O3 308.46 20427-84-3
C9H19

O
O OH

4-Nonylphenoxy
acetic acid (NP1EC)

Short-chain
carboxylic acid

C17H26O3 278.39 3115-49-9
C9H19

O

OH

O

Nonylphenoxy
monoethoxy acetic

acid (NP2EC)

Short-chain
carboxylic acid

C19H30O4 322.44 106807-78-7
C9H19

O

OH
O

O

Nonylphenol
diethoxy acetic acid

(NP3EC)

Short-chain
carboxylic acid

C21H34O5 366.50 NA
C9H19

2
O

OH
O

O

Nonylphenol
polyethoxylates (3–

12)(NP3–12EO)

Long chain
APEO

(C2H4O)n

C15H24O
n=~1.5 – 12

- 68412-54-4 m

OH
O

O

C9H19

NPnEO, n = m+1

4-Octylphenol
monoethoxylate

(OP1EO)

Short-chain
APEO

C16H26O2 250.38 2315-67-5
OH

O

C8H17
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4-Octylphenol
diethoxylate

(OP2EO)

Short-chain
APEO

C18H30O3 294.44 2315-61-9
O

O OH

C8H17

4-Octylphenoxy
acetic acid (OP1EC)

Short-chain
carboxylic acid

C16H24O3 264.37 NA
OH

O

O

C8H17

Octylphenol
monoethoxy acetic

acid (OP2EC)

Short-chain
carboxylic acid

C18H28O4 308.42 NA

OH
O

O

O

C8H17

Octylphenol
diethoxy acetic acid

(OP3EC)

Short-chain
carboxylic acid

C20H32O5 352.47 NA
2

OH
O

O

O

C8H17

Octylphenol
polyethoxylates (3–

12)(OP3–12EO)

Long chain
APEO

(C2H4O)n

C14H22O
n=~1.5 – 12.5

- 68987-90-6 m

OH
O

O

C8H17

OPnEO, n = m+1

4-nonylphenol (NP) Alkylphenol C15H24O 220.35 104-40-5
CH3

OH

CH3

CH3

CH3

4-tert-octylphenol
(OP)

Alkyphenol C14H22O 206.32 140-66-9

CH3

CH3

CH3

CH3

CH3

OH

NA: not applicable.

2.2 Analytical Methodologies for EDCs

In developing monitoring strategies, requirements for chemical analyses should be

considered alongside biological monitoring (Taylor et al., 1999). Although there are

advantages of using biological techniques (Figure 2.1), analysis of steroid estrogens

and APEOs in STW are unequivocal and definitive using chemical methodologies, in

particular chromatographic/mass spectrometry methods. The first stage of analysis is

sample extraction after the collection of environmental samples. This usually involves

liquid/liquid extraction or solid phase extraction (SPE) depending on the sample

matrix and the analytes of interest. Since environmental concentrations can be in the

ng l-1 range, pre-concentration is often necessary prior to analysis of the determinants

(Petrovic et al., 2003b). Filtration of the aqueous sample is usually necessary to

remove particulates and colloidal material so as to avoid clogging the SPE cartridge

which will otherwise lower the efficiency of the sorbent site for the capture of the

analyte (Di Corcia et al., 2000, Petrovic et al., 2003c). For aqueous samples using

SPE is generally more efficient and common (Bolz et al., 2000, Hu et al., 2005,

Sekela et al., 1999). For solid phase samples, solvent extraction with a heat source
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applied, such as soxhlet extraction, is most frequently used (Petrovic and Barcelo,

2002, Ternes et al., 2002).

The stability of the sample can pose problems, for example, the deconjugation of E1-

3S. Aqueous samples can be extracted onto SPE cartridges on site to reduce

degradation and then stored refrigerated for later elution (Snyder et al., 1999). Prior to

quantification the majority of environmental samples require a clean up stage to

remove potential contaminants or co-eluted matter. This is often performed by

selective adsorbents such as silica to separate compounds based on their polarity, or

by size exclusion using gel permeation chromatography (GPC) (Blackburn et al.,

1999, Isobe et al., 2001, Ternes et al., 2002).

For quantification of compounds after extraction and cleanup, gas chromatography

(GC) or liquid chromatography (LC) coupled to mass spectrometry (MS) or tandem

mass spectrometry (MS/MS) are some of the two most frequently used methods

(Brossa et al., 2005, Gatidou et al., 2007, Gomez et al., 2006, Hernando et al., 2004,

Kuklenyik et al., 2003, Lee et al., 2005, Lopez de Alda et al., 2003, Quintana et al.,

2004).
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elucidation of known chemical analyte(s)
•Not provide information about potency,
efficacy and interaction of compounds in
modulating endocrine function
•Requires expensive instrumentation, extensive
and time consuming sample preparation and/or
cleanup
•Quantification at trace levels (ng l-1 or below)

•E.g. Immunoassay chromatography
•Selective immobilized antibody to capture
analyte of interest and coupled to HPLC and/or
MS to obtain high resolution and selectivity
•Ease of use and possible trace level detection
•Poor standardization, cross-reactivity and
matrix effects due to interferences by
coextracted humic substances leading to false
positives/negatives

•E.g. Rodent uterotrophic assay
•Not used as high throughput screening test as it
is expensive, time consuming and cannot use to
characterize individual compounds
•Raise socio-political and ethical issues
•Account for metabolic transformation,
bioaccumulation and homeostatic controls
•Use of multi-generational and each major
taxonomic group (vertebrates and invertebrates)
to assess effects

•E.g. Cell proliferation (MCF-7), ER receptor-
binding and E-SCREEN receptor-dependent
gene expression
• Relatively inexpensive, high throughput and
not time consuming for screening and
monitoring
•Cross-talk issues between biological pathways
•May provide superior sensitivity and
quantification at trace levels (ng l-1 or below)

Link exposure, cause and effect
Increasing sensitivity and specificity

Multifaceted approach for monitoring and measuring EDCs in environment, animals and
humans

Chemical Techniques

Clas
sic

al

In
vitro

assay
In

viv
o

as
sa

y

Biological Techniques

Com
binatory

•E.g. LC or GC/MS(/MS)
•Accurate identification and structural
elucidation of known chemical analyte(s)
•Not provide information about potency,
efficacy and interaction of compounds in
modulating endocrine function
•Requires expensive instrumentation, extensive
and time consuming sample preparation and/or
cleanup
•Quantification at trace levels (ng l-1 or below)

•E.g. Immunoassay chromatography
•Selective immobilized antibody to capture
analyte of interest and coupled to HPLC and/or
MS to obtain high resolution and selectivity
•Ease of use and possible trace level detection
•Poor standardization, cross-reactivity and
matrix effects due to interferences by
coextracted humic substances leading to false
positives/negatives

•E.g. Rodent uterotrophic assay
•Not used as high throughput screening test as it
is expensive, time consuming and cannot use to
characterize individual compounds
•Raise socio-political and ethical issues
•Account for metabolic transformation,
bioaccumulation and homeostatic controls
•Use of multi-generational and each major
taxonomic group (vertebrates and invertebrates)
to assess effects

•E.g. Cell proliferation (MCF-7), ER receptor-
binding and E-SCREEN receptor-dependent
gene expression
• Relatively inexpensive, high throughput and
not time consuming for screening and
monitoring
•Cross-talk issues between biological pathways
•May provide superior sensitivity and
quantification at trace levels (ng l-1 or below)

Link exposure, cause and effect
Increasing sensitivity and specificity

Multifaceted approach for monitoring and measuring EDCs in environment, animals and
humans

Figure 2.1. Overview of several advantages and disadvantages to EDCs determination using chemical and biological techniques.
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2.2.1 Quantitative determination of steroid estrogens

Several analytical methodologies have been developed to identify and quantify the

more important non-conjugated estrogens (E1, E2, and EE2) in sewage-impacted

rivers and aquatic environments using both chemical techniques such as GC/MS

(Brossa et al., 2005, Cathum and Sabik, 2001, Daughton and Ternes, 1999, Labadie

and Budzinski, 2005, Lopez de Alda et al., 2003, Vanderford et al., 2003),

GC/MS/MS (Gomez et al., 2006, Kolodziej et al., 2004, Noppe et al., 2005, Servos et

al., 2005), LC/MS (Ferguson et al., 2001c, Lopez de Alda and Barcelo, 2001),

LC/MS/MS (Chen et al., 2007, Hu et al., 2007, Huber et al., 2005, Lagana et al., 2004,

Lagana et al., 2000, Mitani et al., 2005, Nakamura et al., 2003, Rodriguez-Mozaz et

al., 2004, Vanderford et al., 2003, Zhang et al., 2004, Zuehlke et al., 2005) and

immunoassays (Huang and Sedlak, 2001, Takigami et al., 2000). All of these methods

involve extensive extraction and purification steps with few methods able to quantify

steroid conjugates in wastewater samples. Limitations exist for conjugates analyzed

by GC/MS(/MS) techniques due to enzymatic or chemical dissociation to the free

estrogens prior to analysis. Acid or enzymatic hydrolysis could result in inefficient

cleaving and uncontrolled losses of the free steroids (Axelson et al., 1981, Sahlberg et

al., 1981, Shackleton, 1986). Direct measurement of concentrations of steroid

conjugates using LC/MS(/MS) can circumvent such problems (Bowers and Sanaullah,

1996, Zhang and Henion, 1999).

There have been reports which use tandem MS-MS for detection of the steroid

conjugates in a multiple reaction monitoring (MRM) experiments in wastewaters

(D'Ascenzo et al., 2003, Gentili et al., 2002, Gomes et al., 2005, Isobe et al., 2006,

Isobe et al., 2003, Reddy et al., 2005). Most of these methods exhibit lower detection

limits in relatively clean river and lake water samples. However, in more complex

matrices such as sewage samples, detection limits were reported to be much higher

see Table 2.6 (D'Ascenzo et al., 2003, Gentili et al., 2002, Reddy et al., 2005).

2.2.2 Quantitative determination of alkylphenolic compounds

Concern about the potential endocrine effects of APEO degradation products has led

to increased interest in sensitive analytical methodologies for alkylphenolic

compounds. It is because APEO products consist of a mixture of ethoxy homologues

and alkyl-chain isomers that their quantitative analysis is quite challenging. Liquid
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chromatography mass spectrometry has been the preferred method for the analysis of

APEOs compared to GC/MS(/MS) (De Alda et al., 2003, Gonzalez et al., 2007a, Loos

et al., 2007, M. Petrovic et al., 2002b, Scrimshaw et al., 2004). This may be because

of the need to derivatize APEOs with more than 5 ethoxy units prior to determination

by GC/MS(/MS) due to their low volatility and thermal instability.

LC/MS has been used for the determination of the full range of AP(Ferguson et al.,

2001a, Jeannot et al., 2002, Lee Ferguson et al., 2000, Petrovic and Barcelo, 2000,

Petrovic et al., 2003c, Shao et al., 2002), APEOs (Berryman et al., 2004, Houde et al.,

2002, Langford et al., 2005a, Lee Ferguson et al., 2000, Petrovic and Barcelo, 2000,

Petrovic et al., 2003c, Shang et al., 1999, Shao et al., 2002) and APEC (Lee Ferguson

et al., 2000, Petrovic and Barcelo, 2000). Several LC tandem MS/MS methods have

been recently reported for these compounds (Houde et al., 2002, Jahnke et al., 2004,

Jonkers et al., 2001, Loos et al., 2007, Loyo-Rosales et al., 2003, Petrovic et al.,

2003a, Schmitz-Afonso et al., 2003) see Table 2.7. There also exist LC/MS/MS

determination for dicarboxylated metabolites CAPEC which have been identified (Di

Corcia et al., 2000, Jonkers et al., 2001, Jonkers et al., 2003). Research has not

focused on the dicarboxylated compounds, where evidences have shown that CAPEC

(AP9EO) biotransformation products are weakly estrogenic compared to nonylphenol

or steroidal estrogens (Jobling et al., 1996, Jobling and Sumpter, 1993).



Chapter 2 Literature Review

____________________________________________________________________________________________________________________

37

Table 2.6. A survey of analytical procedures for unconjugated and conjugated steroids in environmental matrices.

Compound Matrix Extraction Cleanup Detection method LC column Mobile phase Quantification
LOD

(ng l-1,
ng g-1)

Reference

E1, α-E2, β-E2,
E3, EE2, E2-
17G

Sewage
and

coastal
and

feshwater

SPE (SDB-XC
disk)

C18, NH2 columns
and HPLC

(150x4.6mm)

GC/MS/MS
(silylated and

glucuronidase and
sulphatase)

DB-5MS
(300x

0.25mm,
0.25µm)

Inert gas
(Helium)

Varian 3400
GC with Saturn

IV ion-trap
mass

spectrometer

0.1 – 2.4
ng l-1

(Belfroid et
al., 1999)

E1, E2, E3,
EE2, E3-3G,
E2-3G, E1-3G,
E3-16G, E2-
17G,E3-3S,
E2-3S, E1-3S

Sewage
and river

water

SPE (GCB
Carbograph-

40
- LC/ESI(–)/MS/MS

Alltima C18

(250x4.6mm,
5µm)

Acetonitrile-
H2O

(postcolumn
addition of

NH3)

Sciex API2000
triple

quadrupole

0.003-15
ng l-1

(Gentili et
al., 2002)

E1, α-E2, β-E2,
E3, E3-3G, E1-
3G, E3-16G,
E2-17G, E3-
3S, E2-3S, E1-
3S

Urine,
sewage

SPE
(Carbograph-

4)
- LC/ESI(–)/MS/MS

Alltima C18

(25x4.6mm,
5µm)

Acetonitrile-
H2O (10mM

HCOOH each)
Sciex API2000

triple
quadrupole

0.3 –
600 ng l-

1

(D'Ascenzo
et al., 2003)

E1, α-E2, β-E2,
E3, EE2, E1-
3S, E1-3G, E2-
3S, E2-3G, E2-
17G, E2-
3G,17S, E2-
3S,17G, E2-
3,17DiS, E3-
3S, E3-3G

Sewage
and river

water

SPE (Shodex
Autoprep
EDS-1)

Florisil (Varian Bond
Elut FL)

LC/ESI(–)/MS/MS

Zorbax
Extend-C18

(150x1mm,
3.5µm)

Acetonitrile-
H2O-100mM
TEA in H2O

(pH 12.2)

Waters Quattro
Ultima triple
quadrupole

0.1 – 3.1
ng l-1

(Isobe et al.,
2003)

E1, E2, E3,
EE2, E3-3G,
E2-17G, E1-
3G, E3-3S, E2-

Sewage
SPE (Oasis

HLB)
Sep-Pak Plus Florisil

and Plus NH2
LC/ESI(–)/MS/MS

Zorbax
Extend-C18

(150x2.1mm,
3.5µm)

Acetonitrile
(1mM NH4OH)-

H2O

Thermoquest
Finnigan TSQ

API-2

0.1 – 1.2
ng l-1

(Komori et
al., 2004)
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3S, E1-3S, E2-
3S,17G, E2-3,
17DiS

E1, α-E2, β-E2,
E3, EE2, E1-
3S, E1-3G, E2-
3S, E2-3G, E2-
17G, E3-3S,
E3-3G

Sediment
SPE (Shodex

Autoprep
EDS-1)

Gel permeation
chromatography

(Sephadex LH-20,
250x10mm); Florisil
(Varian Bond Elut

FL); Polyamide
(Supelco Discovery

DPA-6S)

LC/ESI(–)MS/MS

Zorbax
Extend-C18

(150x1mm,
3.5µm)

Acetonitrile-
H2O-100mM
TEA in H2O

(pH 12.2)

Waters Quattro
Ultima triple
quadrupole

0.02 –
0.32 ng

g-1

(Isobe et al.,
2006)

E1, E2, E3,
EE2, E2-3S,
E1-3S,

Sewage

SPE (DVB-
phobic

Speedisk
cartridges)

Size exclusion
chromatography

(Phenogel
300x21.2mm, 5µm)

LC/APCI or
ESI(–)/MS/MS

Synergi RP-
MAX

(150x2mm,
4µm)

MeOH-H2O
Sciex API2000

triple
quadrupole

0.6 – 35
ng l-1

(Schlusener
and Bester,

2005)

E1, E2, E3,
EE2, E1-3S,
E1-3G, E3-
16G, EE2-3S,
EE2-3G

Sewage,
lake and
drinking

water

SPE (Sep-Pak
Vac tC18)

- LC/ESI(–)/MS

Synergi
Hydro-RP
(75x2mm,

4µm)

MeOH-H2O

Sciex
API150EX

single
quadrupole

0.9 – 7.1
ng l-1

(Gomes et
al., 2005)

E1-3S, E2-3S.
E2-17S, E1-
3G. E2-3G, E2-
17G,

Sewage
SPE (Oasis

HLB)

Anion exchange
chromatography

(DEAE, Nucleogen
60-7, 125x4.6mm)

LC/ESI(–)/MS/MS

Zorbax
Extend-C18

(100x2.1mm,
3.5µm)

Acetonitrile-
H2O (13.5mM
NH4OH each)

Waters Quattro
LC triple

quadrupole

<LOD –
0.16 ng

l-1

(Reddy et
al., 2005)

E1, α-E2, β-E2,
E3, EE2, E1-
3S, E2-3S, E3-
3S, E1-3G, E2-
3G, E3-3G

Urban
river and
estuarine

water

SPE (Speclean
ENVI-CARB)

Sep-Pak Florisil

LC/APPI
(unconjugated
steroid) or ESI

(conjugated
steroid)(–)/MS/MS

ODS-100S
C18

(150x2mm,
5µm)

Acetonitrile-
H2O (2mM
HCOOH for
unconjugated

steroid; 20mM
NH3)

Sciex API2000
triple

quadrupole

0.4 – 12
ng l-1

(Yamamoto
et al., 2006)

E1, E2, EE2,
E1-3S, E2-3G,
E2-17g, E2-3S,
E2-3,17S, E2-
3G,17S

Sewage,
sludge

Soxhlet
extraction for
sludge; SPE
(Oasis HLB)

0.45µm PVDF
syringe filter

LC/ESI(–)/MS/MS

Zorbax SB-
C18

(150x2.1mm,
3.5µm)

0.1%
Triethylamine

buffer solution-
acetonitrile

Sciex API2000
triple

quadrupole

1 – 5 ng
l-1;
Not

reported
for

(Hu et al.,
2007)
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sludge
α-E2: 17α-Estradiol; E2/β-E2: 17β-Estradiol; E1-3S: Estrone 3-sulfate; E1-3G: Estrone 3-glucuronide; E2-3S: 17β-Estradiol 3-sulfate; E2-3G: 17β-Estradiol 3-glucuronide;
E2-17G: 17β-Estradiol 17-glucuronide; E2-3G,17S: 17β-Estradiol 3-glucuronide-17-sulfate; E2-3S,17G: 17β-Estradiol 3-sulfate-17-glucuronide; E2-3,17DiS: 17β-Estradiol
3,17-disulfate; E3-3S: Estriol 3-sulfate; E3-16G: Estriol 16α-glucuronide; E3-3G: Estriol 3-gluruconide; EE2-3S: 17α-ethinylestradiol 3-sulfate; EE2-3G: 17α-
ethinylestradiol 3-glucuronide; APPI: Atmospheric Pressure Photoionization; ESI: Electrospray Ionisation; HCOOH: Formic acid; HPLC: high performance liquid
chromatography; GCB: Graphitized carbon black; TEA: Tetraethylammonium; NH3: Ammonia; NH4OH: ammonium hydroxide; LOD: Limit of detection; PVDF:
Polyvinylidene fluoride.
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Table 2.7. A survey of analytical procedures of alkylphenolic compounds in environmental matrices.

Compound Matrix Extraction Cleanup Detection method LC/GC column Mobile phase Quantification
LOD (ng l-

1, ng g-1)
Reference

NPEO, NP,
OP, NP1-

3EC
Sewage SPE (GCB) -

LC/Fluorometric
Model 650-10-s

Supelco C8

(250x4.6mm,
5µm)

H2O (0.2% TFA)-
Phosphate buffer

(1mM, pH 6.5 with
10mM TEACl)

Perkin Elmer
Model 1020
PE Nelson
integrator

200 – 600
ng l-1

(Di Corcia
et al., 1994)

NPEO, NP,
NP1-2EC

Sludge
Supercritical

carbon dioxide
-

GC/MS
(methylation for

NPnEC);
Hewlett- Packard

1046A
fluorescence
detector (for

NPnEO)

HP-5-MS
(30000x0.25mm,
0.25µm) for GC;

HP APS
Hypersil (100x2.1

mm, 5µm NH2)
for LC

Hexane-2-propanol
(98:2, v/v) and 2-

propanol-H2O (9:1,
v/v)

GC-MS-HP
5890 Series II
and HP 5972

mass
selective; LC-

HP 35900
multichannel
interface and
data system

Not
reported

(Lee et al.,
1997)

NP1-4EC Sludge

Subcritical hot
H2O/ethanol

extraction; SPE
(strong anion

exchange empre
disks)

- GC/CI/MS
Econocap SE-54
(10000x0.25mm,

0.25µm)
Inert gas (helium)

Thermoquest
Finnigan 4023

single
quadrupole

0.2 – 2 µg
g-1

(Field and
Reed, 1996,

Field and
Reed,
1999)

NPEO, NP,
OP, NP1EC

Sludge
SPE (C18);

Solvent extract
for sludge;

-

LC/APCI(+)/MS
for NPnEO;

LC/ESI(–)/MS
for NP, OP,

NPEC

LiChrospher 100
RP-18

(250x4mm, 5µm)

MeOH/acetonitrile-
H2O (0.5% acetic

acid) (+);
Acetonitrile/H2O-H2O
(5mM acetic acid and
5 mM triethylamine)

(–)

Hewlett-
Packard 1100

LC-MSD
single

quadrupole

65 - 150
µg kg-1

(Petrovic
and

Barcelo,
2000)

NPEO,
OPEO, NP,
OP, NP1EC

Estuarine
water,

sediment

SPE (Varian
Bondesil 40µm);

Soxhlet
extraction

SPE
(Supelco

NH2-
modified

LC/ESI/MS

Keystone
Scientific C8

(150x2.1mm,
5µm)

MeOH-H2O
Waters LCZ

single
quadrupole

0.04 – 0.92
ng l-1

0.2 ng g-1

(Lee
Ferguson et
al., 2000)
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silica then
HPLC)

for
sediment

NPEO,
NP1-3EC,
CAPEC

Sewage SPE (GCB) - LC/ESI/MS
Alltima C18

(250x4.6mm,
5µm)

Acetonitrile-H2O
(1mM HCOOH each)

Thermoquest
Finnigan

AQA single
quadrupole

Not
reported

(Di Corcia
et al., 2000)

NPEO, NP,
NP1-2EC

River water

SPE
combination RP-
C18, RP-C18 EC
and LiChrolut

EN; or
combination RP-

C18 and
LiChrolut EN

- LC/ESI/MS(/MS)

LiChrospher RP-
C18 (125x2mm,

3µm) for LC/MS;
Hypersil MOS

(50x2.1mm, 5µm)
for LC/MS/MS

MeOH-H2O/MeOH
3:1 (v/v) 2mM

NH4Ac

Thermoquest
Navigator
aQa; Sciex

API365 triple
quadrupole for
confirmation

0.1 – 9.4
µg l-1

(Jonkers et
al., 2001)

NPEO,
OPEO, NP,
OP, NP1-

2EC, OP1-

2EC

River water,
sediment,
sludge,
sewage

SPE (LiChrolut
C18); sonication

LC/ESI/MS
LiChrospher 100
C18 (250x4mm,

5µm)

MeOH-H2O (+)
Acetonitrile-H2O (–)

Hewlett-
Packard 1040
M Diode array

UV-vis in
series with

LC/MSD HP
1100 single
quadrupole

20 – 50 ng
l-1

5 – 25 ng
g-1 (sludge)
2 – 10 ng

g-1

(sediment)

(Petrovic et
al., 2001)

NPEO, NP,
OP, NP1-

2EC
Sludge

Soxhlet
extraction; SPE
(Carbograph 4)

- LC/ESI/MS
Alltima C18

(250x4.6mm,
5µm)

MeOH-H2O (0.3mM
NH4Ac each)

Waters
Quattro LC

single
quadrupole

Not
reported

(Bruno et
al., 2002)

NPEO,
NP1-5EC

River water
Supelclean

ENVI-Carb SPE
- LC/ESI/MS/MS

Zorbax C8

(150x4.6mm, 5
µm)

MeOH (0.1% formic
acid)-H2O (10mM

NH4Ac)

Waters
Quattro

Ultima triple
quadrupole

10 – 50 ng
l-1

(Houde et
al., 2002)

NPEO,
OPEO, NP,
OP, NP1-

River
sediment,

sludge

Pressurized
liquid extraction

SPE
(LiChrolut

C18)
LC/ESI/MS

LiChrospher 100
C18 (250x4mm,

5µm)

MeOH-H2O (+)
Acetonitrile-H2O (–)

Hewlett-
Packard 1040
M Diode array

1 – 5 ng g-1 (Petrovic et
al., 2002a)
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2EC, OP1-

2EC
UV-vis in
series with

LC/MSD HP
1100 single
quadrupole

NP, NP1-

2EC,
CAPEC

River,
drinking

water and
sludge

Pressurized
liquid extraction;
SPE (LiChrolut

C18);

- LC/ESI/MS/MS
Puroshper STAR
RP-18 (55x2mm,

3µm)
Acetonitrile-H2O

Waters
Quattro LC

1 – 2 ng l-1

0.5 – 1.5
ng g-1

(Petrovic et
al., 2003a)

NPEO,
OPEO, NP,
OP, NP1-

3EC, OP1-

3EC

River water
and sewage

Sequential SPE
(Isolute C18 then

Oasis HLB)
- LC/ESI/MS

Superspher 100
RP-18

(125/250x2mm, 4
µm); Synergi

Polar-RP
(150x2mm, 4µm)

Acetonitrile-H2O
(0.1% Acetic acid pH
3.5); 20mM NH4Ac

for APEOs only

Agilent 1100
single

quadrupole
MSD

0.01 – 0.8
ng l-1

(based on
1µl

injection
vol)

(Loos et al.,
2003)

NPEO, NP,
NP1-2EC,
CAPEC

Estuarine
water,

sediment
SPE Sep-Pak C18 -

LC/ESI/MS;
LC/ESI/MS/MS
confirmation for

CAPEC

LiChrospher RP-
C18 (125x2mm,

3µm)

MeOH-H2O (0.1mM
sodium acetate buffer
for ethoxylates) (+);

2mM NH4Ac (–)

Thermoquest
Navigator

single
quadrupole

6 – 30 ng l-

1

Not
reported

for
sediment

(Jonkers et
al., 2003)

NPEO,
OPEO, NP,
OP,
NP1EC,
OP1EC

Sewage
SPE (Oasis

HLB)
- LC/ESI/MS/MS

Zorbax Eclipse
XDB-C8

(150x2.1 mm,
5 μm)

1.5 mM NH4Ac in
H2O-MeOH with
1.5 mM NH4Ac

Sciex
API3000

triple
quadrupole

0.1 -12 ng
l-1

(Jahnke et
al., 2004)

NPEO, NP,
NP1-2EC

Water
treatment
effluent

SPE (Isolute
C18)

- LC/ESI/MS
Hypersil APS1
(150x2.1mm,

3µm) for NPnEO;

Hexane/isopropanol;
(90:10),

Isopropanol/H2O
(90:10), H2O-

isopropanol-formic
acid (80:20:0.1) with

10mM NH4Ac for
NPEO;

Acetonitrile/MeOH

Waters
Quattro LC

single
quadrupole

1 – 15 ng l-

1
(Martinez

et al., 2004)
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10mM NH4Ac, H2O
10mM NH4Ac, 0.2
HFA for NP and

NPEC

NPEO,
NP1EC,
OP1EC

Water and
sediment

SPE
(C18);Pressurized
liquid extraction

for sediment

- LC/ESI/MS
LiChrospher 100

RP-18
(250x2mm, 3μm)

MeOH-H2O 5mM
HCOOH and 5mM

triethylamine

Thermo LCQ
Iontrap

0.005 – 0.5
µg l-1 for
water; 1 –
10 ng g-1

for
sediment

(Lara-
Martin et
al., 2006)

NPEO,
OPEO, NP,
OP, NP1-

3EC, OP1-

3EC

Textile
industry

wastewater,
sewage and
river water

SPE (Oasis
HLB)

- LC/ESI/MS/MS
Synergi Polar-RP
(150x2mm, 4μm)

Acetonitrile-H2O
(0.1% Acetic acid pH
3.5); 20mM NH4Ac

for APEOs only

Waters
Quattro Micro

triple
quadrupole

1 – 100 ng
l-1

(Loos et al.,
2007)

CI: Chemical ionization; NH4Ac: Ammonium acetate; APCI: Atmospheric pressure chemical ionization; CAPEC: Dicarboxylated metabolite; GCB: Graphitized carbon
black; HFA: Hexafluoroacetone; ESI: Electrospray Ionisation; HP: Hewlett Packard; HCOOH: Formic acid; TFA: Trifluoroacetic acid; TEACl: Tetraethylammonium
chloride.
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2.3 Overview of STW

The sewage (municipal wastewater) treatment process incorporates physical, chemical

and biological processes which treat and remove physical, chemical and biological

contaminants from water following domestic and industrial use. The primary

objective of this treatment is to produce treated effluent suitable for discharge and

reuse into the environment, whilst the solid waste or sludge is rendered suitable for

appropriate disposal or reuse (Birkett, 2003). The treatment processes provide various

levels of treatment known as preliminary (gross solids such as large objects and grit

are removed), primary (solids sedimentation), secondary (biological processes to

remove organic matter) and tertiary treatment (removal of residual suspended solids

and nutrient removal). Scientific studies have demonstrated that the major removal of

EDCs is by biodegradation and adsorption, thus studies of the removal of these

compounds at STW have been focused on the secondary or biological treatment

process. Hence, the remaining sections report on their fate and behavior in the

secondary treatment processes: trickling filters, activated sludge and biological

nutrient removal processes (Figure 2.2).
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Figure 2.2. Possible removal of EDCs using the combination of STW secondary/biological process configurations and tertiary/advanced
processes.
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2.3.1 Preliminary treatment

Initial screening of crude sewage occurs at the preliminary treatment at the head of the

works where large floating objects, grit and dense inorganic solids are removed. Small

amount of organic material is removed from the screens. Little or no removal of

organic micropollutants and EDCs is observed at this stage (Lester and Edge, 2000,

Ternes et al., 1999b).

2.3.2 Primary sedimentation

Steroidal estrogens

In the primary sedimentation tanks, the mechanism of estrogen removal mechanism is

reported to be adsorption. The degree of micropollutant removal depends largely on

the hydrophobicity of the hormones, suspended solids content and their subsequent

settling, the retention time and surface loading. Lipophilic compounds such as fats,

oils and greases can adsorb significant amount of hydrophobic compounds, including

many EDCs, which are removed. However, estrogens are relatively polar and

hydrophilic in nature, suggestive of low adsorption potential. Although E1-3S is not

an endocrine disrupter, the cleavage of the sulphate moiety yields estrone which is

estrogenic and has been found to be a significant contributor to the overall

estrogenicity in receiving waters. Estrogen removal at this stage of the sewage

treatment train is thus often found to be insignificant. No E1 removal was observed at

a STW in Norway and Canada (E2 and E1) where only primary treatment was

employed (Johnson et al., 2005, Servos et al., 2005). Indeed there was a reported

increase of E1 at this Norwegian STW where only chemical addition was used for

phosphorus removal. Similarly, a study in UK suggests that primary treatment does

not remove E1 and E2 significantly but rather from the post-primary sedimentation

stage i.e. biological treatment process (Jiang et al., 2005).

Alkylphenolic compounds

Partial biodegradation (aerobic/anaerobic transformation) has been observed for

alkylphenol polyethoxylates before the influent reaches the STW (Lee et al., 1998).

Untreated sewage and primary effluents contained considerable amounts of

surfactant-derived nonylphenolic compounds (3.0 – 9.6% of the dissolved organic

carbon) despite not being found in commercial formulations (Ahel et al., 1994a). The

authors observed that the concentrations of the most biodegradable nonylphenolic
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compounds (NPnEO, n>4) remained essentially constant in the influent, therefore

significant reduction of NP and NP1-2EO concentrations in the primary effluent

suggest their adsorption onto primary sludge as a result of their increased lipophilic

properties. Fujita et al. (2000) also observed long chain NP4-8EO and short chain NP1-

3EO in all the 40 full-scale STW primary effluent examined (Fujita et al., 2000).

However, no NP was found in the primary effluent which may indicate its removal in

primary sludge. Low concentrations of NPnEC (n=1–3) were also detected in 22

primary effluent, but normally accounted for <5% of the total nonylphenolic

compounds. Where only primary treatment is used, the effluent composition reflects

the short hydraulic retention time (HRT) and ethoxylated products (i.e., NPnEO, n=3–

20) are dominant (82%) with minor components of NP (3%), NP1-2EO (12%) and

NP1-2EC (3%) (Bennie, 1999). Sewage treatment works with only primary treatment

therefore tend to be less efficient than those with secondary treatment processes for

the removal of APEOs, as was observed in an as investigation at 16 STW in Canada

(Bennie et al., 1998).

2.3.3 Secondary biological treatment processes

Conventional wastewater treatment is not an effective barrier to trace contaminants

but rather favours the removal of carbon, nitrogen and phosphorus (CNP). However,

partial EDCs removal can occur. It has been shown that secondary biological

treatment is the key process behind the ability of some STWs to remove most if not

all estrogenic activity (Pickering and Sumpter, 2003).

Steroidal estrogens

A consortia of micro-organisms is necessary to degrade these compounds (Vader et

al., 2000). A general pathway of steroid degradation has been demonstrated in the

cleavage of the steroid nucleus by various environmental micro-organisms of the

genera Nocardia, Pseudomonas, Mycobacterium and Arthrobacter (Sih and Wang,

1963). These micro-organisms are capable of utilizing the

cyclopentanoperhydrophenanthrene nucleus as a sole carbon source and are capable

of oxidizing it completely to carbon dioxide and water (Talalay, 1957). A novel mode

of degradation of steroid skeleton was proposed that involved the cleavage of the A-

ring prior to the B-ring (Coombre et al., 1966) (see Figure 2.3). A recent study has

also demonstrated that the A-ring cleavage can occur before modification of B/C-ring
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for the biotransformation of EE2 (Yi and Harper Jr, 2007). There are also reports of

other genera of wastewater or environmental micro-organisms able to degrade these

compounds (Shi et al., 2002, Yoshimoto et al., 2004). Recently, bacteria isolates of 8

different genera were obtained from a STW that demonstrated the conversion of E2 to

E1 and finally to non-estrogenic metabolites (Yu et al., 2007). The authors proposed 3

possible degradation pathways, with varying degradation conversion rates. There is,

however, little published research on degradation of E3 in the literature. A conjecture

could be that the metabolism of the natural steroid estrogen will have similar

degradation pathways as estrone. Recently, a pathway for the degradation of EE2

using ozonation in aqueous solution was proposed (Zhang et al., 2006). There

demands further study to elucidate the complete mineralization of these estrogenic

compounds in the environment.
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Figure 2.3. Scheme for the metabolism of estrone. Adapted with modifications
from (Coombre et al., 1966).
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Alkylphenolic compounds

In conventional STW, where the secondary treatment process utilizes highly aerobic

conditions such as the activated sludge process, oxidative shortening of the

polyethoxylate chain occurs readily and rapidly. Complete deethoxylation with

formation of APs has been observed only under anaerobic conditions (Giger et al.,

1984). Due to the presence of the highly branched alkyl group on the phenolic ring,

complete mineralization is unlikely to be achievable although micro-organisms within

the secondary treatment process could enhance their degradability. This chain

shortening process often results in the further degradation in the form of recalcitrant

intermediates such as AP1-2EO, AP1-2EC and AP (Figure 2.4). Recalcitrant

dicarboxylated NPEO biotransformation products with the alkyl chain carboxylated

(CAPEC) were also detected in an STW effluent (Di Corcia et al., 1998). A detailed

pathway of the mineralization of the APEOs has been extensively reviewed

(Montgomery-Brown and Reinhard, 2003). Ahel et al. (1994) have reported that the

frequent occurrence of oxidized intermediates, such as APEC, may indicate oxidative

mechanisms (Ahel et al., 1994a). Similar to the degradation of steroidal estrogens, a

consortium of micro-organism is necessary to synergistically or commensally

metabolize the alkylphenol surfactants. Pseudomonas and Sphingomonas spp. are the

two dominant genus which are able to biodegrade APEOs and APs (Fujii et al., 2000,

Fujii et al., 2001, Maki et al., 1994, Takeo et al., 2006, Tanghe et al., 2000).
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Figure 2.4. Scheme of degradation pathways of APEOs. Adapted with
modifications from (Renner, 1997).
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2.3.3.1 Fate and behavior of EDCs in trickling filters

Steroidal estrogens

A trickling filter is a non-submerged fixed-film biological reactor using rock or plastic

packing over which wastewater is distributed continuously. Treatment of the sewage

occurs as the liquid flows over the attached biofilm. Generally trickling filters are less

effective than activated sludge systems in eliminating estrogenic activity (Svenson et

al., 2003). A study on the distribution of natural estrogens (E2 and E1) in 18 Canadian

municipal treatment plants reported that the trickling filter was ineffective in the

removal of estrogens (Servos et al., 2005). Ternes et al. (1999b) reported poor

removal of estrogens by a trickling filter system in Brazil (Ternes et al., 1999b).

Spengler et al. (2001) in their study also noted that a plant with trickling filter had

elevated levels of estrogens (Spengler et al., 2001). This supports the work of Turan

(1995) who found that estrogens, particularly synthetic compounds, are stable enough

to withstand the sewage treatment process (Turan, 1995).

Alkylphenolic compounds

There are not many studies that report the fate and behavior of APEOs in trickling

filters. However two studies showed relatively high removal of APEOs (68 – 77%)

(Gerike, 1987) and circa 75% removal (Brown et al., 1987) from a domestic trickling

filter STW. This high removal capacity was attributed to its high removal of COD as

comparable to that of an ASP plant. In general, a mixture of long chain and short

chain APEOs, and APs are expected in a trickling filter plant, since the stratified

layers and pockets of anaerobic zones within the fixed film reactor would create less

oxidative metabolites i.e. short chain APEOs and APs. High removal rates for these

EDCs therefore can be achieved at plants with comprehensive treatment technologies

such as combined biological and chemical removal of organic matter, nitrogen and

phosphorus rather than STW installed with trickling filters.

2.3.3.2 Fate and behavior of EDCs in activated sludge process

The conventional activated sludge process (ASP) uses the same biological principles

as the trickling filter with the exception that air or oxygen is forced into the sewage

liquor to develop a biological floc. However, as the SRT can be controlled, this allows

infinitely greater biological potential to be achieved. The ASP is commonly used to
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treat domestic and industrial wastewater, mainly to remove organic compounds in the

STW influent.

Steroidal estrogens

Batch studies have indicated that E1 and EE2 will not be completely removed in

activated sludge in the presently configured process (Johnson and Sumpter, 2001).

Field data suggested that removal performance for E1 varied but removals were

greater than 85% for E2, E3 and EE2 (Johnson and Sumpter, 2001). Baronti et al.

(2000) reported average E1, E2, E3 and EE2 removals of 61%, 86%, 95% and 85%

respectively in six STWs near Rome (Baronti et al., 2000). Ternes et al. (1999b)

found low elimination efficiencies for E1 and EE2 (<10%), but approximately two-

thirds of E2 was eliminated in the STWs (Ternes et al., 1999b). This was in agreement

with Komori et al. (2004) who observed a 45% reduction in E1 which was

considerably less than those of E2 and E3 (Komori et al., 2004). The persistence of

EE2 under aerobic conditions and rapid degradation of E1 and E2 were also found in

the laboratory experiments using STW sludge (Ternes et al., 1999a). In two pilot-

scale municipal wastewater treatment plants, removal efficiencies for E1 and EE2

were 60% and 65% respectively, with elimination of more than 94% of the E2

entering the aeration tank (Esperanza et al., 2004). Laboratory experiments and field

studies have indicated both biodegradation and sorption to biosolids as the main

removal mechanisms (De Mes et al., 2005).

A survey of various estrogen concentrations in the influent and effluent can be found

in Table 2.8. Even though E1 may only have half the potency of E2, it is frequently

found at concentrations in the effluent greater than E2 and at a higher frequency.

Sewage treatment works are less efficient in removing this estrogen compared to other

steroids. 17α-ethinylestradiol is an extremely potent estrogen based on in vivo studies

(Lange et al., 2001). EE2 is potentially the most important endocrine disrupter in the

sewage effluent and elimination of EE2 could have the biggest impact on the

estrogenicity of the effluent. A study of different STW effluents documents

concentration of EE2 at concentrations ranging between 0.2 and 7 ng l-1 in three of the

seven STW (Desbrow et al., 1998). 17α-ethinylestradiol is usually excreted from the

body as inactive conjugates (glucuronides and sulfates). Therefore the existence of

unconjugated EE2 in some STW suggests that deconjugation of EE2 occurs in the
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stream of the STW. The pertinent problem is that EE2 is more stable than conjugated

compounds and may persist longer in the environment. Although the concentrations

of EE2 are very low (sub ng l-1), the high estrogenic potency of this synthetic estrogen

can cause adverse biological effects even at these low concentrations. The natural

estrogen E2 has the greatest potency of any natural EDCs but its concentrations in the

effluent contribute less in overall estrogenicity than E1 due to its lower concentration.

Complete removal of E2 has been shown to be possible in conventional STW using

current practices in some Canadian, Dutch and Brazilian STW (Johnson et al., 2000,

Lee and Peart, 1998a, Ternes et al., 1999b). Few studies have focused on E3 because

of its low potency compared to other steroidal estrogens, although it exist in high

effluent concentrations (Baronti et al., 2000).



Chapter 2 Literature Review

____________________________________________________________________________________________________________________

55

Table 2.8. Steroidal estrogen concentrations in STW influent and effluent.

Sampling
location

Influent concentration (ng l-1) Effluent concentration (ng l-1)
Method for analysis Ref

E1 E2 E3 EE2 E1-3S E1 E2 E3 EE2 E1-3S
United Kingdom 1.8-4.1 <0.3 - <LODa - <LODa <LODa <LODa <LODa - SPE/GC/MS/MS (Fawell et al., 2001)
United Kingdom - - - - - 5.4-29 1.6-7.4 - - - SPE/GC/NCI/MS (Xiao et al., 2001)

United Kingdom - - - - - 15-220 7-88 - 1.7-3.4 - SPE/GC/MS
(Rodgers-Gray et

al., 2000)

United Kingdom1 - - - - - 1.4-76 2.7-48 - <LODb-7 - SPE/GC/MS
(Desbrow et al.,

1998)
United Kingdom2 57-59 132-224 - - - 21-39 31-32 - - - SPE/GC/MS (Jiang et al., 2005)

United Kingdom3 77.8-
81

182.6-
188.7

- - - 19.5-48
12.8-
14.6

- - - SPE/GC/MS (Jiang et al., 2005)

United Kingdom 21 40 70 n.d 10 - - - - - SPE/LC/ESI/MS/MS (Gomes et al., 2005)

Belgium - - - - - <0.2 <0.6 - - - SPE/GC/MS/MS
(Johnson et al.,

2005)

France
9.6-
17.6

11.1-
17.4

11.4-
15.2

4.9-7.1 - 6.2-7.2 4.5-8.6 5.0-7.3 2.7-4.5 - SPE/GC/MS
(Cargouet et al.,

2004)

France - - - - - 0.5-4.5 <1-5.7 - - - SPE/GC/MS/MS
(Johnson et al.,

2005)

Finland - - - - - <0.3-2.8 <0.8 - - - SPE/GC/MS/MS
(Johnson et al.,

2005)

Netherlands 11-140 9-48 <LODc 0.5-8.8 - 0.4-47
<LODc -

12
<LODc 0.5-1.8 - SPE/LC/ESI/MS/MS

(Johnson et al.,
2000)

Netherlands 20-130 17-150 -
<0.3-
5.9

- <0.3-11 <0.8 - <0.3-2.6 - SPE/GC/MS/MS
(Vethaak et al.,

2005)

Netherlands - - - - - 2.9-3.8 <0.8-1.1 - - - SPE/GC/MS/MS
(Johnson et al.,

2005)

Norway - - - - - 3.0-35 3.0-13 - - - SPE/GC/MS/MS
(Johnson et al.,

2005)

Italy 0.5-75 0.5-20 2-120 0.5-10 -
<LODd -

54
<LODd-7

<LODd -
28

<LODd -
2.2

- SPE/LC/ESI/MS/MS
(Johnson et al.,

2000)

Italy 25-132 4.0-25 24-188 0.4-13 - 3.3-82.1 0.35-3.5 0.44-18
<LODe-

1.7
- SPE/LC/ESI/MS/Ms

(Baronti et al.,
2000)

Italy 44 11 72 - - 17 1.6 2.3 - - SPE/LC/ESI/MS/MS (D'Ascenzo et al.,
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2003)
Italy 15-60 10-31 23-48 <LODf - 5-30 3-8 <LODg-1 <LODh - SPE/LC/ESI/MS/MS (Lagana et al., 2004)
Italy 100 2 100 20 8 5 n.d n.d 5 3 SPE/LC/ESI/MS/MS (Gentili et al., 2002)

Spain
<2.5-
11.5

<5-30.4
<0.25-
70.7

<5 - <2.5-8.1 <5-14.5
<0.25-
21.5

<5 - SPE/LC/MS
(M. Petrovic et al.,

2002b)

Spain 2.4 3 - <LOQi - 4.4 <LODi - <LOQi - SPE/GC/MS/MS
(Carballa et al.,

2004)

Denmark4 - - - - - 0.4-47 0.6-12 - 0.3-7.5 - SPE/GC/MS/MS
(Belfroid et al.,

1999)

Denmark5 - - - - - 0.1-11 0.4-1.8 - 0.2-2.6 - SPE/GC/MS/MS
(Belfroid et al.,

1999)

Brazil 40 21 - 6 - - - - - - SPE/GC/MS/MS
(Ternes et al.,

1999b)

Canada - - - - - 3 6 - 9 - SPE/GC/MS/MS
(Ternes et al.,

1999b)

Canada 19-78 2.4-26 - - - 1-96 0.2-14.7 - - - SPE/GC/MS (Servos et al., 2005)

Sweden - - - - - 5.8 1.1 - 4.5 - SPE/GC/MS
(Larsson et al.,

1999)

Sweden - - - - - <0.3 <0.9 - - - SPE/GC/MS/MS
(Johnson et al.,

2005)
Japan - - - - - 2.5-34 0.3-2.5 - - - SPE/LC/ESI/MS/MS (Isobe et al., 2003)

Japan - 5 - - - - <LODj - - - SPE/ELISA
(Behnisch et al.,

2001)

Japan
31.9-
197

13.3-
25.8

83-255 - - 2.8-79.7
0.49-
16.7

0.31-0.84 - - SPE/GC/MS
(Nakada et al.,

2006a)

Japan
15.1-
18.2

3.9-23.4 - <LODk - 22.2-154 <LODl-7 5.5-5.6 <LODk - SPE/LC/MS/MS
(Nakada et al.,

2006b)

Japan
30.9-
70.4

18.9-
30.9

174.0-
730.9

- - 1.2-21 n.d-0.5 2.1-23.5 - - SPE/LC/ESI/MS/MS (Onda et al., 2003)

Japan 10-57 n.d-21 27-410 - 12-170 n.d-180 n.d-11 n.d-5.8 - 7.5-34 SPE/LC/ESI/MS/MS
(Komori et al.,

2004)

Austria 29-670 14-125 23-660 3-70 -
<LODm-

72
<LODn-

30
<LODm -

275
<LODm -

5
- SPE/LC/MS/MS (Clara et al., 2005a)

Switzerland 7.3-75 4.9-11 - 0.7-5.2 - 0.5-8.6 0.5-1 - ≤LODo - SPE/GC/MS/MS (Joss et al., 2004)
Switzerland - - - - - 4.2-11 0.7-1.8 - 2.8 - SPE/GC/MS/MS (Johnson et al.,
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2005)

Germany - - - - - 0.3-18 0.15-5.2 - 0.1-8.9 - SPE/HRGC/NCI/MS
(Kuch and

Ballschmiter, 2001)

Germany 27 15 - - - - 64 - - - SPE/GC/MS/MS
(Ternes et al.,

1999b)

Germany6 - - - - - 9 - - <LODp - SPE/GC/MS/MS
(Ternes et al.,

1999b)

Germany7 - - - - -
<LODq-

22
<LODr-

15
-

<LODs-
12

- SPE/GC/MS
(Spengler et al.,

2001)

Germany - - - - - 0.8-4.5 <0.8-0.9 - - - SPE/GC/MS/MS
(Johnson et al.,

2005)

Germany 27-100 10-24 41-580 - <4-26 n.d-6.1 n.d-9.4 n.d-123 - 1.6-16 SPE/LC/MS/MS
(Schlusener and

Bester, 2005)
Singapore 27.81 n.d n.d n.d 23.06 3.25 n.d n.d n.d 12.68 SPE/LC/ESI/MS/MS (Hu et al., 2007)
United States of
America

24.1-
24.3

7.5-7.7 - -
29.4-
38.8

0.7-0.72 0.2-0.26 n.d n.d
0.29-
0.3

SPE/LC/ESI/MS/MS (Reddy et al., 2005)

a0.3 ng l-1; b0.2 ng l-1; c0.1 to 1.8 ng l-1; d0.4 -0.5 ng l-1 influent and 0.2-0.25 ng l-1 in the effluent; e<0.2 ng l-1; f1.6 ng l-1; g0.5 ng l-1; h1.1 ng l-1; i1 ng l-1; j1 ng l-1; k2 ng l-1; l1 ng
l-1, m1 ng l-1; n5 ng l-1; o0.5 ng l-1; p1 ng l-1; q0.7 ng l-1; r0.4 ng l-1; s0.4 ng l-1; 17 STW effluent; 2trickling filter; 3activated sludge process; 4domestic STW; 5industrial STW; 616
STW effluent; 718 STW effluent; GC/MS: gas chromatography mass spectrometry; GC/MS/MS: gas chromatography tandem mass spectrometry; LC/MS: liquid
chromatography mass spectrometry; LC/MS/MS: liquid chromatography tandem mass spectrometry; LOD: Limit of detection; n.d.: Not detected; SPE: solid phase extraction;
ESI: Electrospray Ionisation.
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Alkylphenolic compounds

APEO and their metabolites: alkylphenols (APs), their ethoxylates (AP1-3EO), and

carboxylates (APECs) exist in the environment as a consequence of anthropogenic

introduction. Their inherent properties of low volatility, broad range of oligomers, and

high and/or low water solubility indicate that they can exist in any part of the aquatic

environment, either soluble or associated with suspended material, including

wastewater treatment processes. Generally, long chain NPEO are well removed

(>90%) in the ASP because they are degraded to short chain NPEO, NPEC, NP and

dicarboxylated metabolites (Di Corcia et al., 2000). In terms of removal of total

APEO and their metabolites, the average removal efficiencies range from 50 to 90

percent. The available data from laboratory and field studies suggest that APEOs are

removed by a combination of biodegradation and adsorption to biosolids; the latter are

often applied to land where further biodegradation of adsorbed APEOs and APs

occurs (Ying et al., 2002b). Alkylphenolic residuals, primarily APEC, leaving the

STW in the effluent are expected to be further degraded in the receiving stream

(Melcer et al., 2006). Removal efficiency of APEOs varies worldwide. The measured

removal rates of NPEO through STW were from 93% to 99%, averaging 97%, in the

US (Naylor, 1995). In that study, many of the influents had very higher levels of NP

(up to 978 μg l-1) and NPEO (up to 33,700 μg l-1) which maybe influenced these

removed efficiencies. Effluent concentrations of NP ranged from 15 to <1 μg l-1,

while those of NPEO varied from 260 to <5 μg l-1. In Japan, the removal rates of

NPEO ranged from 86% to 99% in Autumn and from 66% to 99% in Winter (Nasu et

al., 2001). The removal rates in Italian STW ranged from 74% to 98% (Crescenzi et

al., 1995, Di Corcia et al., 1994). Swiss STW performed less efficiently, ranging from

47% to 89% with an average rate of 74%, perhaps due to different treatment plant

designs and operating efficiency (Ahel et al., 1994a).

Extensive monitoring studies on the levels of APEOs in surface water have been

carried out in European countries (Ahel et al., 2000a, Ahel et al., 1996, Blackburn et

al., 1999, Blackburn and Waldock, 1995, Sole et al., 2000), US (Ferguson et al.,

2001b), 2001), Canada (Bennie et al., 1998, Bennie et al., 1997) and Japan (Isobe et

al., 2001, Tabata et al., 2001). Estuarine, marine and river bed sediments may

accumulate large quantities of APEO and their degradation products (AP1-3EO and

AP), due to their lipophilic nature with log Kow values at 3.9 – 4.48. These sediments
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could served as reservoirs for these substances where they exist at higher

concentration than in surface waters to which they could become a source (Ying et al.,

2002b). APEO and their degradation products have been detected in effluents of many

municipal STW even though they are treatable in well-functioning STW. Table 2.9B

lists some of the reported data on the levels of APs, APECs and APEOs in STW

around the world. The concentrations of these metabolites in sewage final effluents

varied widely among various STWs from <LOD to 343 g l-1.

There are few reports that document the occurrence of APEC in sewage effluents

even though APEC are as weakly estrogenic as short chain APEOs (Field and Reed,

1996, Fujita et al., 2000, Lee et al., 1998, Loos et al., 2007). The total concentration of

NPEC, reported in a group of paper mill and municipal sewage effluents that

discharge into the lower Fox River near Green Bay, USA, ranged from below

detection limit to 1300 μg l-1 (Field and Reed, 1996). Since the voluntary agreement

to withdraw the use of these non-ionic surfactants and also the replacement to alcohol

ethoxylates, worldwide concentration of APEOs and subsequently APECs have

declined, as reflected by the 2 to 3 order of magnitude decrease of NPEC (highest

concentration 2.4 μg l-1) in the STW effluent discharging into River Schelde, Belgium

(Loos et al., 2007). In a recent study in Spain, NP showed a 10-fold decrease in

concentration over the last 5 years (Gonzalez et al., 2004). In Canada, concentrations

of OP1EC ranged from 0.18 to 1.2 μg l-1 in the primary effluents and from 0.29 to 6.8

μg l-1 in the final effluents (Lee et al., 1998). The levels of NPEC were higher than

those of OPEC in the same effluents. The concentrations of NP1EC varied from 2.4 to

17.7 μg l-1 in the primary effluents and from 3.2 to 703 μg l-1 in the final effluents.

The huge increase in the AP1EC levels in the final effluents is consistent with the

biodegradation of APEOs in aerobic sewage treatment processes (Ahel et al., 1994b).

Elsewhere, Fujita et al. (2000) studied NPEO and their metabolites in 40 STW in

Japan (Fujita et al., 2000). Parent long chain NP4-18EO were detected at high

concentrations between 5.1 and 1035 μg l-1 (mean 296 μg l-1) in the primary effluents

from all the STW, indicating widespread pollution of NPEO in Japan. NP1-3EO was

detected in 32 of 38 final effluents with concentrations ranging from <LOD to 60 μg l-

1, and NP1-3EC was detected in 34 of 38 final effluents with concentrations ranging

from <LOD to 1119 μg l-1.
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Table 2.9. Alkylphenolic compound concentrations in STW influent and effluent.

Sampling
location

Influent concentration (µg l-1) Effluent concentration (µg l-1)

Method for analysis RefAP
Short chain

APnEO
Long chain

APnEO
APnEC AP

Short chain
APnEO

Long chain
APnEO

APnEC

OP NP OPnEO NPnEO OPnEO NPnEO OPnEC NPnEC OP NP OPnEO NPnEO OPnEO NPnEO OPnEC NPnEC

Austriaa 0.12-
0.7

1.3-
4.0

(n=1-2)
n.d-0.7

(n=1-2)
0.6-7.3

- - -
(n=1-
2) 0.1-

3.6

n.d-
0.1-

0.28-
0.48

(n=1-
2) n.d-

0.5

(n=1-2)
n.d-2.6

- - -
(n=1-
2) 0.2-

8.5
LC/ESI/MS/MS

(Clara et
al.,

2005b)

Belgiumb - - - - - - - - -
0.05-
0.96

(n=2)
0.006-
0.044

(n=1-3)
0.001-

4.9
-

(n=4-
17)

0.12-
15.5

(n=1-
2)

0.001-
0.26

(n=1-
3)

0.001-
2.54

LC/ESI/MS/MS
(Loos et

al., 2007)

Chinac - 9.3 -
(n=1-2)
3.2-28

-

(n=3-
23)

0.002-
3.1

- - - 1.5 -
(n=1-2)
<0.05-

11
-

(n=3-
23)

0.001-
0.5

- - GC/MS
(Shao et
al., 2003)

Canadad n.d-2 2-23 -
(n=1-2)

3-37
-

(n=3-
17) 99-

403

(n=1-
2) n.d-

8

(n=1-
2) 2-
17

n.d-1 1-2 -
(n=1-2)

1-13
-

(n=3-
17) n.d-

13

(n=1-
2) 1-
29

(n=1-
2) 9-
44

GC/MS and
HPLC/Fluorescence

(Lee and
Peart,

1998b)

Germanye - - - - - - - - -
0.3-
2.3

-
(n=2)

<LOD-
5.5

- - -
(n=1)
0.17-
5.8

GC/MS
(Spengler

et al.,
2001)

Germanyf - - - - - - - -
0.007-
0.02

0.13-
0.24

(n=1-
2)

0.01-
0.017

(n=1-2)
0.07-
0.22

- -
(n=1)
<0.04
ng l-1

(n=1)
0.75-
1.1

LC/ESI/MS/MS
(Jahnke et
al., 2004)

Japang - - -
(n=1-3)
n.d-938

-
(n=4-

18) 5.1-
1035

-
(n=1-
3) n.d-
25.8

-
n.d-
1.7

-
(n=1-3)
n.d-60

-
(n=4-

18) n.d-
245

-
(n=1-
3) n.d-
1119

HPLC and GC/MS
(Fujita et
al., 2000)

Japanh n.d-
4.6

1.3-
75

-
(n=1-4)
6.1-92

-
(n=5)

9.5-810
- - n.d

0.4-
1.0

-
(n=1-4)
0.1-3.2

-
(n=5)
n.d-24

- - HPLC and GC/MS
(Nasu et
al., 2001)

Japani 0.04-
0.09

1 -
(n=1)

11
- - -

(n=1-
2) 0.1-

0.1
0.01 0.1 -

(n=1)
0.05

- - -
(n=1-
2) 2.0-

2.9
GC/MS

(Isobe
and

Takada,
2004)

Italyj - 2-40 - - -
(n=1-

18) 50-
360

- - - 0.7-4 - - -
(n=1-
18) 2-

27
-

(n=1-
3) 10-

30

LC/Fluorometric
Model 650-10-s

(Di
Corcia et
al., 1994)
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Italyk - - - - - - - -
0.01-
0.014

0.37-
0.53

(n=2)
0.002

(n=1-3)
0.33-
1.3

-
(n=4-

17) 0.6-
1.3

(n=1-
2)

0.001-
0.043

(n=1-
3)

0.36-
4.5

LC/ESI/MS/MS
(Loos et

al., 2007)

Italyl - - - - -
(n=3-

20) 29-
145

- - - - - - -
(n=3-

20) 2-7
-

(n=3-
20) 1-

15
LC/ESI/MS

(Di
Corcia et

al.,
2000)*

Italym - -
(n=2)

<0.002-
0.08

(n=1-2)
<0.002-

3.98
-

(n=9)
1.47-
5.51

-

(n=1-
3)

0.12-
14.8

-
0.54-
0.88

(n=2)
<0.002

(n=1-2)
<0.002-

0.74
-

(n=9)
<0.002

-

(n=1-
3)

0.57-
7.3

LC/ESI/MS
(Loos et

al., 2003)

Spainn -
40-
343

- - -
(n=4-6)
n.d-938

-
(total)
n.d-80

-
6-

289
- - -

(n=4-6)
n.d-10

-
(total)
n.d-
270

LC/APCI/MS
(Sole et

al., 2000)

Spaino -
17-
58

-
(n=1-2)
10-150

-

(n=3-
15)
244-
465

-
(n=1-
2) ~3-

90
- n.d-5 -

(n=1-2)
6-53

-
(n=3-

15) 12-
72

(n=1)
60-145

(n=1-
2) 7-
179

LC/ESI/MS
(Gonzalez

et al.,
2007b)

Spainp 3.9 82 - -
(n=~9)

78
(n=~10)

1850

(n=1-
2) 2-
8.5

(n=1-
2) 6.5-

13
1.2 12 - -

(n=~9)
6.5

(n=~10)
25

(n=1-
2) 19-

25

(n=1-
2) 22-

58
LC/ESI/MS

(Petrovic
et al.,
2001)

Spainq <0.1-
5

1-80 - -
(n=2-
15) 8-

84

(n=2-
15)

<0.05-2

(n=1)
<0.05

(n=1)
1-65

<0.01-
22

<0.1-
154

- -

(n=2-
15)

<0.05-
2

(n=2-
15) 0.1-

49

(n=1)
<0.05-

3

(n=1)
4-105

LC/ESI/MS

(M.
Petrovic

et al.,
2002b)

Switzerlandr - - - -

(n=1-
18)
840-
2250

- - - - -
(n=1-

18) 40-
370

- - HPLC/UV
(Ahel and

Giger,
1985)

Switzerlands -
110-
430

-
(n=1-2)

310-
840

-

(n=3-
20)

1310-
3220

-

(n=1-
2) 80-
270

-

-
10-
200

-
(n=1-2)
10-620

-

(n=3-
20)
110-
640

-

(n=1-
2)

290-
930

HPLC/UV
(Ahel et

al.,
1994a)

United
States of
Americat

- - - - -
(n=1-
18)

2400
- - - - - -

(n-1-
18) 70

- - HPLC/Fluorescence
(Naylor et
al., 1992)

United
States of

- - - - - - - -
n.d-
1.3v;

1.2-
23 v;

(n=1-
2)

(n=1-2)
0.84-47

(n=3)
n.d-23

(n=3-4)
n.d-15

-
(n=1-
4) 0.8-

GC/MS
(Barber et
al., 2000)
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Americau n.d-
1.4w

1.4-
19 w

0.25-
25w

v; 0.78-
110 w

w v; n.d-
17 w

140v;
1.3-
100w

United
States of
Americaw

0.4 4
(n=1-2)
0.3-0.4

(n=1-2)
8-9

(n=3-
5) 0.6-

0.8

(n=3-
16) 4-

46

(n=1)
<1

(n=1-
2) <1-

1
0.1 1

(n=1-
2) 0.2

(n=1-2)
2

(n=3-
5)

<0.1-
0.2

(n=3-
16) n.d-

1

(n=1)
~1

(n=1-
2) 8-
15

LC/ESI/MS/MS
(Loyo-

Rosales et
al., 2007)

a3 STW conventional ASP; b3 STW (textile and municipal sewage); c1 STW conventional ASP; d1 STW conventional ASP; e18 STW (17 ASP, 1 trickling filter); f1 STW
ASP with phosphorus removal; g40 STW mainly ASP; hRange combination of Winter and Autumn sampling campaigns, some BNR but mostly ASP STW; i2 STW
conventional ASP; j1 mechanical-biological STW in Rome (1 year sampling campaign); kj2 STW (textile and municipal sewage); l5 STW conventional ASP; m3 STW; n4
STW conventional ASP; o1 STW conventional ASP; p1 STW; q4 STW conventional ASP; r5 STW conventional ASP; s11 STW conventional ASP; t1 STW conventional ASP;
u8 STW conventional ASP (Concentrations reported in two sampling periods: October 1997v, February and March 1998w); w1 STW; *CA3-8PEC were found in the effluent
ranged from 1-24µg l-1; n.d: Not detected; LOD: limit of detection.
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2.3.3.3 Fate and behavior of EDCs in biological nutrient removal plants

Of all the biological treatment plants, BNR employed for nutrient removal such as

(nitrogen and phosphorus) has been reported to exhibit the most significant overall

estrogen removals (Dorabawila and Gupta, 2005, Tan et al., 2007). To achieve

biological phosphorus removal, an anaerobic zone is incorporated into the activated

sludge plant prior to aerobic reactor. Biological nitrogen removal involves nitrifying

and denitrifying reactions. Nitrification results in the conversion of nitrogen from a

reduced form (ammonia) to an oxidized form (nitrate). It is not in itself a significant

nitrogen removal mechanism. An anoxic period is required to provide biological

denitrification to complete the objective of nitrogen removal and the various process

configurations are discussed in detail elsewhere (Metcalf and Eddy, 2003).

Steroidal estrogens

An activated sludge system for nitrification and denitrification including sludge

recirculation has been observed to appreciably eliminate natural and synthetic

estrogens (Andersen et al., 2003). These authors found that the natural estrogens were

largely degraded biologically in the denitrifying and aerated nitrifying tanks of the

activated sludge system, whereas EE2 was only degraded in the nitrifying tank

(Andersen et al., 2003). This is in agreement with Vader et al. (2000) who showed

that the EE2 degradation capability of sludge correlated with the nitrifying activity

(Vader et al., 2000). The complex redox reactions occurring within BNR systems was

investigated by Joss et al. (2004) who described the influence of redox conditions on

the removal efficiencies of estrogens using a model (Joss et al., 2004). The maximum

removal rate occurred under aerobic conditions when E1 was reduced to E2. An

increase by a factor of between 3 and 5 was observed for the degradation of E1 under

all redox conditions in the transition from anaerobic to anoxic as well as between

anoxic and aerobic. The oxidation of E2 was also observed at a higher rate under all

redox conditions: the rate difference observed between anaerobic and aerobic systems

was less than a factor of 3. The reduction of E1 to E2 was shown to take place under

anaerobic conditions without nitrate. The removal of EE2 occurs at a significant rate

only under aerobic conditions. Estrogenic levels through the BNR process (SRT =

25.8 days) were detected using sheep ER binding assay and the MCF-7 breast cancer

cell proliferation assay (Leusch et al., 2005). The crude influent sewage was highly

estrogenic and which arose from the presence of estrogens (>48%) as determined
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using chemical analysis. Estrogenicity increased slightly after primary treatment.

Secondary activated sludge treatment including nitrification/denitrification

removed >95% of the estrogenic activity. Subsequently, estrogenicity was found to be

below the detection limits in the tertiary-treated effluent (Leusch et al., 2005). In two

Swedish STWs that incorporate nitrogen removal with ASP, the removal of steroid

estrogens (based on EEq ng l-1) from the effluent was >97% (Svenson et al., 2003).

Removal of up to 19.5 ng l-1 was found and activated sludge especially in combination

with subsequent anoxic stages to achieve nitrification, was most effective, due to the

prolonged duration of the biological treatment. However, in a survey carried out on

the distribution of E2 and E1 in 18 selected municipal effluents across Canada, no

statistical correlation was found between the HRT or SRT and the apparent steroid

removals, even though plants or lagoons with high SRT exhibited high steroid

hormones removal efficiencies. In addition, these workers found that nitrifying plants

exhibit greater removals than those without nitrifying capabilities (Servos et al., 2005).

The presence of aerobic, anoxic, anaerobic zones in the BNR allows for most of the

removal processes i.e. anaerobic biodegradation, adsorption, anoxic biodegradation

and aerobic biodegradation to occur. A high sludge age is usually required to achieve

nitrification and nutrient removal because the autotrophic bacteria involved grow very

slowly.

Integrated Fixed Film Activated Sludge System (IFAS) combines fixed-film and

suspended activated sludge processes. Advantages for this configuration include

smaller tank for the bioreactor, lower capital cost, modular systems which allow for

incremental additions of modular components which may alleviate short- and

medium-term financing requirements, and little or no additional operation costs or

operator attention compared with conventional activated sludge. Johnson and Darton

(2003) proposed to locally increase the amount of biomass sorbent by providing a

carrier material within the activated sludge basin onto which a biofilm can develop

(Johnson and Darton, 2003). A wide range of mild to strongly hydrophobic organic

contaminants would be intercepted by the bacterial surfaces and biodegraded. They

propose a fixed surface rather than mobile carrier particles to ensure contact of

influent wastewater with the biofilms. The fixed matrices would be located toward the

front end of an aeration tank (some degree of plug flow is desired) and would be laid

out in several packed zones. Laboratory scale tests have shown that almost all steroid
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estrogens can be removed by this process at a modest extra cost to existing facilities.

Joss et al. (2004) found the removal rates of 77% and ≥90% for E1 and E2 in fixed

bed bioreactor of a low hydraulic retention time of 35 min. Since the HRT may have

little impact on steroid estrogens removal capability, the authors suggested that the

high age of the biofilm sludge as one of the main reasons for the observed removal.

Alkylphenolic compounds

There are few reports on fate of APEOs and their metabolites in BNR configuration.

A comprehensive study of the fate of APEOs, specifically NP, indicates that most of

the STW utilized ASP modified to incorporate BNR configuration (Johnson et al.,

2005). Although only effluent concentrations of NP were measured at 14 municipal

wastewater treatment plants a correlation was found between such configuration and

NP removal efficiencies. Drewes et al. (2005) also studied the fate of NP with

increasing SRT, where most of the 7 ASP incorporated BNR competency to varying

degrees. These plants also displayed a general trend of declining NP residuals with

increasing SRT (Drewes et al., 2005).

2.3.4 Tertiary treatment processes

Many of water treatment process technologies have been evaluated for the use of the

removal of EDCs in the wastewater treatment process. Current treatment processes

include coagulation, activated carbon, membrane separation and advance oxidation

processes (AOP) to name a few (Figure 2.2). Some of these technologies employed

for the removal of these chemicals in the water environment will not be presented in

this literature review due to the scope of the thesis. Using treatment of this kind

cannot be neglected and will be increasingly employed in the future for water reuse,

and is necessary to protect public heath and the environment or to meet impending

regulation. However at present, while such advanced treatment techniques will

undoubtedly reduce the discharges of micropollutants, they will also inevitably result

in large financial costs, as well as environmentally undesirable increases in energy

consumption and CO2 emissions (Jones et al., 2007).
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2.4 Factors Influencing the Fate and Behavior of EDCs during Activated Sludge

Treatment

2.4.1 Organic load rate

Steroidal estrogens

Joss et al. (2004) hypothesized that substrate contained in primary effluent

competitively inhibits the degradation of the natural estrogens E1 and E2, implying

that sludge loading is a key parameter influencing the removal of estrogens from a

STW. This was confirmed by a low degradation rate observed in the first

compartments of the reactors monitored. This suggests that micro-organisms prefer to

degrade other organic compounds above estrogens. When sludge load is low, in terms

of biochemical oxygen demand (BOD), the micro-organisms are forced to mineralise

poorly degradable organic compounds. As such, the authors expected a reactor

cascade to give better E1 and E2 removal rates than a completely stirred tank (Joss et

al., 2004). However, no clear correlation can be found within one STW with different

organic loadings in relation to the removal of estrogens. Onda et al. (2003) could not

establish a clear correlation between E1 removal and loadings, despite the tendency

for E1 removal to be lower under higher loading in most cases (Onda et al., 2003).

Johnson et al. (2000) tried to find a correlation between the flow per head and the E2

removal (Johnson et al., 2000). Data from Svenson et al. (2003) found a correlation

between a decrease in total estrogen removal with increasing percentage of flow,

therefore indicating higher loading (Svenson et al., 2003). In the review on membrane

bioreactors (MBR) for wastewater treatment, the enhanced elimination efficiencies of

MBR with respect to EDCs have been attributed to the low sludge loading amongst

other possible factors (Melin et al., 2006) which could also include, for example,

longer SRT.

Alkylphenolic compounds

During periods of storm-induced high flow conditions, step feed operation conserves

the biomass concentration in the activated sludge process and prevents hydraulic

washout of the biomass. This operating mode conserves the micro-organisms that are

responsible for the degradation of APEOs and its metabolites, and prevents the

discharge of high concentrations of suspended solids that may contain adsorbed

APEO or its metabolites (Melcer et al., 2006).
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2.4.2 Solids retention time (sludge age)

Steroidal estrogens

In activated sludge systems, solid retention time seems to be an especially important

factor in EDCs removal. Several researchers have noted improved removal with

increased SRT (Andersen et al., 2003, Holbrook et al., 2002, Ternes et al., 1999b). A

retention time of at least 10 to 12.5 days has been suggested as the period required for

the growth of organisms that decompose E2 and E1 (Saino et al., 2004). An increase

in SRT may enhance the biodegradative and sorptive capacity of the activated sludge.

A high SRT in a biological process allows for more diverse and specialized microbial

communities to develop, including slow growing micro-organisms adapted to remove

EDCs. The influence of increased SRT is illustrated by a German STW which has

been upgraded from a BOD removal plant to a nutrient removal plant, with substantial

higher sludge retention time, increasing from <4 days to 11 – 13 days. Batch

experiments with sludge from the old plant did not show any reduction of EE2

(Ternes et al., 1999a), while at the increased SRT a reduction of around 90% was

established in the full scale plant, which indicates the growth of micro- organisms

capable of degrading EE2 (Andersen et al., 2003). Further evidence of the effects of

SRT on natural estrogens elimination from the wastewater is reported by (Holbrook et

al., 2002, Ternes et al., 1999b). At SRT10°C higher than 10 days, almost complete

estrogen (E1, E2 and E3) removals were achieved and concentrations found in the

effluent were within the range of their instrument’s detection limits. The critical

SRT10°C reported was between 5 and 10 days. However, no critical SRT10°C could be

established for EE2.

The other influence of SRT on the biological process is its affect on the physical

nature of the flocs and their ability to act as sorbents. The hydrophilic or hydrophobic

properties of the flocs, comprising of bacterial aggregates, depends largely on its

make-up which in turn is dependent on the microbial population and its growth rates.

The exo-polymer coatings around the flocs comprising largely of polysaccharide and

proteins, would have an important effect on their affinity as sorbents for such

compounds as E2. The nutrient status of the flocs, could also influence the

hydrophilic-hydrophobic balance (Jorand et al., 1998). Layton et al. (2000)

demonstrated that radiolabelled 14C E2 sorbed the least to biomass from a low SRT (3

days) facility. Holbrook et al. (2002) also reported a similar correlation with high SRT
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give rise to high estradiol activity (µg EEq kg-1 TSS) of the wastewater because of

increased sorption (Holbrook et al., 2002). Holbrook et al. (2004) attempted to

correlate sorption behavior with colloidal protein and polysaccharide concentrations

but were only marginally successful (r2 similar to 0.4) (Holbrook et al., 2004). These

low correlations suggest that aromatic content, protein, or polysaccharide

concentration can not adequately explain E2 and EE2 sorption behavior to colloidal

organic carbon (COC) and that other fractions of the organic matter pool play an

important role in binding. A substantial portion of the aqueous E2 and EE2

concentrations (up to 60%) may be associated with colloidal material, suggesting that

COC may play a role in the fate and transport of E2 and EE2 during the activated

sludge process (Holbrook et al., 2004). Sorption of E2, EE2 and E3 onto several

organic colloids was examined by Yamamoto and Liljestrand (2003) (Yamamoto and

Liljestrand, 2003). The sorption coefficient (Koc) for humic substances and tannic acid

suggested approximately 15 to 50% of the steroid estrogens will be bound in a typical

natural water of 5mg total organic carbon (TOC) l-1. Although the natural organic

matter (NOM) may be higher in the sewage effluent, it is unlikely that sorption onto

colloidal materials will be a major removal mechanism for natural steroids. These

authors estimated that only 0.2 ± 0.06%, 0.24 ± 0.10% and 0.29 ± 0.07% of the total

concentration of E1, E2 and EE2, respectively, sorbed to suspended sludge particles

(suspended solids concentration of 5 mg l-1 dry solids) in the effluents from a typical

Danish STW (Andersen et al., 2005). In the presence of excess sludge, the removal of

steroid estrogens was estimated to be 1.5-1.8% of the total loading in equilibrium

conditions. The authors conclude that sorption is therefore not important for the fate

of natural estrogens in STWs compared to biodegradation.

Alkylphenolic compounds

The SRT is related to the growth rate of micro-organisms, as only organisms can be

detained and enriched within the system that are able to reproduce themselves during

this time. According to this definition, higher SRT allows the enrichment of slowly

growing bacteria and consequently the establishment of a more diverse biocoenosis

with broader physiological capabilities compared to STW with low SRT. An SRT

value of circa 10 days or greater is one of the important parameters for the removal of

APEOs. A study by Austrian researchers into the removal of EDCs and

pharmaceuticals by ASP supports the hypothesis that high SRT increases the removal
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of APEO and their metabolites (Clara et al., 2005a, Kreuzinger et al., 2004). The

authors investigated the effect of SRT on removal efficiencies in four bench scale

reactors (with SRT ranging from 1 through 26 days), in a pilot MBR (SRT ranging

from 22 to 82 days), and at four full scale STW (BNR modified activated sludge

systems) with SRT ranging from 2 to >100 days (Clara et al., 2005a, Kreuzinger et al.,

2004). Their studies showed the correlation of SRT on the removal of total NP

compounds (molar sum of NP, NP1-3EO, and NP1-3EC). However, this study did not

report raw data for the influent or effluent concentrations. Therefore it was not

possible to assess the effect of SRT with respect to specific NP or NPEO loadings.

One of the most comprehensive studies supporting this conclusion is that of Johnson

et al. (2005), who studied the fate of NP, one of the breakdown products of NPEO

(Johnson et al., 2005). The effluent concentrations of NP were measured at 14

municipal STW in eight European countries. Nonylphenol is found to be a suitable

surrogate for examining the influence of operating conditions on the removal of

APEOs given that rapid primary degradation of the ethoxylate chain would eventually

yield the metabolite. Unfortunately, in the absence of influent data, the true effect of

SRT could not be evaluated with respect to specific NP loading, nor was it possible to

estimate NP removal efficiencies. The authors examined the data for evidence of

correlations between NP effluent concentration and HRT and SRT but could not find

any statistically significant correlation at the 10 percent level. This was probably

because the comparison was being made between plants that are all employing state-

of-the-art treatment technology and the effluent NP concentrations were all very low

(<2 μg l-1). Despite the various differences in influent characteristics and plant

operating conditions, effluent concentrations of NP were consistently low. It can also

be surmised that the overall trend of the decreased effluent NP concentrations with

increasing SRT was clear. This could be substantiated by a US study on the effluent

concentrations of NP at seven ASP in 5 different states and from 2 pilot-scale MBRs

(Drewes et al., 2005). The plants had a wide range of operating conditions, with SRT

(1.7 to 21 days) and HRT (1.2 to 13.7 hours). These plants demonstrated a general

trend of declining NP residuals with increasing SRT. From these two studies, it can be

concluded that relatively high SRT will reduce effluent APEOs concentrations to low

levels.
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2.4.3 Hydraulic retention time

Steroidal estrogens

Another factor, often cited by researchers, affecting the removal efficiencies of

biological plants is the hydraulic residence time (HRT) (Cargouet et al., 2004,

Johnson and Sumpter, 2001, Kirk et al., 2002, Svenson et al., 2003). A long HRT

allows more time for adsorption and biodegradation. Superior removal efficiencies of

E1, E2 and EE2 were achieved at UK STWs with longer HRT of around 13 h

compared to 2–5 h (Kirk et al., 2002). Concentrations of estrogens below the

detection limit were obtained for a plant with a HRT of 20 h and for a plant which

included a wetland with an HRT of 7 days (Svenson et al., 2003). Plants operating at

HRTs of between 2–8 h achieved 58–94% removal compared to 99% removal which

was achieved in a plant with an HRT of 12 h. Cargouet et al. (2004) found better

removal for E1 (58%) and E2 (60%) in plants with an HRT of 10–14 h compared to a

plant with an HRT of 2–3 h in which a removal of 44% for E1 and 49% of E2 was

established (Cargouet et al., 2004). The behavior of E2, E1 and EE2 in 17 different

STW across Europe was studied. When E1 effluent values (as % of estimated influent

concentration) were plotted against the different STW parameters on a double

logarithmic scale, better E1 removal rates (i.e. lower percentage E1 remaining)

appeared to be associated with longer total HRT and SRT (r2 = 0.39, 0.28 respectively,

p<0.5%) and longer HRT in the biological part (r2=0.16, p<5%).

Despite the evidences that were presented, no strong statistical correlations could be

established between HRT/SRT and hormone removal. Johnson et al. (2005) observed

a weak significant (α=5%) correlation between E1 removal and HRT or SRT

(Johnson et al., 2005). In a Canadian study (Servos et al., 2005), there was little or no

statistical correlation (r2 <0.53) between HRT or SRT and hormone or estrogenicity

removal for 9 conventional secondary plants and 3 tertiary plants. This conclusion

was reported despite the observations that plants with high SRT (>35days) or HRT

(>27h) had relative high removal of E1 and E2 and reduction in estrogenicity while

low SRT plants (2.7 and 4.7 days) had more variability and lower removal. These

studies highlighted some evidence that increased HRT and SRT increases the amount

of E1 and E2 removal and other endocrine disrupters alike within the STWs. It has

also underlined the importance of biological activity associated with longer HRT and

SRT. Hence sludge age is an important parameter to consider when studying the
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removal of steroid estrogens from wastewater treatment processes. Since SRT is a

primary design and operating parameter, engineers and operators have the ability to

influence the sorption potential of the biological solids by adjusting the SRT.

Alkylphenolic compounds

When the hydraulic retention time is lower then the time needed for adjustment of the

adsorption equilibrium, the maximal possible adsorption may not be reached.

Adsorption decreases the concentration in the liquid phase of the effluent, but only

shifts the problem to the solid phase (the sludge), especially for short chain APEOs

and APs. Therefore, primary treatment and secondary treatment with plants applying

a high F/M ratio down to 0.5 kg BOD5 (kg TSS d)-1 and short SRT will not be

effective in the removal of estrogenic short chain APEOs and APs. Treatment plants

operating with a F/M 0.2–0.3 kg BOD5 (kg TSS d-1) already show significant removal

for APEOs and AP although operational problems by “wild” denitrification in the

secondary clarifier can occur during summer when there is incomplete nitrification

(Kreuzinger et al., 2004). There were limited data available from which to evaluate

the optimum HRT for removal of APEOs. While it was mentioned in the above study

that plant SRT is the major design variable that controls the removal of APEOs, it

would not be unreasonable to assume that the HRT associated with the normal

operations of the plant would also contribute to the overall efficiency of APEOs

removal. Most plants operate with HRT of at least 8-10 h, as do many municipal

biological treatment plants. Therefore, eight hours would be a reasonable estimate or

benchmark for a minimum HRT required to achieve high APEOs removals as long as

it is associated with a corresponding high SRT.

2.4.4 Temperature and seasonality on removal efficiency of EDCs

Steroidal estrogens

Temperature and seasonal variation may affect the removal of estrogens from STWs.

Generally, a reduction in temperature leads to reduced STW treatment efficiency as

the metabolic rate of micro-organisms present in the various treatment trains slows

down. During winter, higher effluent concentrations for both natural and synthetic

estrogens have been observed (Belfroid et al., 1999, Desbrow et al., 1998, Nakada et

al., 2006b, Tabak et al., 1981). The reduced amount of the specific slow growing

bacteria responsible for EE2 removal due to washout in winter-periods has also been
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cited as a factor. An illustration of the effects of temperature on the estrogen removals

in a STW can be found in a recent study by Nakada et al. (2006b). A comprehensive

mass balance study was carried out on a Japanese STW (Nakada et al., 2006b) in

Summer and Winter. Similar characteristics were found in both seasons, there was

little difference in the E1 flux in the influent between winter and summer survey

periods and the sum of the E1 fluxes in the effluent of the final sedimentation tank

and in the return sludge line was significantly higher than that in the aeration tank.

However, sulphated conjugated estrogens, E1-3S and E2-sulphate, were not degraded

in the treatment processes and persisted in the return sludge to a greater extent in the

summer (15 ng l-1 and 16.5 ng l-1 respectively) than in the winter (2.1 ng l-1 and 4.4 ng

l-1 respectively). Estrone was effectively removed in the aeration tank in the Summer

as compared to the Winter. Short SRT (8.2d) was attributed to the ineffective removal

of E1 from the STW. However, high efficiency in Summer with an SRT of 6 d was

effective in reducing E1. This can be attributed to the higher water temperature (27°C)

allowing rapid growth of E1-oxidising micro-organisms. Removal efficiency was high

for E2 in Winter (70%) and Summer (87%). In contrast, concentrations of E1

increased by 740% during the cold Winter period and 10% in Summer. The authors

also observed the removal of total nitrogen was smaller in Winter (26%) than in

Summer (60%), probably due to the effect of influent temperature on nitrification

which could affect the diversity of micro-organisms responsible for the degradation of

these steroid estrogens (Nakada et al., 2006b). Other workers demonstrating the

influence of temperature on the degradation of estrogens include the work carried out

by Ternes et al. 1999b and Baronti et al. 2000 (Baronti et al., 2000, Ternes et al.,

1999b). Ternes et al. (1999b) attributed the poor E2 removal (64 %) found at a

German ASP filter compared to a Brazilian STW equipped with a parallel ASP and

trickling which achieved 99.9% E2 removal to the low temperatures during the

German sampling period with 2°C on average compared to above 20°C in Brazil.

With the available data so far, no correlation between the temperature and the removal

of E2 removal in full-scale treatment plants has been found (Johnson et al., 2005,

Johnson et al., 2000). A regression analysis of the data for E2 removal versus

temperature gave only a r2 value of 0.031, indicating no correlation These authors

also demonstrated that there was little evidence (correlation r2 of 0.1) between E2

removal and flow per head. Layton et al. (2000) experimented with undiluted mixed
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liquor and found only 20% EE2 mineralised as compared to over 75% for E2 over

24h (Layton et al., 2000). In the municipal biosolids, 84% of E2 and 85% of E1 were

mineralized in 24h compared to <4% in industrial biosolids. No correlation between

BOD and suspended solids removal with mineralization was observed, although

temperature was seen to have an effect. At different temperatures no significant

differences in first order rate constants were seen for EE2 but E2 was significantly

different and even at cold temperatures, it was rapidly removed by biosolids. Little E2

could be observed in the laboratory experiment performed by Ternes et al. (1999a)

where rapid transformation of 90% of E2 (initial concentration 1 μg l-1) was converted

to E1 within 30 minutes. Over the 4h test, E1 seemed to persist in the system but the

researchers observed a 50% loss after 24h.

In one study, concentrations of natural estrogens were 7.5 fold higher in a drought

year, compared with a nondrought year (Shore et al., 1993) and removal percentages

ranged from 20 to 64% in the dry year and 88% in the wet year. This effect was also

observed by Kirk et al. 2002 when comparing the samples collected in August, when

the amount of rain had been substantial, to samples collected in May and April (Kirk

et al., 2002) when rainfall had been low. Apparently the higher influent concentration

has a larger influence on the removal than the increased HRT, which can be expected

as less wastewater enters the STW. Another study suggested that greater rainfall lead

to dilution of effluent, resulting in a lower estrogenic response in fish (Harries et al.,

1999). These studies were short term or single sample investigations which did not

report physiochemical characteristics of the effluent. Monitoring the changes in

physiochemical characteristics of the effluent could determine the efficiency of the

STW to increase degradation of estrogens, thereby lowering the estrogenicity of the

sewage effluent (Rodgers-Gray et al., 2000). The authors observed that variation in

temperature and concentrations of nitrite and nitrate may have significant effects in

the efficacy of estrogens removal from the effluent. They noted that long term studies

were necessary to discriminate between increased temperature and other contributory

factors such as microbial activity or rain events.

Alkylphenolic compounds

As with most micropollutants, temperature was identified as an important factor

affecting the treatment of APEOs (Maguire, 1999). Many studies showed that APEOs
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degradation declined at low temperatures (<12°C). A study was conducted using a

river die-away test on the biodegradation of a NPEO in river water and found that

temperature had a strong influence on the period of acclimation of the micro-

organisms and on the rate of biodegradation (Manzano et al., 1999). The percentages

of primary biodegradation vary from 68% at 7°C to 96% at 25°C and at all the

temperatures studied, metabolites (NP1-2EO and NP1-2EC) were generated during the

biodegradation process, which do not totally disappear during the 30 day assay. The

mineralization rates reached in the various assays ranged from 30% at 7°C to 70% at

25°C. Similar results were obtained from a static die-away test of NPEO in estuarine

water in the dark at 28 °C for 183 days (Potter et al., 1999). Primary degradation was

complete in 4–24 days with lag periods between 0 and 12 days. The intermediates

detected include NP2EO and NP2EC with much smaller amounts of NP1EO and

NP1EC. But NP was not detected. In the primary biodegradation, light was found to

be a retarding factor for biodegradation (Mann and Boddy, 2000). In another study, no

estrogenic activity was detected in a packed bed bioreactor inoculated with a mixed

culture that was continuously treated with a saturated solution of NP at low

temperatures (5.5, 10 and 15°C). However, generation of metabolites (branched

carboxylic acids and alkanes) were observed (Soares et al., 2006). Nonylphenol was

almost totally removed and degraded under aerobic laboratory scale-activated sludge

units at 28°C, but lowering the temperature led to decreased elimination capacities

(Tanghe et al., 1998). In summary, temperature may aid in the rate of biodegradation

of APEOs but generation of various metabolites are expected.

One of the most extensive investigations of the fate of AP and their parent compounds

(APEOs) in STW included analyses of NP, NP1-18EO and NP1-2EC (Ahel et al.,

1994a). The plants were of conventional ASP configuration. The overall removal of

the NP-c was 26-79 % based on the molarity in the effluents from primary and final

sedimentation, and the total concentrations of NP-c for primary and secondary

effluents ranged from 1,090 to 2,060 µg l-1 and from 240 to 760 µg l-1, respectively. A

detailed evaluation of the data showed that the highest elimination rates were

achieved in the STWs characterised by low-sludge loading rates and nitrifying

conditions. The data on the removal of the hydrophobic compounds (NP and NP1-2EO)

in periods with varying temperature indicated a temperature dependence of the

removal. A study of sewage samples from a Canadian STW from March 1997 to
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February 1998 (Lee and Peart, 1998b) confirmed the results obtained by Ahel et al.

(1994a). The Canadian STW was of the same type as the STW investigated by Ahel et

al. (1994a) and showed a similar mean elimination rate. Although the elimination

varied widely, the removal of APEOs and their metabolites in the STW did not seem

to be ambient temperature dependent.

2.4.5 Ammonium monooxygenase and co-metabolism

Steroidal estrogens

The biotransformation of steroidal compounds is still an area where consensus is

developing. There exist two degradation mechanisms for the transformation and

thence mineralization of steroidal estrogens in the ASP; mainly non-growth linked

(co-metabolic) and/or growth linked (metabolic) reactions. Growth-linked metabolic

reactions that are commonly involved in energy or carbon sources for microbial

growth have been suggested as a mechanism for the degradation of E2 and E1 (Yu et

al., 2007). However, biotransformation is probably due to co-metabolite activity

because steroidal compounds (like other micropollutants) are not present in high

enough concentration to support substantial biomass growth (Yi and Harper Jr, 2007,

Yu et al., 2007). There is a growing body of research suggesting that EE2 can be

biotransformed in enriched autotrophic nitrifying cultures (Layton et al., 2000). It was

found in laboratory experiments that sludges that failed to nitrify also failed to

degrade EE2 (Layton et al., 2000). It was reported that unidentified hydrophilic

daughter products were observed in the degradation of EE2 using nitrifying activated

sludge (Vader et al., 2000). Other researchers have also biologically degraded EE2

using nitrifying mixed cultures and observed simultaneous disappearance of EE2 and

ammonia (Dytczak et al., 2008, Shi et al., 2004, Yi et al., 2006). As co-metabolism

requires a catalyst, evidence has demonstrated that ammonium monooxygenase

(AMO) can mediate EE2/NH3 co-metabolism (Yi and Harper Jr, 2007, Yi et al., 2006)

and does not contradict other studies which suggested that AMO may be inhibited by

acetylene (an analogue of the C17 EE2 functional group) (Bollmann and Conrad, 1997,

Hyman and Arp, 1990, Teissier and Torre, 2002). Co-metabolic reactions using

enzyme(s) already present in the organisms themselves have been shown to have the

ability to convert E2 to E1 in a rapid and stoichiometric manner (Yu et al., 2007). Yu

et al. (2007) also observed slower transformation of E2 to E1, which maybe due to a

weaker affinity of the enzyme to E2. An affinity for the chemicals is therefore an
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important factor for the transformation E2 to E1. A recent study has reported E1

converted to 17α-estradiol (17α-E2) under nitrate-reducing conditions (Czajka and

Londry, 2006). This is the first report of microbial production of 17α-E2 and could

probably occur during the reduction of ketone (E1) to the alcohol (17α- or 17β-E2) in

reduced conditions. The 17α-E2 is much less estrogenic than the normal beta-form

(Hobe et al., 2002, Sievernich et al., 2004) and is reportedly more prevalent in dairy

cattle than the beta-epimer (Hanselman et al., 2003). These studies, together with

other reports, present similar evidence that AMO oxidation of organic compounds

occurs (Wahman et al., 2006, Wahman et al., 2005).

Alkylphenolic compounds

Unlike the steroidal estrogens, the link between co-metabolism and AMO on

alkylphenolic compounds is non-existent although inferences were attempted. One

report implied that monooxygenases from environmental soil micro-organisms

(Pseudomonas and Stenotrophomonas sp.) were able to degrade NP (Soares et al.,

2003). An earlier report suggested that gram negative bacteria Pseudomonas and

Xanthomonas spp. isolated from sludge were able to attack NPEOs in axenic cultures

(Frassinetti et al., 1996). However, no conclusive evidence was found in the literature

to link AMO to degradation of alkylphenolic compounds.

The oxidative shortening of the polyethoxylate chain for alkylphenol polyethoxylates

occurs easily and rapidly in aerobic conditions. It was reported that aerobic conditions

facilitate further biotransformation of APEOs metabolites than occurs under anaerobic

conditions (Ying et al., 2002b). It is therefore surmised that nitrification (with the

presence of AMO) may aid or hasten their shortening, since SRT is often higher in

nitrifying plants. However, complete mineralization is poor due to the presence of the

highly branched alkyl group on the phenolic ring. The hydrophilic group in

ethoxylated compounds contains more abundant carbon than the hydrophobic alkyl

group. These moieties (available by the successive removal of ethoxy groups) are

therefore potential sources of bacterial nutrients (Auriol et al., 2006). This chain

shortening results in the formation of recalcitrant intermediates such as NP, OP and

NP1-3EO (Ying et al., 2002b). Ultimate biodegradation of these metabolites occurs

more slowly, due to the presence of the benzene ring and their limited water solubility.

Furthermore, since AP is high lipophilic, in particular NP, sorption onto the solid
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phase makes them more resistant to biodegradation. Hence, adsorption/desorption,

overall charge of the particulates/suspended solids, floc size (increase surface area for

smaller flocs), availability of the compound to enzymes (extra-cellular/intracellular),

composition of micro-organisms and extra-cellular polymeric substances of microbes

may play vital roles in their removal in the STW. Whilst the more water soluble

APEC, which have a very limited tendency to be found in the solid phase, may

transform (R-OH) to hydroxlated metabolites (in aerobic environment) and/or

possibly be completely mineralized.

Despite the environmental significance of nitrate as electron acceptor, there are a few

(and conflicting) reports about APEOs degradation under nitrate-reducing conditions

(Chang et al., 2004, Jimenez-Gonzalez et al., 2003, Mohan et al., 2006). Further

understanding of the mechanisms of anaerobic transformation of NPEO in the

environment has been hampered by the lack of clear evidence of the nitrate-dependent,

anaerobic degradation of NPEO. It was suggested that microbial biotransformation of

NPEO proceeded via pathways in oxic and anoxic environments (Ferguson and

Brownawell, 2003). Collectively, results from various researches have shown that

alternating (anaerobic and aerobic) redox conditions are necessary to achieve

complete mineralization of APEO (Ejlertsson et al., 1999, Maguire, 1999) and their

metabolite AP (Ekelund et al., 1993, Topp and Starratt, 2000). It was also observed

that anoxic biodegradation of APEOs is a rather complex transformation that

necessitates a specialized combination of electron acceptor and micro-organisms to

occur (Luppi et al., 2007). Therefore the fate of non-ionic surfactants in the

environment are not only determined by a local geochemical conditions but also

dependent on the composition of autochthonous microbial community.

Dissolved oxygen concentrations in the range of 1 mg l-1 may be rate limiting for the

microbial degradation of many aromatic compounds such as the APEOs, which are

degraded by oxygenases and oxidases that have a requirement for molecular oxygen

as a co-substrate for biodegradation. However, data indicated that approximately 8.3

mol of dissolved oxygen were required per mol of OP1EC. Complete mineralization

of 1 mol of OP1EC would require 16.5 mol of dissolved oxygen (Wild and Reinhard,

1999). Typically, activated sludge treatment plants are designed to operate with a

residual dissolved oxygen concentration of 2 mg l-1 (3 mg l-1 for nitrifying systems)
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(Metcalf and Eddy, 2003). Therefore, the degradation of APEOs should not be

impaired under these dissolved oxygen concentration levels. Sensor-based control of

the dissolved oxygen concentration is typically used to ensure that this operating

environment is maintained during diurnally and seasonally induced changes in flow

and loading. Alternating aerobic/anaerobic/anoxic regimes should not impair removal

of APEOs and should produce effluents with low APEOs concentrations.

2.4.6 K-strategist hypothesis

The behavior of a population in an engineered biological process predicates that it

may fall into two basic survival strategies r or K (Graham and Curtis, 2003).

According to Figure 2.5, the three possible growth conditions found in an eco-system

are: (i) the overpopulated or resource-limited condition, resulting in biomass death; (ii)

the K condition: resources are restricted, resulting in dominance of the populations

that have a higher affinity towards resources (K-strategists); and (iii) the r condition:

resources are unrestricted and populations with higher maximum specific growth rates

(r-strategists) dominate (Ginige et al., 2007).
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Figure 2.5. The relationship between resource supply (Rs) and population density
(X); qsm is the specific rate of resource consumption for maintenance
(Ginige et al., 2007).

A summary of trait comparison of the r- and K-strategist can be found in Table 2.10.

Understanding which organisms predominate in a biological STW allows for

optimization of the process operations by enriching organisms of interest. In reality,

all organisms have both r- and K-traits, although most organisms can be generally fit

into one category versus the other (Graham and Curtis, 2003). The implication of this

simple observation is significant when one considers which strategist is likely to

control performance in a specific biological process. For example, in a continuous

flow reactor, steady-state limiting resource levels are usually near zero, therefore the

carrying capacity of such systems is stretched and populations in the reactor that

impact performance are more likely to be K-strategists than r-strategists. In contrast,

in batch engineered biological processes, r-strategists tend to be responsible for initial

degradation reactions, whereas K-strategists are more likely important in ‘polishing’

reactions when resource levels become low (Graham and Curtis, 2003).
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Table 2.10. A comparison of the traits of r- and K-strategists.

r-strategist K-strategist
Rapid growers Slow growers

Thrive in early-successional growth
conditions

Thrive in late-successional growth
conditions

Proliferate under rich resource conditions Proliferate at/near carrying capacity of a
system

Low resource affinities hence less
competitive when resource is limited

High resource affinities hence more
competitive when resource is limited

Population sizes highly variable and
individual can interchangeable with other
r-strategists that perform similar roles in
biological process (niche substitution)

Population sizes constant and less
variable in a dynamic system

Behavior evident in domestic STW where
continuous and dramatic populations

shifts due to diurnal variation

Tolerant to changes in local environment

2.5 Issues Arising from Literature Review

Evaluation of the literature for steroid and alkylphenolic compound analysis, behavior

and fate during wastewater treatment specifically secondary treatment process and

within the context of wastewater as a pathway to the aquatic environment, identified

several areas requiring further investigation.

Techniques that will allow the simultaneous analysis of steroid estrogens (conjugated

and unconjugated) as well as the metabolites of APEOs such as AP1-2EO, AP1-3EC

and AP at trace levels in ng l-1. Such an approach would be very useful in determining

the resultant fate of the parent compound/contributing compound in laboratory and

field studies and analyzing by LC/MS/MS allows for this possibility.

Studies on mass balances of the compounds in the sewage treatment works and

reports of the operating parameters are also lacking. Studies of these compounds in

different types of STW are also lacking. In order to accurately assess the behavior and

fate of these compounds in the sewage treatment process and receiving aquatic

environments, analysis and fate studies within these compartments is an important

consideration.
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2.6 Aims and Objectives

The main aim of the study is to evaluate the factors contributing to the degradation of

steroid estrogens and alkylphenolic compounds during biological wastewater

treatment. However, prior to evaluating behavior during treatment it was necessary to

improve the analytical limits of quantitation and detection for these chemicals in

complex matrices. This work enabled an estimation of the environmental risk from

wastewater treatment processes to be evaluated. The desired outcome of this study

was to better inform wastewater operators about the potential for reduction in the

concentrations of these chemicals into the aquatic environment by identifying key

controlling parameters on the fate of estrogens and APEOs. With knowledge of this

information gathered, proposals for the modification to the existing processes or

management practices to minimizing their discharge will be made. These two groups

of compounds, estrogens and APEOs, are contrasting groups of chemicals with

different physico-chemical properties and should therefore demonstrate different

transport pathways within wastewater treatment processes which will be widely

applicable to other EDCs.

The overall aims will be met by pursuing the following objectives:

 Develop and implement analytical methods for the quantitative analysis of the

selected EDCs in aqueous and solid matrices to allow investigation into their

presence and behavior. Apply this methodology to environmental samples and

determine levels of estrogens and APEOs.

 Analyze the selected EDCs in selected biological treatment processes using

the methods developed. To determine environmental presence and removal

efficiency of estrogens and APEOs during Summer and Winter.

 Understand and evaluate the parameters controlling the secondary treatment

that aid the removal of these EDCs. Provide recommendations for the

optimization of wastewater treatment processes for the removal of EDCs.
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3 MATERIALS AND METHODS

3.1 Reagents and Chemicals

Steroidal estrogens

All estrogen standards (>98% chemical purity) were purchased from Sigma Aldrich

(Dorset, UK). HPLC-grade organic solvents, dichloromethane (DCM), methanol

(MeOH), acetonitrile (ACN), hexane and ethyl acetate (EtOAc) were purchased from

Rathburn Chemicals (Walkerburn, UK). Deuterated (d3/4/5) labelled internal standards

of estrone-2,4,16,16-d4 (E1-d4), 17β-estradiol-2,4,16,16,17-d5 (E2-d5), estriol-2,4,17-

d3 (E3-d3), 17α-ethinylestradiol-2,4,16,16-d4 (EE2-d4) and sodium estrone-2,4,16,16-

d4 sulfate (E1-3S-d4) were obtained from C/D/N Isotopes (QMX Laboratories, Essex,

UK) with >98% chemical purity. Stock solutions were prepared in methanol. Two

different solid phase extraction cartridges tC18 (500mg/6cc) and aminopropyl (NH2)

anion-exchange (500mg/6cc) were obtained from Waters (Watford, UK) and Varian

(Varian Inc, Oxford, UK) respectively.

Alkylphenolic compounds

The technical 4-nonylphenol mixture of various chain isomers and 4-tert-octylphenol

were obtained from Sigma-Aldrich (Gillingham, Dorset, U.K). The long-chain APEO,

NPEO (Igepal CO210, CO520, CO720) and OPEO (Igepal CA210, CA520, CA720)

were available in a commercial surfactant mixture containing different oligomers also

purchased from Sigma-Aldrich. Nonyl- and octyl-phenoxy acetic acid (NP1EC,

OP1EC), 4-nonyl- and octylphenolmono- and diethoxylate (NP1–2EO, OP1–2EO) were

obtained from QMX Laboratories (Thaxted, Essex, U.K). Standards for NP2EC,

NP3EC, OP2EC, OP3EC were not available commercially and these determinants were

therefore estimated by their respective AP1EOs (i.e. NP1EO and OP1EO). Ethyl

acetate, ACN, and DCM were obtained from Rathburn (Walkerburn, Scotland, U.K)

and acetic acid from Sigma-Aldrich. Stock solutions were prepared in acetonitrile.

Single standard stock solutions of the analytes in the high mg l–1 range were prepared

by weighing out milligram amounts of the compounds and dissolving in acetonitrile.

Reagent grade MilliQ water (18.2 MΩ) (Millipore, Watford, UK) was used for spikes
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and preparation of solutions. The working standard solutions were prepared by further

diluting the stock standard solutions with acetonitrile/MilliQ-water (50:50 v/v).

3.2 Reference Standard Preparation

Steroidal estrogens

A working standard solution prepared from a secondary and/or stock solution was

used to calibrate the response of the instrument with respect to the analyte

concentration. A standard stock solution of 1 mg of each compound (deuterated or

non-deuterated) was dissolved into a 10 ml volumetric flask containing methanol

HPLC grade and then made up to the mark. A steroid standard intermediate solution

of concentration 1 µg ml-1 was prepared (10 µl of each stock solution to a 10 ml

volumetric flask containing MeOH/H2O (10:90 v/v). Calibration standards containing

all 5 analytes in MeOH/H2O (10:90) were used to produce an eight-point calibration

at 1 – 100 ng ml-1 and the concentration of the deuterated internal standards was 75 ng

ml-1.

Alkylphenolic compounds

There are no pure polyethoxylate compounds commercially available, therefore

compounds with an average number of ethoxylate groups were used. The values

derived for the average number of ethoxylate groups are numerical averages based on

the surfactant molar distribution. Conversion from molar distributions to mass

distributions was achieved by scaling the molar concentration of each oligomer by its

molecular mass and then normalizing the results so their sum was equal to one. A

working standard solution prepared from a secondary and/or stock solution was used

to calibrate the response of the instrument with respect to the analyte concentration. A

standard stock solution of 1 mg of each compound was dissolved into a 10 ml

volumetric flask containing acetonitrile HPLC-grade and then made up to the mark.

Alkylphenolic standard intermediate solution of concentration 1 µg ml-1 was prepared

(10 µl of each stock solution to a 10 ml volumetric flask containing acetonitrile/H2O

(50:50 v/v). As individual standards were available for NP, NP1-2EO, NP1EC, OP,

OP1-2EO and OP1EC, these were combined to give 5 mg l-1. Calibration was

performed using a eight point calibration curve at 0.01 – 25 mg l-1 for long chain

alkylphenol polyethoxylates oligomers; NPEO and OPEO. Calibration was performed
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using a eight point calibration curve at 0.01 – 5 mg l-1 for long chain AP (NP and OP),

APEC (NP1EC and OP1EC) and lower chain APEO (NP1–2EO and OP1–2EO).

3.3 Analytical Procedure

Steroidal estrogens

Settled sewage and final effluent samples (1L) were filtered through GF/C (VWR

International, Leicestershire, UK) filters prior to solid phase extraction (SPE). The

samples were then loaded onto tC18 cartridges preconditioned with 5ml methanol

followed by 5ml MQ water. The flow rate for sample extraction was kept constant

between 5-10 ml min-1 under vacuum using a vacuum manifold. After the sample was

loaded, the cartridge was washed with 3ml of ultrapure water and then thoroughly

dried for half an hour under vacuum prior to elution. The analytes were eluted using

10 ml MeOH followed by 10 ml DCM. A rotary evaporator (Heidolph Instruments,

Kelheim, Germany) was employed to concentrate the extracts to 1 ml, which was then

evaporated to complete dryness under a gentle stream of nitrogen. The dried sample

was reconstituted with 0.2 ml DCM/MeOH (90:10 v/v). Gel permeation size

exclusion chromatography was performed using a PLgel column, 5µm 50Å, 300 x 7.5

mm (Polymer Laboratories, Shropshire, UK). Conjugated and unconjugated steroids

were detected at 280nm. A 6ml fraction was collected from the column using isocratic

elution with DCM/MeOH (90:10 v/v) running at 1 ml min-1. All steroids eluted

between 5.5 to 11.5 minutes, and a single fraction corresponding to this time window

was collected. This fraction was dried by rotary evaporation to a final volume of

approximately 0.2 ml. This was then reconstituted to 2 ml with hexane and loaded

onto a conditioned (with 4ml 10% EtOAc/hexane and then 2 ml hexane) NH2 SPE

cartridge at a flow rate between 5-10 ml min-1. The nonpolar steroids E1, E2 and EE2

were then eluted using 6ml EtOAc. The more polar conjugate (E1-3S) and E3 were

subsequently eluted in a second fraction using 3% NH4OH in methanol. The separate

eluates were blown to dryness under a gentle stream of nitrogen, reconstituted with

0.2 ml MeOH/H2O (10:90 v/v) and transferred to autosampler vials prior to analysis

using LC/MS/MS.

For sludge or adsorbed samples, a multi-reax system (Heidolph UK, Germany) was

used to extract steroidal estrogens from solid samples. Sludge or adsorbed samples
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were freeze-dried (0.1g of sludge) and extracted using 10ml EtOAc and mechanically

shaken for an hour in a 25ml Teflon tube. This procedure was repeated twice with

centrifugation at 1500g for 10 minutes each time. The supernatant was decanted and

the collected eluate (20ml) was then subjected to clean up by passing through a pre-

conditioned silica SPE cartridge 500mg/3cc (Waters Ltd, Hertfordshire, UK) and

eluted using 3ml EtOAc followed by 2ml MeOH. This purified sample was then

subjected to further clean-up by GPC, anion-exchange and then quantified by

LC/MS/MS as described above.

Alkylphenolic compounds

One litre of the aqueous phase was filtered through a Whatman GF/C filter (0.45 – 1

µm) (Whatman, Maidstone, U.K.) prior to solid phase extraction (SPE). Settled

sewage (100ml) or final effluent (250ml) was extracted using a syringe barrel SPE

tC18 (500mg, 3cc) cartridge. The appropriate volume of sample was loaded onto the

cartridges which were preconditioned with 5ml methanol followed by 5ml MilliQ

water. The flow rate for sample extraction was kept constant between 5-10 ml min-1

under vacuum using Waters Sep-Pak Vacuum Manifold (Waters Ltd, Watford, U.K.).

When the sample had passed through, 4 ml of reagent grade water was used to rinse

the solid phase; the cartridge was then dried by drawing air through it for half an hour.

The analytes were eluted using 10 ml EtOAc, 10 ml DCM followed by 5 ml 0.1%

acetic acid in methanol. A rotary evaporator (Heidolph Instruments, Schwabach,

Germany) was employed to concentrate the extracts to 1 ml which was then

evaporated to complete dryness under a gentle stream of nitrogen. The extract was

reconstituted with 0.25 ml ACN/MQ-H2O (50:50 v/v) and transferred to an

autosampler vial prior to analysis using LC/MS/MS.

For sludge or adsorbed samples, a multi-reax system (Heidolph UK, Germany) was

used to extract alkylphenolic compounds from solid samples. Sludge or adsorbed

samples were freeze-dried (0.2g of sludge) and extracted using 10ml MeOH/Acetone

(1:1) and mechanically shaken for half an hour in a 25ml Teflon tube. This procedure

was repeated twice with centrifugation at 1500g for 10 minutes each time. The

supernatant was decanted and the collected eluate (20ml) was then cleaned by passing

through a pre-conditioned silica SPE cartridge 500mg/3cc (Waters Ltd, Hertfordshire,
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UK) and eluted using 10% acetic acid in 10ml MeOH prior to quantification by

LC/MS/MS.

3.4 Instrumental Analysis

Steroidal estrogens

Concentrations of steroid estrogens were determined using LC/ESI(–)/MS/MS

consisting of an HPLC (Waters Alliance HPLC system 2695) coupled to a Waters

Quattro Premier XE mass spectrometer with a Z-Spray ESI source (Micromass,

Watford, UK). The steroids were separated on a Gemini C18 column (3µm particle

size, 100mm x 2mm i.d., Phenomenex, Cheshire, UK). The mass spectrometer was

operated in the negative electrospray ionisation mode using multiple reaction

monitoring (MRM). The conditions for detection by the mass spectrometer were as

follows: capillary voltage, 3.20kV; multiplier voltage, 650V; desolvation gas flow,

1000 l h-1; cone at -55V; RF lens at 0.2V; cone gas flow at 49 l h-1; desolvation

temperature at 350°C and source temperature at 120°C. Instrument control, data

acquisition and evaluation were performed with MassLynx software 4.1 (Waters Ltd,

Hertfordshire, U.K.).

Alkylphenolic compounds

Analytes were determined using LC/ESI/MS/MS consisting of an HPLC (Waters

Alliance HPLC system 2695) coupled to a Waters Quattro Premier XE mass

spectrometer with a Z-Spray ESI source (Micromass, Manchester, U.K.). The AP,

APEC and APEO were separated on a Gemini C18 column (3µm particle size,

100mm x 2mm i.d., Phenomenex, Macclesfield, U.K.). The mass spectrometer was

operated in the negative electrospray ionisation (ESI–) (i.e. AP and APEC) or positive

electrospray mode (ESI+) (i.e. APEO) using multiple reaction monitoring (MRM).

Instrument control, data acquisition and evaluation were performed with MassLynx

software 4.1 (Waters Ltd, Hertfordshire, U.K.). Nitrogen was used as the nebuliser

gas and argon as the collision gas. The conditions for detection by the mass

spectrometer were as follows, capillary voltage, 3.20kV in the positive mode and -

2.3kV in the negative mode, extractor lens at 3.0V, RF lens at 0.5 V in the positive

mode and 1.0V in the negative mode, multiplier voltage, 650V, desolvation gas flow,

1000 l h-1, cone at 50V, cone gas flow at 50 l h-1, desolvation temperature at 350°C
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and source temperature at 120°C. The applied analyser parameters for MRM analysis

were LM 1 and HM 1 resolution 11.0, ion energy 1 1.0, entrance 1 (negative mode), 2

(positive mode), exit 0, LM2 and HM 2 resolution 10.0, ion energy 2 1.0. The MRM

inter-channel delay was 0.05 and the inter-scan delay 0.02.

3.5 Field Studies at Sewage Treatment Works

3.5.1 STWs description

Different sampling campaigns to obtain sewage samples were undertaken in this study.

Samples were taken from a trickling filter (STW1) (Figure 3.1) that had a population

equivalent (PE) of 2500, generating a daily flow of 650 m3 d-1. The trickling filters

operated as high rate filters using two filters media; BIOdek® and Biofil® to ensure

maximum treatment efficiency. Two large STWs included in this study were located

in the southeast of England; one such STW utilized an activated sludge process

(STW2) as its secondary biological treatment. This was operated with plug flow and

nitrifying and denitrifying zones (Figure 3.2). Another STW utilized biological

nutrient removal (STW3) with chemical coagulant added for phosphorus removal.

This was operated with a RAS pre-anoxic lane (8% total volume), an anaerobic zone

(8% total volume), an extended anaerobic zone (9% total volume) and five aerated

zones (75% total volume) (Figure 3.3). A further study was performed on a pilot plant

with an activated sludge process (STW4) which was located in northern England, a

diagrammatic representation of the plant is shown in Figure 3.4.

Figure 3.1. Schematic diagram of trickling filter (STW1). Note: Biodek and Biofil
are the types of plastic media used for the biofilters.
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Figure 3.2. Schematic diagram of activated sludge process plant (STW2).

Figure 3.3. Schematic diagram of biological nutrient removal plant (STW3).

Figure 3.4. Schematic diagram of activated sludge process pilot plant (STW4).
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The aim of the sampling strategy was to collect representative samples of settled

sewage, final effluent and/or returned/waste activated sludge to enable the evaluation

of the efficiency of removal across the activated sludge process to be determined. In

addition, a limited number of crude sewage samples were collected to characterize the

influent profiles of the determinants and to permit estimation of removals during

primary sedimentation using settling tests.
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The sampling points within the works were selected based on accessibility and

frequency was based on the retention times of the unit treatment processes. All

sampling points (for STW2, STW3 and STW4) were selected to measure the

performance of the works. In addition, returned liquors were also monitored. Only

two points were obtained for STW1. Sampling points have been indicated in Figures

3.2-3.4.

A day sampling campaign was carried out at STW1 on 24th January 2007 and 28th

March in summer 2007. Four sampling campaigns were carried out firstly at STW2

between 15th June and 18th June in Summer 2004; secondly at STW2 between 20th

March and 24th March in Winter 2006; thirdly at STW3 between 17th July and 21th

July 2006; and finally at STW4 between 17th September and 20th September 2007

with samples being taken at all points every 3 to 5 hours over a period of more than

96 hours. A three or five hour period was selected for both practical reasons and to

account for the residence time within the activated sludge plants. Since information

on the flow of wastewater through the plant was not available during the sampling

programme, sampling frequency was such that average daily flows subsequently

provided could be used for evaluation of mass balances. The monitoring programme

allowed for coverage of day/night variation, season of the year and process type.

Little or no precipitation was experienced during all sampling periods. The samples

were crude sewage, post primary settled sewage leading to the ASP/BNR, the

returned activated sludge (RAS), the returned primary sludge treatment with volatile

fatty acid (VFA) included, returned liquors (centrate and sludge) and the final effluent

post ASP/BNR.

3.5.3 Sampling handling and preservation

The volume of samples taken at each sampling point was based on analytical

requirements, with additional material to allow for repeat analysis and determination

of laboratory duplicates. Samples were put through solid phase cartridges on-site and

the cartridges were frozen to preserve integrity prior to analysis. Brown glass

Winchesters were used to collect 2 litre samples at each point which were then taken

back to a laboratory adjacent to the activated sludge unit for processing. The settled

sewage (n=8–16) and final effluent (n=8–16) were sampled every 6 h (i.e. 4 times per

day) for four days while the return activated sludge/waste activated sludge
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(RAS/WAS) (n=3–4) was sampled only once a day. Quality control was performed by

obtaining duplicates that had been spiked with deuterated estrogens (15 ng l-1) (no

spiking for alkylphenolic compounds) for each sampling point performed twice, on

alternate days, during the sampling period. Spiking for alkylphenolic compounds was

carried out in the laboratory on duplicate samples kept from the sampling campaign.

All sample containers and laboratory equipment were thoroughly cleaned between

each sampling occasion.

3.5.3.1 Crude sewage, settled sewage and final effluent

To negate the addition of any preservatives that may affect the analytes within,

immediately after sampling a portion was taken for solids analysis and the required

filtrate volume was extracted by SPE. For estrogens analysis, 1 litre samples were

filtered through GF/C filters prior to SPE. For APEOs, 100 ml of settled sewage and

250 ml of final effluent were filtered and extracted. At this stage, some samples were

spiked with deuterated estrogens (15 ng l-1) (no spiking for APEOs) was required. The

samples were then loaded onto tC18 cartridges preconditioned with 5 ml MeOH

followed by 5 ml MQ H2O. The flow rate for sample extraction was maintained

between 5 – 10 ml min-1 using a vacuum manifold. After loading, the cartridge was

washed with 3 ml of Ultrapure water then thoroughly dried for half an hour under

vacuum and frozen. Filter papers for each 1 litre sample were kept frozen prior to

further processing.

3.5.3.2 Return/waste activated sludge and volatile fatty acids liquors

Having higher solids content, after taking a portion for solids analysis, RAS/VFA

return was distributed between 4 x 250ml Teflon bottles and centrifuges at 1500g for

10 minutes. The 1 litre aqueous phase from the bottle was decanted to be filtered and

passed through SPE cartridges (as section 3.5.3.1) which were then frozen. The solid

phase from the bottle was transferred by spatula into 50 ml tubes, labeled and frozen.

Filter papers for each 1 litre sample were kept frozen prior to further processing.

3.5.3.3 Settling tests

Settling tests to determine settlement/removal of EDCs during primary sedimentation

were carried out using two 4 litre of crude sewage which were poured into a 4 litre

glass cylinder and left to settle for 3 or 4 hours. The aqueous fraction was siphoned
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off and this aqueous phase was used for EDC analysis. A litre of the aqueous phase

was filtered through a 150 mm GF/C filters and 1 litre (ESTs) or 250 ml (APEOs)

filtrate was put through a tC18 cartridge. Care was taken not to disturb the solid

fraction at the bottom. The solid sample was centrifuged and the supernatant was

decanted. The solids was then collected and placed into the 50 ml centrifuge tubes and

kept frozen at -18°C.

3.5.3.4 Off-site extraction and analysis

Upon return to the laboratory after the sampling campaigns, aqueous samples stored

on SPE cartridges were thawed, re-dried (~15 minutes) under vacuum to remove any

condensation and then the EDC eluted from the cartridge and analyzed by LC/MS/MS

as detailed in Sections 3.3. The sample tubes containing solids were defrosted in the

fridge at 4°C and then tipped into flasks to be freeze-dried. The dried solids were

homogenized and ground down to fine particle and 0.1g/0.2g were processed

according to Sections 3.3.

3.5.4 Physical and organic and inorganic nonmetallic constituents measurements

3.5.4.1 Suspended solids analysis

The analysis of liquids and sludge for suspended solids was undertaken according to

Standard Method 2540D (APHA, 1998).

3.5.4.2 COD

The analysis of COD was carried out using Merck Spectroquant COD cell test having

the range of 25 – 3500 mg l-1 (VWR, Leicestershire, UK) using the method analogous

to Standard Method 5220D (APHA, 1998) and values are reported as mg l-1 O2.

3.5.4.3 Ammonium (NH4
+)

The analysis of ammonium was carried out using Merck Spectroquant Ammonium

cell test having a range of 0.01 – 80 mg l-1 NH4-N (VWR, Leicestershire, UK) using

the method analogous to Standard Method 4500-NH3D (APHA, 1998) and values are

reported as mg l-1 NH4-N.
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3.5.4.4 Nitrate (NO3
-)

Nitrate concentration was carried out using Merck Spectroquant nitrate cell test 0.5 –

50 mg l-1 NO3-N (VWR, Leicestershire, UK) using the method analogous to

(ISO7890/1, 1985) and values are reported as mg l-1 NO3-N.

3.5.4.5 pH

The pH measurements were carried out a Hanna HI 8424 handheld pH meter (Hanna

Instruments Ltd, Leighton Buzzard, UK). The meter was calibrated prior to use each

day prior to use.

3.5.4.6 Temperature

The temperature of the wastewater and the ambient temperature were measured using

a mercury thermometer –10 to +110°C (VWR International Ltd, UK).

3.5.4.7 Dissolved oxygen

The dissolved oxygen (DO) was determined using the Hach HQ20 meter equipped

with a Luminescent Dissolved Oxygen (LDO®) probe (Hach Lange Ltd, Manchester,

UK).

3.5.4.8 Oxidation/Reduction potential

Oxidation-reduction potential (ORP) have been measured using the handheld portable

Hach HQ20 equipped with the platinum combination electrode (Hach Lange Ltd,

Manchester, UK).

3.5.4.9 Food to microorganism (F/M) ratio

Food to microorganism (F/M) ratio is a process parameter to characterize process

designs and operating conditions. It is also the reciprocal of the sludge age. The

calculation to determine F/M ratio for the STWs can be found in Equation 6.
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4 RESULTS: ANALYTICAL METHODOLOGY FOR STEROIDAL
ESTROGENS

4.1 Method Development for the Determination of Conjugated and Unconjugated

Steroid using LC/ESI/MS/MS

The determination of steroidal estrogens in the sewage matrix was established using

gel permeation chromatography clean-up step and quantitation using LC/ESI/MS. The

method further developed using an additional clean-up step involving a SPE anion-

exchanger to reduce matrix interferences. Quantification of these compounds was

then performed on a triple quadrupole mass spectrometry system to enhance

sensitivity and specificity.

4.2 Concentration/extraction and Clean-up

Aqueous samples

Several SPE procedures were assessed using one litre samples spiked with the steroid

estrogens at 15 ng l-1 each. Utilizing selective elution for this first step, for sample

clean-up, resulted in poor recoveries, and the cartridges were therefore eluted with

10ml MeOH followed by 10ml DCM. The use of gel permeation as a subsequent

preparation step was a challenge due to the relatively high polarity of E1-3S and E3.

Therefore initial work focussed on finding a solvent system which would dissolve the

range of estrogens, but which was also compatible with the PLgel column. The

optimal compromise in adjusting polarity of the solvent mix and achieving desired

swelling of the gel within the GPC column was achieved with 10% MeOH in DCM.

The normal phase SPE was used as a final clean-up step to remove interferences that

may otherwise affect the LC/MS/MS analysis of the steroids. Employing a Varian

NH2 weak anion exchange cartridge, recoveries of more than 83% were achieved for

all of the steroid estrogens including the conjugated steroid E1-3S. The scheme for the

analytical procedure developed in this study is shown in Figure 4.1.
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Solid samples

The determination of steroidal estrogens in the adsorbed phase and sludge samples

was challenging. In order to prevent biotransformation of the conjugate, samples were

freeze-dried. A combination of organic solvents was used to evaluate their efficacy in

recovering the steroidal estrogens from the solid samples. Solvent extraction using

10ml EtOAc gave the best recoveries of >95% for all steroidal estrogens. Attempts to

use the aqueous methodology were unsuccessful since matrix interference was

substantial (see section 4.5) and determination of these compounds were frequently

below the instrument detection limit as ion suppression was >60%. Therefore two

commercially available and widely used SPE cartridges i.e. silica and tC18 SPEs were

considered in this study for the initial clean-up step. Studies carried out elsewhere

have confirmed that sample reconstitution in water resulted in losses resulting in low

analyte recoveries (Langford et al., 2005a), hence only the use of a organic solvent

was considered. The use of silica cartridges as a preparation step was a challenge due

to the relatively high polarity of E1-3S and E3. Initial work focussed on finding a

solvent system which would dissolve the range of estrogens, but which was also

compatible with the cartridge. As such, normal phase silica SPE was chosen over

reversed phase tC18. Initial studies to determine the solvents needed to elute the

steroid estrogens were carried out using MQ water without the presence of matrix. A

strategy was also developed to eliminate or curtail ion suppression by employing the

silica clean-up. The advantage of using a silica SPE clean-up allows for particulates to

be trapped onto the frit of the SPE cartridge whilst obtaining maximum clean-up of

the sample. A series of elution solvents were explored, it was found that a

combination of 3ml EtOAc and 2ml MeOH was the best combination that gave the

maximum recovery of these steroidal compounds while retaining most interfering co-

extracted chemicals. Subsequent to the elution of these compounds from the silica

SPE, the clean-up procedure proceeded with gel permeation, anion-exchange and

finally quantification using the LC/MS/MS (Figure 4.1).
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Figure 4.1. Diagram summarizing the analytical procedure for the determination of
the steroidal estrogens in the dissolved phase and adsorbed phase
(including sludge).

Solvent extraction

10ml EtOAc (2x)
Shake 1h each time

Centrifugation

4000 rpm for 10min

Gel permeation chromatography (PLgel column)

Mobile phase: DCM/MeOH (9:1 v/v)
Fraction collect 5.5 – 11.5 min

Solid phase extraction
(tC18, 500mg/6cc)

Elute MeOH 10ml then DCM 10ml

Wastewater samples

1 litre

Sludge

0.1 gram

Adsorbed phase

Solids (GF/C Whatman)

Dissolved phase

Filtrate (GF/C Whatman)

Fraction I
E3 and E1-3S

3% NH4OH/MeOH 6ml

Anion exchange
(Varian NH2 500mg/6cc)

LC/ESI(–)/MS/MS

Period I (0 – 11 min)

Fraction II
E1, E2 and EE2

EtOAc 6ml

LC/ESI(–)/MS/MS

Period II (11 – 18 min)

Solid phase cleanup
(Silica, 500mg/3cc)

Elute EtOAc 3ml then MeOH 2ml

Freeze-dried
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4.3 Optimization of LC Conditions

LC optimization was carried out on Gemini C18 column. A gradient separation was

achieved using two solvents, solvent (A) water containing 0.1% ammonium

hydroxide (NH4OH) and solvent (B) MeOH containing 0.1% NH4OH. Gradient

conditions were initiated with 20% B followed by an increase to 50% B (over 3.5

min). The proportion of solvent B was then increased to 60% maintained for 9 min

before the column was returned to starting conditions 20% B (over 3 min) and held

for 2.5 min to equilibration. The total run time was 18 min and a sample volume of

20µl of was injected into the HPLC (Figure 4.2). Eight point calibration curves were

made for each of the steroids within the linear range of the instrument (1 – 100 ng

ml-1). The concentrations of the steroid estrogens in the samples were calculated

relative to the deuterated standards using the MassLynx software 4.1.

Elution times for each compound in solid samples did not deviate greatly (within

±0.2min) from those run for aqueous samples. This demonstrated the robustness of

the liquid chromatography and that the addition of ammonium hydroxide did not

affect the elution time/interaction of the steroidal estrogens from the stationary phase

of the Gemini C18 column.

4.4 Optimizing MS/MS Condition

Aqueous samples

The optimal MS/MS conditions for the analysis of conjugated and unconjugated

steroid estrogens were examined. The optimization was carried out in the negative

mode using electrospray ionization. Single standard solutions were used to identify

[M – H]– ions and peak retention times (Table 4.1). The optimization of operating

parameters affecting MS detection such as dwell time, cone voltages and collision

energy on each ion were carried out by the direct infusion of 100 ng ml-1 standard of

each steroid at flow rate of 10 µl min-1. The optimum conditions were reached when

the highest intensities or superior signal-to-noise (S/N) resolution were achieved for

each conjugate and unconjugated steroid estrogens. For greater manipulation of MS

settings and to improve sensitivity, chromatographic separation was divided into two

acquisition periods. In the first period between 0 and 11 min, intensities of ions for
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E1-3S, E1-3S-d4, E3 and E3-d3 were monitored, while in the second acquisition

period between 11 and 18 min, intensities of ions for E1, E1-d4, E2, E2-d5, EE2 and

EE2-d4 were detected (Figure 4.3 and Table 4.1).

Figure 4.2. Total ion chromatogram of conjugated and unconjugated steroids
standard solutions at 20 ng l-1.

Period I Period II

E1-3S

E3

E2

Retention Time (min)

E1

EE2
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Table 4.1. Optimized LC/MS/MS conditions for MRM chromatographic
acquisition of steroid estrogensa.

Steroidal
estrogens

Period
(min)

MRMb m/z
Dwell
time

(msec)

Collision
energy (V)

Cone
(V)

Retention
time (min)

IDLc

(pg)

E1 II (11-20)
269.10>144.85
269.10>158.80

85
85

40
45

70
70

13.97 12

E2 II (11-20)
271.10>144.85
271.10>158.80

85
85

45
40

60
60

14.37 20

E3 I (0-11)
287.10>170.85
287.10>144.85

95
95

50
50

55
55

8.90 18

EE2 II (11-20)
295.15>144.85
295.15>158.80

85
85

40
40

60
60

14.67 16

E1-3S I (0-11)
349.05>144.85
349.05>269.00

60
60

65
40

50
50

6.77 9

E1-d4 II (11-20) 273.10>146.85 85 45 60 13.91
E2-d5 II (11-20) 276.10>146.85 85 50 55 14.23
E3-d3 I (0-11) 290.15>146.85 90 65 50 8.86
EE2-d4 II (11-20) 299.15>146.85 85 50 60 14.60
E1-3S-d4 I (0-11) 353.10>146.85 60 65 50 6.75
aTwo different MRM transition are monitored per compound: the first one is used for quantification
and the second one for confirmation. b[M – H]–. cInstrument detection limit at 1 ng l-1 replicate
measurement (n=7).
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Figure 4.3. MRM chromatograms of E1-3S-d4, E1-3S, E3-d3, E3, EE2-d4, EE2,
E2-d5, E1-d4, E2 and E1 (settled sewage spiked at 2 ng l-1).

Solid samples

The optimization of operating parameters was also performed for solid samples

(sludge, solids in settled sewage and final effluent). The instrument detection limit

(IDL) was similar to those obtained from the dissolved phase samples. The optimum

conditions were reached when the highest intensities or superior signal-to-noise (S/N)

E1-3S-d4

E1-3S

E3-d3

E3

353.1 > 146.85

349.05 > 144.85

290.15 > 146.85

287.1 > 170.85

E1-d4

E1

273.1 > 146.85

269.1 > 144.85

E2-d5

E2

276.1 > 146.85

271.1 > 144.85

EE2-d4

EE2

299.15 > 146.85

295.15 > 144.85

Retention Time (min)
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resolution of >3 were achieved for each conjugate and unconjugated steroid estrogens.

Chromatogram showing the separation can be observed in Figure 4.4.

Figure 4.4. MRM chromatograms of E1-3S-d4, E1-3S, E3-d3, E3, EE2-d4, EE2,
E2-d5, E1-d4, E2 and E1 (solid matrices from settled sewage spiked at
10 ng g-1 TSS dry weight).

E1-3S-d4

E1-3S

E3-d3

E3

353.1 > 146.85

349.05 > 144.85

290.15 > 146.85

287.1 > 170.85

E1-d4

E1

273.1 > 146.85

269.1 > 144.85

E2-d5

E2

276.1 > 146.85

271.1 > 144.85

EE2-d4

EE2

299.15 > 146.85

295.15 > 144.85

Retention Time (min)



Chapter 4 Results: Analytical Methodology for ESTs

_____________________________________________________________________

101

4.5 Matrix Effects on Steroidal Estrogen Analysis

Aqueous samples

In order to evaluate the impact of matrix effects on signal intensity, settled sewage

and effluent samples were spiked with the steroids (low and high spike of 2 ng l-1 and

15 ng l-1 respectively). The signal suppression was derived using the following (Vieno

et al., 2006);

Equation 1:

Matrix effects=
 

100


s

uspsps

A

AAA

where As is the peak area of the analyte in pure standard solution, Asp is the peak area

in the spiked matrix extract and Ausp is the peak area in the unspiked matrix extract.

For the water extract, signal suppression of 6-7% was observed for all analytes in both

low and high spikes. However, analysis of settled sewage and final effluent

demonstrated an increase in suppression due to matrix effects, with more polar

compounds (E1, E3 and E1-3S) exhibiting least suppression (8%) in the final effluent

and increased suppression in settled sewage (10-15%). Both E2 and EE2 signals were

suppressed to greater extent in the final effluent (12-22%), with the greatest effect on

these determinands observed in the more complex settled sewage matrix (10-25%).

Solid samples

Extraction and clean up are often undertaken prior to quantification and the extent of

manipulation required to isolate steroid estrogens from solid matrices depends on the

quantity of analyte present in the sample; contamination of the solid matrix with

coextractives; and, the analytical tool to be utilized. Although sample preparation is

able to remove matrix interferences, the more intense the extraction and clean-up

regime, the greater the potential for analyte losses, resulting in lower recoveries. A

compromise must therefore be made between the need for LODs of environmental

relevance, which relies on sample amount and volume injected onto the analytical

instrument, whilst limiting the amount of matrix interference present in the sample to

be analyzed. Currently, the amounts used to analysis sediment samples have
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decreased from 5 g to 3 g. This is a direct consequence of improvements made to both

the cleanup procedures and the analytical method.

Initially 0.5 g of sludge was chosen for testing the performance of the analytical

method. However, the levels detected exhibited poor consistency. In most cases, the

S/N ratio was less than 3 and recoveries were <5%. It was suspected that the matrix

interference from the sewage sludge was substantial. A study was therefore

undertaken to investigate the effects of using different dry weights on the method

performance. Concurrently, it aimed to evaluate the feasibility of using a smaller

amount of sewage sludge for the analysis. Three different dry weighs were

investigated. Table 4.2 shows the recoveries obtained using 0.1, 0.2 and 0.5 g of

sludge. Recoveries of >84% were achieved for both low and high spikes from samples

of 0.1g sludge. Whilst good recoveries for most steroidal estrogens (E1, E2 and E1-3S)

were observed using 0.2g sludge, the high RSD and the low recoveries for E3 and

EE2 at low spikes meant that interferences still exist and hindered the determination

of the estrogens.

Table 4.2. Recoveries (%) and RSD (%) obtained using different dry mass (n=2).

Steroidal
estrogens

Recovery (%) from 0.5 g
(% RSD)

Recovery (%) from 0.2 g
(% RSD)

Recovery (%) from 0.1 g
(% RSD)

LR HR LR HR LR HR

E1 <5 <5 84 (22) 84 (21) 98 (2) 100 (2)

E2 <5 <5 100 (16) 95 (11) 95 (1) 99 (1)

E3 <5 <5 <5 84 (21) 99 (2) 84 (2)

EE2 <5 <5 <5 83 (7) 105 (1) 100 (1)

E1-3S <5 <5 82 (30) 82 (16) 109 (2) 100 (3)

Subsequent to the evaluation of dry weight of solid samples on estrogen recovery,

matrix interference was evaluated for sludge and adsorbed phased samples (~0.1g).

For the water extract, signal suppression of 5-8% was observed for all analytes in both

low and high spikes (50 or 75 ng g-1). However, analysis of settled sewage and

effluent demonstrated an increase in suppression due to matrix effects, with more

polar compounds (E1, E3 and E1-3S) exhibiting least suppression (10%) in the final

effluent and increased suppression in settled sewage (8-18%). Both E2 and EE2

signals were suppressed to greater extent in the final effluent (12-25%) with the
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greatest effect on these determinands observed in the more complex settled sewage

matrix (10-28%).

4.6 Evaluation of Method Performance

Aqueous samples

The calibration curves for the determination of the analytes were obtained by

performing a linear regression analysis on the standard solutions using the ratio of

standard area to internal standard area and exhibited r2 values greater than 0.998. The

IDL were 9 – 20 pg based on the extraction of reagent grade water samples spiked at

1 ng l-1. The recoveries of the analytes were evaluated by spiking at both low (2 ng l-1)

and high (15 ng l-1) concentrations in settled sewage and final effluent. The recoveries

for three replicate samples spiked in samples of settled sewage and final effluent

ranged from 83 – 100%, with relative standard deviations (RSD) of 0.3 – 12% (Table

4.3). Recoveries obtained in this study were calculated by the subtraction of

concentrations observed in unspiked samples. The method detection limit (MDL) is

set at the lowest calibration point for a S/N ratio of 3 on the chromatogram of actual

sample matrices. The MDL were 0.2 – 0.1 ng l-1 for settled sewage and sewage

effluent samples spiked at 1 ng l-1 (Table 4.3).

Table 4.3. Method recoveries (%), RSD (%) and MDL of dissolved phase from
MQ water, settled sewage and final effluent (n=3).

Estrogens
Recovery (%) from
MQ water (% RSD)

Recovery (%) from
settled sewage (% RSD)

Recovery (%) from final
effluent (% RSD)

MDL (ng l-1)

LRa HRb LRa HRb LRa HRb SSa FEa

E1 90 (13) 90 (0.5) 98 (1.5) 95 (4) 100 (2) 88 (3) 0.1 0.1
E2 84 (8) 100 (20) 100 (0.6) 88 (1.6) 100 (7) 88 (4) 0.2 0.2
E3 95 (7) 95 (5) 100 (0.7) 98 (0.3) 83 (12) 86 (6) 0.2 0.2
EE2 95 (7.3) 93 (1.7) 90 (10) 88 (5) 100 (2) 83 (5) 0.2 0.2
E1-3S 98 (8) 100 (7) 97 (1) 95 (4) 96 (2) 99 (1) 0.1 0.1

a2 ng of standard or b15 ng of standard was spiked to 1 litre of settled sewage/final effluent (15 ng l-1 of
deuterated internal standard); SS = settled sewage; FE = final effluent.

Solid samples

The calibration curves for the determination of the analytes were obtained by

performing a linear regression analysis on the standard solutions using the ratio of

standard area to internal standard area and exhibited r2 values greater than 0.998. The

recoveries of the analytes were evaluated by spiking at low (5 or 10 ng g-1) and high
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(50 or 75 ng g-1) concentrations in MQ water, solids on settled sewage, final effluent

and sludge. The recoveries for three replicate samples spiked in samples of settled

sewage and final effluent ranged from 84 – 109%, with relative standard deviations of

1 – 13% (Table 4.4). Recoveries obtained in this study were calculated by the

subtraction of concentrations observed in unspiked samples. The method detection

limit (MDL) is set at the lowest calibration point for a S/N ratio of 3 on the

chromatogram of actual sample matrices. The MDL were 2 – 5.3 ng g-1 for settled

sewage and sewage effluent samples spiked at various concentrations (Table 4.4).

Table 4.4. Method recoveries (%), RSD (%) and MDL of adsorbed phase on MQ
water, solids on settled sewage, final effluent (n=6) and sludge (n=3).

Steroidal
estrogens

Recovery (%) from
MQ water
(% RSD)

Recovery (%)
from settled

sewage
(% RSD)

Recovery (%)
from final
effluent
(% RSD)

Recovery
(%) from

sludge
(% RSD)

MDL (ng g-1)

LRa HRb LRc HRd LRc HRd LRc HRd SSc FEc SDGc

E1
100
(5)

100
(2)

100
(2)

88
(2)

95
(2)

91
(4)

98
(2)

100
(2)

2.1 2.0 2.1

E2
87

(10)
99
(3)

100
(13)

94
(7)

85
(6)

96
(4)

95
(1)

99
(1)

4.6 4.5 4.9

E3
98
(8)

97
(3)

94
(6)

93
(6)

94
(4)

97
(3)

99
(2)

84
(2)

4.2 4.2 4.5

EE2
99
(5)

98
(6)

97
(13)

97
(8)

88
(4)

97
(1)

105
(1)

100
(1)

4.6 4.5 5.3

E1-3S
100
(11)

99
(7)

93
(4)

99
(2)

96
(2)

100
(3)

109
(2)

100
(3)

2.5 2.5 2.6

a5 ng g-1 or b50 ng g-1 standard was spiked to solid matrices of filter paper (75 ng g-1 of deuterated
internal standard); c10 ng g-1 or d75 ng g-1 TSS was spiked to solid matrices of sewage/final
effluent/sludge (75 ng g-1 of deuterated internal standard); due to varying amounts of solids in the
influent and effluent suspended solids (dry weight), a standardised weight of suspended solids 0.2g dwt
and sludge 0.1g dwt were used to derive the MDL; SS = settled sewage; FE = final effluent; SDG =
sludge.
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5 RESULTS: ANALYTICAL METHODOLOGY FOR ALKYLPHENOLIC
COMPOUNDS

5.1 Method Development for the Determination of Alkylphenolic Compounds using

LC/ESI/MS/MS

The determination of alkylphenolic compounds in the sewage matrix was established

using solid phase extraction and quantitation using LC/ESI/MS/MS. The method was

first developed without including the carboxylated metabolites employing SPE and

LC/ESI/MS (Langford et al., 2005a). The following sections will further elaborate the

specific methodology and the steps undertaken to develop this analytical procedure to

include the parent APEOs, Aps and the carboxylated species.

5.2 Concentration/extraction and Clean-up

Aqueous samples

A strategy to extract the alkylphenolic compounds from sewage matrix has been

evaluated and modified from (Langford et al., 2005a). Several SPE procedures were

assessed using either 250 ml or 100ml of sewage samples or reagent water spiked

with the alkylphenolic compounds at low and high concentration (0.1 µg l-1 and 1 µg

l-1 respectively). Utilizing any selective elution for this first step, to begin a sample

clean-up, resulted in poor recoveries, and the cartridges were therefore eluted with

10ml EtOAc, 10ml DCM then to elute the hydrophilic long chain APEO as well as

APEC using 5ml of 0.1% acetic acid in methanol. As the concentration of the

alkylphenolic compounds were found at higher levels, no additional clean-up

procedure was required since the sensitivity and specificity for the determination of

these chemicals was not compromised. The scheme for the analytical procedure

developed in this study is shown in Figure 5.1.

Solid samples

The determination of alkylphenolic compounds in the adsorbed phase and sludge

samples was equally challenging as the soluble alkylphenolic compounds. In order to

prevent biotransformation and possible thermal decomposition of the long chain
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alkylphenolic compounds, samples were freeze-dried. A solvent mixture 10ml

MeOH/Acetone (1:1 v/v) was used to extract the alkylphenolic compounds with

recoveries from 80-100%. Two commercially available SPE, silica and anion-

exchanger NH2, were considered as a clean-up step. Commonly used organic solvents

such as EtOAc, hexane, MeOH and a combination of each of these solvents were

evaluated with excellent recovery (>70%) obtained from using silica SPE and elution

with neat MeOH. Addition of 10% acetic acid to MeOH gave maximum recovery (77-

105%) of alkylphenolic compounds while retaining most interfering co-extracted

chemicals. Subsequent to the elution of these compounds from the silica SPE, the

alkylphenolic compounds were quantified using the LC/MS/MS (Figure 5.1).
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Figure 5.1. Diagram summarizing the analytical procedure for the determination of
the alkylphenolic compounds in dissolved phase and adsorbed phase
(including sludge).

Solvent extraction

10ml MeOH/Acetone (1:1 v/v)(2x)
Shake ½ h each time

Centrifugation

4000 rpm for 5min

Wastewater samples

1 litre

Sludge

0.2 gram

Adsorbed phase

Solids (GF/C Whatman)

Dissolved phase

100 or 250ml Filtrate (GF/C
Whatman)

Solid phase cleanup
(Silica, 500mg/3cc)

Elute 10% Acetic acid in MeOH 10ml

Freeze-dried

Run II

NP, NP1-2EO, NP1-3EC,
OP, OP1-2EO, OP1-3EC

LC/ESI/MS/MS

50 min run time

Run I

NP3-12EO and OP3-12EO

Solid phase extraction
(tC18, 500mg/3cc)

Elute EtOAc 10ml, DCM 10ml then
0.1% Acetic acid in MeOH 5ml
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5.3 Optimization of LC Conditions

Optimization of LC parameters was carried out on a Gemini C18 column

(Phenomenex, Macclesfield, UK). A gradient separation was achieved using two

solvents: solvent A, MQ water containing 20mM NH4OH; solvent B, ACN containing

20mM NH4OH. As APEO form strong complexes with small cations; they were

detected after addition of 20mM ammonium hydroxide to both the mobile phases as

their NH4
+ adduct ions (Table 5.1). Gradient conditions were initiated with 45%

solvent B (maintained for 5 min) followed by a gradual increased gradient to 80%

solvent B which was maintained for 40 min. Following this the gradient was again

increased from 80 to 90% solvent B, the conditions were maintained at 90% solvent B

for 5 min before the column was re-equilibrated to starting conditions at 20% solvent

B. The total run time was 50 min and 10µl of each sample was injected into the HPLC.

Although it was difficult to separate the individual oligomers of long-chain APEO due

to similar physico-chemical properties, clear separation of OPEO from NPEO was

obtained.

Another gradient was established for AP, AP1-3EC and AP1-2EO (Figure 5.2). The

gradient condition was initiated with 20% solvent B and linearly increased to 45%

over 10 min. This was followed by a gradual linear increased to 80% solvent B which

was maintained for 20 minutes. Following the increase gradient from 80 to 90%

solvent B, the conditions were maintained at 90% solvent B for 5 min before the

column was re-equilibrated to starting conditions at 20% solvent B for 10 min prior to

next run. Similarly, the total run time for this analysis was 50 min and sample volume

injected was 10 µl. The flow rate was kept at 0.2 ml min-1. Calibration was performed

using a eight point calibration curve at 0.01 – 25 mg l-1 for long chain alkylphenol

polyethoxylates oligomers; NPEO and OPEO. Calibration was performed using a

eight point calibration curve at 0.01 – 5 mg l-1 for Aps (NP and OP), APECs (NP1EC

and OP1EC) and short chain APEOs (NP1–2EO and OP1–2EO). For quality control, and

to ensure the reproducibility of the results, standards were run before, during, and

after each run. No significant differences were observed between runs. There were no

variations in retention time for all alkylphenolic compounds (Table 5.1).
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Elution times for each compound in solid samples did not deviate greatly (within

±0.2min) from those run for aqueous samples. This showed the robustness of the

liquid chromatography and that addition of ammonium hydroxide did not affect the

elution time/interaction of the alkylphenolic compounds (hydrophilic/hydrophobic

properties) from the stationary phase of the Gemini C18 column.

Figure 5.2. LC/MS/MS analysis of alkyphenolic compounds. Standard
concentrations 0.5 mg l-1 (only one product ion for each alkylphenolic
oligomer is shown).
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Table 5.1. Characteristic LC/MS/MS parameters and detection limits of alkylphenol polyethoxylates (NPEO and OPEO).

Alkylphenolic
compounds

m/z precursor
[M + NH4]

+ Dwell time (msec) Cone (V) Product ions (Collision potential) Retention time (min) IDL (pg)
MDL (ng l-1)

(RSD)
MDL (ng g-1)

(RSD)
NP3EO 370 100 40 a353(10), 226.5(20) 27.87 0.2 0.1 (2) 0.5 (3)
NP4EO 414 90 30 a397(14), 270(20) 27.71 4.7 1.5 (2) 7.5 (2)
NP5EO 458 90 30 a440(20), 315(25) 27.63 7.9 2.1 (2) 10 (2)
NP6EO 502 90 30 a485(20), 359(30) 27.47 13.4 2.7 (2) 13 (3)
NP7EO 546 90 30 a529(23), 403(25) 27.23 8.3 0.8 (2) 4 (5)
NP8EO 590 90 30 a573(25), 447(27) 27.07 3.5 0.7 (2) 4 (6)
NP9EO 634 90 30 a617(25), 335(30) 26.82 2.9 2.2 (3) 11 (8)
NP10EO 678 90 30 a661(25), 132.5(40) 26.66 3.0 2.1 (3) 10 (2)
NP11EO 722 90 30 a705(25), 291(40) 26.42 1.9 0.9 (2) 4.5 (3)
NP12EO 766 90 30 a749(30), 291(35) 26.26 1.0 1.1 (4) 5.5 (4)

OP3EO 356.5 100 20 a338.5(10), 227(10) 22.84 4.9 1.8 (1) 9 (4)
OP4EO 400.5 100 20 a382.5(15), 270.5(15) 22.84 5.9 4.1 (2) 20 (3)
OP5EO 444 100 20 a426.5(10),315(10) 22.76 0.2 1.4 (3) 7 (2)
OP6EO 488 90 30 a471(15), 359(20) 22.68 6.0 3.0 (2) 15 (4)
OP7EO 532 90 30 a515(20), 403(20) 22.60 8.6 0.6 (2) 3 (5)
OP8EO 576 90 30 a559(20), 447(25) 22.43 7.9 1.3 (3) 6.5 (6)
OP9EO 620 90 30 a603(20), 491(25) 22.27 5.5 2.0 (5) 10 (2)
OP10EO 664 90 30 a647(20), 535(30) 22.11 3.0 0.8 (3) 4 (2)
OP11EO 708 90 30 a690(20), 579(30) 22.03 0.1 0.1 (2) 0.5 (3)
OP12EO 752 90 30 a735(20), 623(30) 21.87 0.1 0.5 (1) 2.5 (2)

bNP1EO 282 120 25 a127(25), 265(25) 29.11 40 1.2 (2) 6 (3)
bNP2EO 326 100 40 a183(40), 121(40) 28.88 7 2.5 (2) 12 (2)
cNP1EC 263.5 100 20 a205(20), 106(30) 11.32 3 2.5 (2) 12 (2)
cNP2EC 307 100 20 205(20) 11.32 NA NA NA
cNP3EC 351 100 20 205(20) 11.32 NA NA NA
bOP1EO 268 120 15 a113(10), 250(20) 25.92 58 9.6 (2) 48 (4)
bOP2EO 312 100 20 a183(10), 295(10) 25.73 5 5.1 (2) 25 (2)
cOP1EC 277.5 100 20 a219(18), 133(40) 10.87 3 12 (6) 60 (3)
cOP2EC 321 100 20 219(18) 10.87 NA NA NA
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cOP3EC 365 100 20 219(18) 10.87 NA NA NA
cNP 219 100 30 a132.5(30), 147(35) 29.43 5 2.3 (2) 11 (5)
cOP 205.5 100 30 a134(25), 106(20) 26.32 4 6.9 (3) 34 (4)
aMRM used for quantification; b[M + NH4]

+; c[M – H]–; IDL were calculated by a S/N of 3 from the MRM chromatograms of the standard solution mixture; MDL for the
SPE-LC/MS/MS procedure were determined from spiked MQ (0.1 µg l-1) in 250ml reagent water; NA: Not applicable; data for the adsorbed phase was based on spike at at
0.125 μg g-1 (low spike) and 1.25 μg g-1 (high spike) in 0.2 g of sewage sludge. MDL for the SPE-LC/MS/MS procedure were determined from alkylphenolic compounds at
0.125 µg g-1 in 0.2 g sludge dwt; due to varying amounts of solids in the influent and effluent suspended solids (dry weight), a standardised weight of 0.2 g of suspended
solids/sludge were used to derive the MDL; similar MDLs were obtained for sludge and suspended solids.



Chapter 5 Results: Analytical Methodology for APEOs

_____________________________________________________________________

112

5.4 Optimization of the Conditions for MS/MS Determination

Aqueous samples

The optimized LC/MS/MS conditions used for compound identification are presented

in Tables 5.1. Quantitative LC/MS/MS analysis was performed in the MRM mode.

Specific parent ions were [M – H]– for AP, APEC, and [M + NH4]
+ for APEO. The

optimized characteristic MRM precursor to product ion pairs monitored for the

quantification of the compounds together with the individual cone voltage and

collision energy are also given in Table 5.1.

The instrument sensitivity of the MS/MS for all the compounds investigated using

MRM detection mode is presented in Table 5.1. The compound-dependent IDL was

calculated by a S/N ratio of 3 from the MRM chromatograms for the standard solution

mixture with an injection volume of 10 µl. The sensitivity of the instrument for all

alkylphenolic compounds ranged from 3 – 58 pg for AP, short chain APEO and

APEC. IDLs for NPEO and OPEO are given in Table 5.1. The sensitivity for the

NPEO ranged from 0.2 to 13.4 pg whilst for OPEO it ranged from 0.1 to 8.6 pg.

Identification of the compounds was ensured by monitoring two characteristic

precursor-product ion transitions and obtaining an exact retention time match. For

quantification, the most sensitive transition was used. However, some compounds

produced only one sensitive product ion. The characterization and quantification of

APEO mixtures in environmental matrices is a challenge because of the complexity of

the mixtures available, and because there are no individual standards commercially

available. Quantitative results for individual APEO were interpreted with caution

because of the variations in the oligomer distributions. Quantification using external

calibration with standard solution mixtures was used. Due to the absence of

commercially available standards, NP2EC and NP3EC were quantified with NP1EC

standard, assuming similar response factors. Similarly OP2EC and OP3EC were

determined with OP1EC standard assuming similar response factors. Calibration

standards obtained through linear regression was r2 = 0.998 for AP, APEO and APEC.

The instrument variability of the LC/MS/MS is usually <5%.
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Solids samples

The optimized LC/MS/MS conditions used for compound identification on solid

samples (sludge only) are presented in Table 5.1. The IDL was similar to those

obtained from the dissolved phase samples. The optimum conditions were reached

when the highest intensities or superior signal-to-noise (S/N) resolution of >3 were

achieved for each alkylphenolic compound. A chromatogram showing the separation

can be seen in Figure 5.3. Calibration standards obtained through linear regression

was r2 = 0.998 for AP, APEO and APEC. The instrument variability of the

LC/MS/MS is usually <5%.

Figure 5.3. LC/MS/MS analysis of alkyphenolic compounds in 0.2 g dwt sludge
sample spiked at 1.25 µg g-1 (only one product ion for each
alkylphenolic oligomer is shown).
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5.5 Matrix Effects on Alkylphenolic Compounds Analysis

Aqueous samples

To evaluate and quantify the impact of matrix effects on signal intensity, the

methodology was applied to water, settled sewage and effluent matrices which were

unspiked or spiked with the alkylphenolic compounds (low and high spike of 0.1 µg l-

1 and 1 µg l-1 respectively). The signal suppression was derived using Equation (1)

from section 4.5. For the water extract, signal suppression of 4-6% was observed for

all analytes in both low and high spikes. However, analysis of STW settled sewage

and final effluent demonstrated an increase in suppression due to matrix effects, with

more hydrophilic long chain alkylphenolic compounds exhibiting least suppression

(8%) in the final effluent and increased suppression in settled sewage (8-14%).

Hydrophobic short chain alkylphenolic metabolites, carboxylates and alkylphenol

similarly displayed greater suppression in settled sewage (12-24%) compared to final

effluent (8-11%).

Solid samples

Matrix effects were evaluated for alkylphenolic compounds in sludge samples. For the

water extract, signal suppression of 6-10% was observed for all determinands in both

low and high spikes (0.125 or 1.25 μg g-1). Greater ion suppression observed in

sewage sludge (15-27%) for hydrophilic long chain APEO and (12-24%) for

hydrophobic short chain alkylphenolic metabolites, carboxylates and alkylphenol.

5.6 Evaluation of Method Performance

Aqueous samples

The performance of the method is summarized in Table 5.2. The recoveries and

relative standard deviations were determined in experiments where the analytes were

in the concentration range of 0.1 µg l-1 (low spike) and 1 µg l-1 (high spike) using MQ

water and wastewater samples (n = 3). Filtration of the wastewater samples was

undertaken prior to SPE to remove particles in order to assure reproducibility of the

data.
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Recoveries in low spiked MQ water ranged from 64% to 98% for AP, APEO and

APEC (Table 5.2). Similar recovery was observed for high spiked MQ water (65% to

87%). A break through of the SPE cartridge could be the possible reason for the lower

recovery observed, although this has not been experimentally proven. Generally,

RSDs were in the range of 2 to 7. Recoveries for NPEO and OPEO averaged 80%

with an RSD of 5 and 4 respectively for low spiked MQ water. Less than 10 to 20%

recovery values compared to low spiked recovery study were observed for high

spiked MQ water but low RSD values 5 – 6 were obtained for these long-chain APEO.

Typically, recoveries in low and high spiked settled sewage ranged from 60% to 77%

for AP, APEO and APEC. Relative standard deviation ranged from 2 – 8 for the

alkylphenolic compounds. Recoveries for NPEO and OPEO were 91 and 86% with an

RSD of 3 and 4 respectively for low spiked settled sewage (Table 5.2).

Approximately <20 to 30% recovery values were observed for high spiked settled

sewage with low RSD (2 – 6) were obtained for these long-chain APEO. Recovery

values and RSD were similar for spiked (low and high) settled sewage and final

effluent (Table 5.2) samples for all alkylphenolic compounds. This study

demonstrates that consistent recovery values and low RSD could be obtained from

this methodology.

Method detection limit was determined by subjecting the entire analytical extraction

and detection procedure to the determination of spiked reagent water, settled sewage

and final effluent samples. The MDL determined for the entire SPE/LC/MS/MS

ranged from 1.2 to 9.6 ng l-1 for AP, APEO and APEC (Table 5.1). The MDL ranged

from 0.1 – 4.1 ng l-1 for long chain APEO (Table 5.1).
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Table 5.2. Method recoveries (%) and RSD (%) of dissolved phase from reagent
water, settled sewage and final effluent (n=3).

Alkylphenolic
compounds

Recovery (%) from 250
ml MQ water (% RSD)

Recovery (%) from 100ml
settled sewage (% RSD)

Recovery (%) from 250
ml final effluent (%

RSD)

LRa HRb LRa HRb LRa HRb

NP1EO 92(2) 81(7) 76(3) 70(5) 86(2) 72(2)

NP2EO 94(2) 81(2) 76(3) 62(7) 73(2) 60(3)

NP3EO 64(5) 77(5) 96(9) 90(7) 84(2) 99(8)

NP4EO 82(5) 81(8) 89(3) 67(7) 91(5) 74(2)

NP5EO 69(4) 65(4) 85(3) 61(2) 85(2) 66(4)

NP6EO 69(5) 65(5) 93(2) 65(5) 90(2) 64(8)

NP7EO 88(6) 81(5) 81(2) 63(2) 90(3) 66(7)

NP8EO 90(5) 81(4) 85(2) 63(2) 90(3) 62(2)

NP9EO 85(8) 82(7) 93(2) 63(2) 88(2) 62(2)

NP10EO 76(4) 67(8) 97(4) 61(2) 98(3) 68(7)

NP11EO 86(8) 71(5) 98(2) 63(2) 89(3) 65(2)

NP12EO 90(4) 75(5) 95(2) 72(2) 90(2) 68(2)

Average 82 79 89 67 88 69

OP1EO 98(2) 87(2) 69(3) 62(8) 81(3) 97(5)

OP2EO 98(2) 81(3) 64(2) 65(2) 73(2) 82(6)

OP3EO 76(5) 81(4) 78(10) 61(3) 80(5) 63(7)

OP4EO 76(5) 70(4) 83(5) 59(2) 85(3) 65(5)

OP5EO 75(5) 82(10) 85(7) 68(2) 80(3) 70(7)

OP6EO 78(4) 89(3) 87(5) 68(10) 79(6) 66(7)

OP7EO 71(4) 71(4) 87(3) 66(9) 79(9) 67(9)

OP8EO 82(3) 79(5) 92(2) 68(7) 93(3) 78(6)

OP9EO 85(5) 73(5) 85(2) 69(9) 85(4) 68(9)

OP10EO 96(5) 89(3) 86(2) 65(3) 90(7) 68(8)

OP11EO 85(3) 84(5) 93(2) 67(6) 88(9) 72(7)

OP12EO 82(6) 74(5) 86(3) 68(7) 82(2) 65(5)

Average 84 82 83 66 83 72

NP1EC 81(2) 87(2) 73(2) 77(2) 94(3) 81(2)

OP1EC 75(2) 84(6) 77(3) 66(4) 97(6) 89(2)

NP 98(2) 71(2) 73(2) 72(2) 73(2) 81(2)

OP 77(3) 75(4) 53(3) 60(2) 72(1) 76(5)

Data based on spike at at a0.1 μg l-1 (low spike) and b1 μg l-1 (high spike) of APEOs, Aps and APECs.

Solids samples

The performance of the method is summarized in Table 5.3. The recoveries and

relative standard deviations were determined in experiments where the analytes were

in the concentration range of 0.125 µg g-1 (low spike) and 1.25 µg g-1 (high spike)

using MQ water (n=2) and sludge samples (n=3). Recoveries ranged from 51% to

101% for AP, APEO and APEC for low and high spikes (Table 5.3). Generally, RSDs
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were in the range of 1 to 14. Recoveries for NPEO and OPEO averaged >70% with an

RSD of 5 and 3 respectively for high spiked MQ water.

Typically, recoveries in low and high spiked sludge ranged from 51% to 89% for AP,

APEO and APEC. Relative standard deviation ranged from 1–8 for these

alkylphenolic compounds. Recoveries for NPEO and OPEO were 76 and 75% with an

RSD of 6 and 5 respectively for low spiked sludge. Approximately <3% recovery

values were observed for high spiked sludge compared to the low spiked sludge with

low RSD (2 – 10) were obtained for these long-chain APEO (NPEO and OPEO). This

methodology demonstrates that consistent recovery values and low RSD could be

obtained from different matrices.

Method detection limit was determined by subjecting the entire analytical extraction

and detection procedure to the determination in 0.2 g sludge samples. The MDL

determined for the entire SPE/LC/MS/MS ranged from 6 to 60 ng g-1 for AP, APEO

and APEC (Table 5.1). The MDL ranged from 0.5 – 20 ng g-1 for long chain APEO.
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Table 5.3. Method recoveries (%), RSD (%) of adsorbed phase from reagent
water, settled sewage, final effluent and sewage sludge (n=3).

Alkylphenolic
compounds

Recovery (%) from
250 ml MQ water (%

RSD)

Recovery (%) from 1
l settled sewage (%

RSD)

Recovery (%)
from 1 l final

effluent (% RSD)

Recovery (%) from
0.2g sewage sludge

(% RSD)

LRa HRb LRa HRb LRa HRb LRa HRb

NP1EO 79(12) 74(14) 73 (2) 64 (8) 75 (8) 69 (7) 80(1) 79(8)

NP2EO 88(9) 80(8) 67 (11) 66 (12) 67 (4) 65 (5) 61(7) 52(5)

NP3EO 85(10) 76(7) 82 (7) 79 (7) 100 (5) 101 (5) 79(8) 83(2)

NP4EO 68(9) 71(9) 81 (5) 81 (4) 104 (4) 80 (3) 81(2) 84(8)

NP5EO 72(1) 54(1) 72 (2) 76 (6) 88 (4) 65 (5) 82(3) 76(10)

NP6EO 69(3) 51(3) 64 (10) 66 (3) 77 (3) 65 (6) 81(5) 62(10)

NP7EO 70(1) 60(3) 63 (13) 62 (5) 70 (2) 63 (8) 80(3) 77(7)

NP8EO 71(2) 99(12) 67 (11) 78 (3) 65 (5) 63 (10) 71(8) 67(9)

NP9EO 69(5) 101(6) 70 (11) 75 (7) 60 (7) 64 (13) 85(6) 84(5)

NP10EO 73(7) 71(5) 69 (7) 70 (12) 78 (12) 68 (7) 75(9) 77(7)

NP11EO 72(5) 84(1) 71 (9) 63 (9) 75 (11) 79 (8) 89(4) 71(3)

NP12EO 62(5) 102(1) 67 (12) 58 (5) 84 (8) 89 (8) 81(9) 81(9)

Average 73 77 71 70 79 73 76 73

OP1EO 90(5) 81(4) 82 (7) 72 (5) 79 (11) 68 (6) 74(7) 77(5)

OP2EO 90(7) 89(10) 74 (9) 71 (6) 77 (4) 65 (4) 78(5) 71(7)

OP3EO 64(4) 55(3) 65 (9) 70 (12) 71 (4) 62 (5) 62(8) 58(5)

OP4EO 70(2) 65(1) 71 (6) 73 (2) 71 (5) 65 (5) 88(1) 70(9)

OP5EO 67(9) 98(3) 70 (7) 82 (12) 63 (6) 61 (7) 82(5) 83(2)

OP6EO 60(4) 60(4) 88 (6) 83 (3) 66 (8) 61 (6) 79(5) 69(4)

OP7EO 91(2) 51(5) 64 (11) 53 (9) 57 (4) 56 (6) 79(7) 66(8)

OP8EO 74(2) 76(1) 66 (14) 68 (2) 56 (8) 53 (6) 70(2) 79(10)

OP9EO 66(3) 76(1) 71 (4) 74 (2) 51 (7) 51 (8) 77(1) 70(3)

OP10EO 60(4) 80(2) 75 (11) 73 (3) 57 (10) 60 (8) 77(5) 77(3)

OP11EO 64(2) 60(3) 74 (7) 80 (2) 75 (6) 75 (8) 76(9) 82(4)

OP12EO 65(4) 105(3) 78 (7) 82 (5) 65 (7) 63 (7) 72(6) 70(5)

Average 72 75 73 73 76 72 75 74

NP1EC 70(7) 66(12) 68 (4) 69 (8) 62 (7) 60 (9) 72(6) 66(5)

OP1EC 60(4) 51(13) 85 (8) 81 (4) 76 (6) 69 (5) 73(7) 53(8)

NP 80(2) 70(5) 80 (2) 67 (5) 85 (8) 75 (3) 70(1) 55(8)

OP 66(2) 59(1) 77 (8) 74 (4) 75 (2) 69 (10) 63(5) 62(8)

Data based on spike at at a0.125 μg g-1 (low spike) and b1.25 μg g-1 (high spike) of APEOs, Aps and
APECs.
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6 RESULTS: REMOVAL OF EDCs BY A TRICKLING FILTER

6.1 Operating Parameters and Physiochemical Analysis of Wastewater

The operating parameters of STW1 understudy are reported in Table 6.1. It was a

non-submerged fixed-film biological reactor using plastic media, BIOdek® and

Biofil®, with continuous wastewater distribution. Treatment occurred as the liquid

flows over the attached biofilm. A portion of settled effluent was recycled to the TF

feed flow, usually to dilute the strength of the incoming wastewater and to maintain

wetting to keep the biological film layer moist. The STW1 was a small works serving

a population equivalent (PE) of 2500, trade input was <10%. It operated at a HRT of

18.8 hours and a flow of 650 m3 d-1.

Table 6.1. Operating parameters and wastewater characterization of STW1 in
Winter 2007.

Operating parameters
Biological process Nitrifying
Process technology Aerobic
PE 2500
HRT θτ (h) 18.8 (0.8d)
Trade input <10%

Wastewater
characterization

Units Concentration

Flow into TF QTF m3 d-1 650

Sampling period 1a (ESTs) Sampling period 2b (APEOs)

Settled
sewage

Final
effluent

Removal
(%)

Settled sewage
Final

effluent
Removal

(%)
TSS g m-3 253 9 96 438 24 95
BOD g m-3 196 5 97 335 11 97
NH4-N g m-3 23.3 0.4 98 27.8 1.6 94
NO3-N g m-3 5.7 21.7 -* 5 35.3 -*
pH g m-3 7.93 7.32 - 8.18 6.55 -
Mass flux of TSS kg m-3 164 6 96 285 16 94
Ambient
temperature

°C 9.5 9.4 - 11.9 11.9 -

Sewage
temperature

°C 12 12 - 13.6 13.5 -

Note: Grab samples obtained on a24 January 2007 and b28 March 2007; *No removal for NO3-N.

The wastewater characteristics of crude sewage and the final effluent are also reported

in Table 6.1. Two sampling regimes were performed for the two groups of

compounds, estrogens and APEOs. The sampling periods were carried out in the

Winter of 2007. High percentage removal of both TSS and BOD were obtained in
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each sampling campaign. Despite the high concentrations of each determinant in both

the crude and settled sewage during both sampling periods, removal of TSS was 96%

and 95% respectively, and BOD at 97%. The absence of NO3
- removal reflected the

normal behavior of this type of biological secondary treatment. A low ammonia

concentration (>94% removal) in the final effluent reflected the normally functional

nitrification process for the removal of ammonical nitrogen. No significant variations

in pH ~7 and temperature (ambient 11°C and sample 12°C) from the inlet to the outlet

of the treatment plant were observed during the sampling periods. Little or no wet

precipitation was experienced during the sampling periods. This meant that dilution of

the sewage effluent was at a minimal and the concentrations of all estrogens and

APEOs found therefore probably represented a ‘worst case scenario’.

6.2 Environmental Concentrations, Biotransformation and Partitioning at STW1

6.2.1 Steroidal estrogens

The concentrations of steroidal estrogens in the wastewater are shown in Figure 6.1.

The concentrations of steroidal estrogens were high in the settled sewage as

demonstrated in Figure 6.1 (∑EST = 97 ng l-1), while less of the analytes (∑EST = 20 

ng l-1) were observed in the final effluent (Figure 6.1B). Estriol dominated in the

settled sewage with a concentration of 51 ng l-1, but its high degradability translated to

a high removal of >98% with only 1.1 ng l-1 in the final effluent. Estrone was also

degraded and concentrations reduced in the final effluent to 4 ng l-1 from 25 ng l-1 in

the settled sewage. Little or no removal was observed for EE2, where the

concentration in the settled sewage was 1.8 ng l-1 and 1.3 ng l-1 in the final effluent.

Approximately a 6 fold reduction was observed in this STW for E2, where a

concentration in the settled sewage of 5.9 ng l-1 was reduced to 1 ng l-1. Partitioning to

the solid phase (adsorbed) was ~30% for all of the estrogens with the exception of E1,

where it was upto 42% in the settled sewage.

Deconjugation of the steroidal estrogens occurred in the sewerage system and this was

demonstrated by the detection of the unconjugated steroidal estrogens E1, E2, EE2

and E3 in the settled sewage. The percentage distribution of the steroids coming into

the works was as follows: EE2(2%)<E2(6%)<E1-3S(13%)<E1(27%)<E3(52%). The

steroids EE2, E2 and E1-3S were the least abundant of the steroid compounds in the
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settled sewage whilst E3 and E1 were the most significant compounds present in the

settled sewage (circa 70% together). However, E1-3S dominated in the final effluent

which demonstrated its persistence and stability in the biological system:

E2(5%)/E3(5%)<EE2(6%)<E1(21%)<E1-3S(63%).

Figure 6.1. Partitioning of steroidal estrogens between the dissolved and adsorbed
fraction in settled sewage entering STW1 (A) and exiting STW1 as
final effluent (B).

6.2.2 Alkylphenolic compounds

Sampling was carried out in Winter with temperatures of ~13°C. The concentrations

in the settled sewage of the alkylphenolic compounds are shown in Figure 6.2.

Distribution of the long chain NPEO (NP3-12EO = 5513 ng l-1) dominated in the

settled sewage while short chain NPEO (NP1-2EO = 253 ng l-1) and NP1-3EC (2308 ng

l-1) prevailed in the final effluent. The carboxylated species NP2EC was found in

abundance in the final effluent (1797 ng l-1) and this had increased 105-fold compared

to their concentrations in the settled sewage (17 ng l-1). Similarly NP1EC also

increased in concentration by 6-fold from 74 ng l-1 in the settled sewage to 476 ng l-1

in the final effluent. Nonylphenol did not accumulate and was partially biodegraded

from a concentration of 100 ng l-1 in the settled sewage to 88 ng l-1 in the final effluent.
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Partitioning to the solid phase (adsorbed) was ~70% for short chain NP1-2EO in the

settled sewage compared to 31% for NP3-12EO whilst they were lower in the final

effluent at 20% and 14% respectively. The highly hydrophilic NP1-3EC was 27%

adsorbed to the settled sewage solids in contrast to only 1% in the solids of the final

effluent. Nonylphenol was found in abundance in both the settled sewage solids (84%)

and the final effluent solids (68%).

Aerobic and anaerobic biodegradation and biotransformation of the alkylphenolic

compounds was apparent in the sewer prior to entry into the STW. The percentage

distribution of the alkylphenolic compounds entering the works was as follows:

NP(2%)/NP1-3EC(2%)<NP1-2EO(5%)<NP3-12EO(91%). A low concentration of

nonylphenol, which is the metabolite breakdown of the long chain NPEO, was

observed in the settled sewage. Small amounts of the carboxylated species, NP1-3EC,

were also detected in the settled sewage. However, the long chain NP3-12EO remained

unchanged at 91%. The composition of the alkylphenolic compounds differed in the

final effluent as the carboxylated metabolites dominated whilst NP and NP1-2EO

remained similar: NP(2%)<NP1-2EO (6%)<NP3-12EO(33%)< NP1-3EC(59%).
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Figure 6.2. Partitioning of AP, AP1-3EC and AP1-12EO between the dissolved and
adsorbed fraction in settled sewage entering STW1 (A & C) and
exiting STW1 as final effluent (B & D).

A similar trend was obtained for OPEO albeit at lower concentrations (25x less) than

NPEO (Figure 6.2). Distribution of the long chain OPEO (OP3-12EO = 196 ng l-1)

dominated in the settled sewage while short chain OPEO (OP1-2EO = 129 ng l-1) and

OP1-2EC (59 ng l-1) prevailed in the final effluent. Octylphenol accumulated from 14

ng l-1 in the settled sewage to 18 ng l-1 in the final effluent and was not biodegraded.
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Partitioning to the solid phase (adsorbed) was ~58% for short chain OP1-2EO in the

settled sewage compared to 14% for OP3-12EO, whilst they were slightly similar in the

final effluent at 53% and 16% respectively. The short chain octyl- analogue, OP1EO

partitioned preferentially to the adsorbed phase (~50%) and was observed at

concentrations of 65 ng l-1 and 70 ng l-1 in the settled sewage and the final effluent

respectively. An increased formation of OP2EO was also observed in the final effluent.

The highly hydrophilic OP1-3EC was not found to be associated with the particulate

matter in the settled sewage and final effluent. The carboxylated metabolite OP1EC

appeared to be rapidly removed and degraded in this STW as opposed to the increased

in OP2EC in the final effluent. The increase in OP2EC may be attributed to the

biotransformation of OP2EO and from the shortening of the long chain OP3-12EO.

Formation of carboxylated metabolites (AP1-3EC) was evident in this STW. Low

concentrations of these compounds were also observed for these species and short

chain AP1-2EO. Octylphenol association to the solids was variable in the settled

sewage solids (29%) and the final effluent solids (50%).

Aerobic and anaerobic biodegradation and biotransformation of the alkylphenolic

compounds were apparent in the sewer prior to entry into STW1. The percentage

distribution of the alkylphenolic compounds entering the works was as follows: OP1-

3EC(2%)/OP(4%)<OP1-2EO(33%)<OP3-12EO(61%). A low concentration of

octylphenol, which is the breakdown metabolite of the long chain OPEO, was

observed in the settled sewage. Small amounts of the carboxylated species, OP1-3EC,

were also detected at the front of the works. However, the long chain OPEO

dominated at 61%. The composition of the alkylphenolic compounds differed in the

final effluent as the short chain OPEO dominated whilst OP3-12EO decreased and OP

and OP1-2EC increased in percentage dominance: OP(7%)<OP1-2EC(18%)<OP3-

12EO(29%)<OP1-2EO(46%).

6.3 Mass Balances and Removal Efficiencies of ESTs and APEOs

6.3.1 Steroidal estrogens

The synthetic estrogen, EE2, was the least removed compared to other estrogens

although removal of 28% was achieved in the Winter season (Figure 6.3). High

removal efficiencies were obtained for E1, E2 (both 83%) and E3 (98%). Slight
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increased in the mass of E1-3S was observed from 7.9 mg d-1 to 8.2 mg d-1 due to

poor removal (-3%) and also accumulation. Relatively high removals (∑EST=79%)

was achieved in STW1 and mass difference (Mdiff=49.5 mg d-1) of estrogens were

degraded in the biological treatment system.
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Figure 6.3. Mass flux of steroidal estrogens across STW1.

6.3.2 Alkylphenolic compounds

There were significant percentage removals of the long chain NP3-12EO (76%) and

OP3-12EO (59%) at STW1 (Figure 6.4). Low to negative removals were observed for

the short chain NP1-2EO (17%) and OP1-2EO (-19%) (Figure 6.5). A significant

increase in the mass of NP1-3EC (1439 mg d-1) was observed due to their production

as a consequence of degradative process (-2359%). Similarly, no removal (-375%)

and an increase for OP1-3EC (30 mg d-1) was observed in the final effluent. The

alkylphenols varied in removal efficiencies with NP (Mdiff = 8 mg d-1) removed at

12% and OP (Mdiff = -2 mg d-1) increased by 20%.
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Figure 6.4. Mass flux of NPEO across STW1.

Figure 6.5. Mass flux of OPEO across STW1.
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7 RESULTS: REMOVAL OF EDCs BY A NITRIFYING ACTIVATED
SLUDGE PROCESS

7.1 Operating Parameters and Physiochemical Analysis of Wastewater

The operating parameters of STW4 are reported in Table 7.1. It was a nitrifying

biological reactor with a working population equivalent (PE) of circa 8. The STW was

operating for more than 2 months and was stabilized prior to the sampling campaign.

Trade input is <1% which is attributable to hospital discharge. It operates at a HRT of

5.6 hours, SRT of 20d, a relatively high DO of 6.5 g m-3 and a high MLSS of 4520 g

m-1.

Table 7.1. Operating parameters and wastewater characteristics of STW4 in
Summer 2007.

Operating parameters
Biological process Nitrifying
Process technology Aerobic
PE 8
HRT θτ (h) 5.6 (0.2d)
SRT θc (d) 20
F/M 0.06
DO (g m-3) 6.5
MLSS (g m-3) 4520
Trade input <1% (exclusive hospital effluent)

Wastewater
characterization

Units
Crude

sewage
Settled
sewage

MLSS RAS
Return

liquors*
Final

effluent
%

Removal
Total flow Q m3 d-1 7.7 7.7 7.7 6.9 6 x 10-5 7.7 -
Flow into ASP
QASP

m3 d-1 7.7 7.7 7.7 6.9 6 x 10-5 7.7 -

TSS g m-3 378 99 5274 9780 1383 23 77
BOD g m-3 - 87 1248 - 1548 6 87
COD g m-3 - 141 51 - 1645 24 83
pH - 7 7.1 - - 7 -
NH3 g m-3 26 23 - - 89 0.4 98
Turbidity NTU 171 84 - - 378 8 90
ORP mV - - 58 - - 45 -
Mass flux of TSS kg m-3 2.9 0.8 40.6 58.7 8.2 x 10-5 0.2 75
Ambient
temperature

°C 17 17 16 17 18 17 -

Sewage
temperature

°C 16 17 16 16 18 15 -

*Return liquors consist of centrate and sludge.

The wastewater characteristics of the untreated and treated municipal wastewater of

the STW are reported in Table 7.1. The sampling was carried out in the Summer of

2007. Relatively high removals of TSS, BOD and COD at 77%, 87% and 83%
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respectively were observed. A low ammonia concentration at 0.4 g m-3 (>98%

removal) in the final effluent reflected the normally functioning nitrification process

for the removal of nitrogen. No significant variations in pH 7 and temperature ~17°C

(ambient) and ~16°C (sewage) from the inlet to the outlet of the treatment plant were

observed during the sampling. Little or no wet precipitation was experienced during

the sampling period. This meant that dilution of the sewage effluent was at a minimal

and the concentrations of all estrogens and APEOs found therefore probably

represented a ‘worst case scenario’.

7.2 Environmental Concentrations, Biotransformation and Partitioning at STW4

7.2.1 Steroidal estrogens

The settled sewage profile of the estrogens during the sampling campaign is shown in

Figure 7.1. Both aqueous and solid phase samples were analyzed and the majority of

the steroids could be found in the former. Estrone (29 ng l-1) was found at 21% on the

particulate matter. The synthetic estrogen EE2 (2 ng l-1) and E2 (2 ng l-1) were found

at upto 44% and 50% respectively in the settled sewage adsorbed phase. Less

adsorption was found for E1-3S (5 ng l-1) and E3 (52 ng l-1) at 6-7%. Association with

solid materials in the final effluent was <14% for all estrogens. The concentration of

E1 and E3 (0.9 ng l-1) in the final effluent were similar, followed by E1-3S (0.6 ng l-1),

EE2 (0.4 ng l-1) and E2 (0.2 ng l-1) (Figure 7.2). The estrogens, EE2, E2 and E1-3S

exhibited the lowest concentrations of the steroid compounds in the settled sewage

whilst E3 and E1 were the more significant compounds present in the settled sewage.

Greater amount of E3 were detected than E1 at this STW.

There was no evidence of a correlation between the daily diurnal flow to the STW in

the settled sewage and the concentration of estrogens. However, the concentration of

E1 fluctuated slightly in the settled sewage and the concentration of E3 coming into

the works was consistent throughout the sampling period. This may be a feature of the

stable hydraulic loading of the STW or the constant deconjugation phenomenon and

conversion from the unconjugated E1 and E2.
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Figure 7.1. Daily flow and concentration (dissolved and adsorbed) of steroidal
estrogens into STW4 (2007).
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Deconjugation of the steroid estrogens occurred in the sewers and this was apparent

from the detection of the unconjugated steroidal estrogens E1, E2, EE2 and E3 in the

settled sewage. The percentage distribution of the steroids coming into the works was

as follows: EE2(2%)/E2(2%)<E1-3S(6%)<E1(32%)<E3(58%). The majority of the

estrogens exhibited similar percentage distributions in the final effluent with the

exception of E3 which was significantly degraded and reduced ~58 fold in the

secondary treatment process and others exhibited the following removal sequence:

E2(7%)<EE2(14%)<E1-3S(19%)<E1(29%)<E3(31%). Low concentrations of the

estrogens were found in the RAS and in the final effluent. Low concentrations were

also found in the return liquors (centrate and RAS) and E1 was observed at an average

of 14 ng l-1 (Figure 7.2).
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Figure 7.2. Daily average of steroidal estrogens across STW4.

0

20

40

60

80

Day 1 Day 2 Day 3 Day 4

Final effluent

0

20

40

60

80
EE2 E2 E3 E1 E1-3S

Crude sewage

0

20

40

60

80
Settled sewage

0

20

40

60

80

Day 1 Day 2 Day 3 Day 4

RAS

0

20

40

60

80

Day 1 Day 2 Day 3 Day 4

Return liquors

C
o
n
ce

n
tr

at
io

n
(n

g
l-1

)



Chapter 7 Results: Removal of EDCs by a Nitrifying ASP

_____________________________________________________________________

132

7.2.2 Alkylphenolic compounds

The weekly concentration of alkylphenolic compounds at each sampling point is

shown in Figures 7.3 and Figure 7.4. Both aqueous and solid phase samples were

analyzed for all samples. The concentration of the alkylphenolic compounds were

similar for crude and settled sewage for NPEO and OPEO. The long chain NPEO

(NP3-12EO = 17543 ng l-1; NP1-2EO = 354 ng l-1) dominated in the settled sewage and

were reduced ~22 fold in the final effluent (Figure 7.3). Short chain NPEO increased

2 fold (NP3-12EO = 773 ng l-1; NP1-2EO = 682 ng l-1) in the final effluent. A significant

amount of the carboxylated species NP1-3EC was found in the final effluent (NP1-3EC

= 2081 ng l-1) and this had increased thrice compared to its presence in the settled

sewage (642 ng l-1). The carboxylated metabolite NP1EC increased in concentration

by ~3 fold from 196 ng l-1 in the settled sewage to 521 ng l-1 in the final effluent. High

concentrations of nonylphenol were observed to be biodegraded from an average

concentration of 3799 ng l-1 in the settled sewage to 1908 ng l-1 in the final effluent.

Low partitioning to the solid phase (adsorbed) was found 5-6% for NP1-12EO in the

settled sewage and the final effluent (8 and 28% respectively). The highly

hydrophilic NP1-3EC was not found in the adsorbed phase of settled sewage (2%)

solids and the final effluent (3%). In contrast, nonylphenol was found in both the

settled sewage solids (28%) and the final effluent solids (78%).

There was no clear evidence of a correlation between the daily diurnal flow to the

STW in the settled sewage and the concentration of NPEOs. The alkylphenolic

compounds (NPEOs) in the primary sedimentation was slightly higher in

concentration (average increase of 2300 ng l-1) as observed from the crude to the

settled sewage (Figure 7.3). From day to day, the distribution and the concentration of

the alkylphenolic compounds at each location differed very little.

Aerobic and anaerobic biodegradation and biotransformation of the alkylphenolic

compounds were apparent in the sewer prior to entry into the pilot ASP STW. The

percentage distribution of the alkylphenolic compounds entering the works was as

follows: NP1-2EO(2%)<NP1-3EC(3%)<NP(17%)<NP3-12EO(78%). A relatively high

concentration of nonylphenol, which is the breakdown metabolite of the long chain

NPEO, was observed in the settled sewage. Small amounts of the carboxylated

species, NP1-3EC, were also detected at the front of the works. The long chain NPEO
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was degraded in this plant as it was reduced to 14% in the final effluent. The

composition of the alkylphenolic compounds differed in the final effluent as the

carboxylated metabolites (39%) and NP (35%) became the dominant species whilst

NP1-2EO remained in the low percentages: NP1-2EO(12%)<NP3-12EO(14%)<

NP(35%)<NP1-3EC(39%).
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Figure 7.3. Partitioning of NPEO in various stages of the STW4 (weekly average).
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A similar trend was obtained for OPEO albeit at a lower concentration (2.6x less) than

NPEO in the settled sewage. The long chain OPEO (OP3-12EO = 2415 ng l-1; OP1-2EO

= 4399 ng l-1) dominated in the settled sewage and but was reduced 4 fold in the final

effluent (Figure 7.4). Short chain OPEO was reduced ~2 fold (OP3-12EO = 581 ng l-1;

OP1-2EO = 2817 ng l-1) in the final effluent. A high concentration of OP1EO was

observed in the settled sewage (4391 ng l-1) and about half that concentration in the

final effluent (2675 ng l-1). The returned liquor contained a high concentration of

OP1EO at 14.7 µg l-1 which could have contributed to the accumulation and low

removal in the final effluent. A significant amount of the carboxylated species OP1-

3EC was found in abundance in the final effluent (OP1-3EC = 339 ng l-1) and had

increased 4x compared to its occurrence in the settled sewage (73 ng l-1). The

carboxylated metabolite OP1EC increased in concentration by 8-fold from <MDL (12

ng l-1) in the settled sewage to 97 ng l-1 in the final effluent. Octylphenol was found to

accumulate and was not readily biodegraded from a concentration of 109 ng l-1 in the

settled sewage to 222 ng l-1 in the final effluent (Figure 7.4). Low partitioning to the

solid phase (adsorbed) was found at 3% for OP3-12EO in the settled sewage with the

exception of OP1-2EO the final effluent (18%). No OP1-3EC was found in the adsorbed

phase of the settled sewage and the final effluent solids. In contrast, octylphenol was

found in both the settled sewage solids (22%) and the final effluent solids (12%).

There was no clear evidence of a correlation between the daily diurnal flow to the

STW in the settled sewage and the concentration OPEOs. There was an increased

concentration of OPEOs in the primary sedimentation (circa 160 ng l-1) as observed

from the crude to the settled sewage (Figure 7.4). From day to day, the distribution

and the concentration of the alkylphenolic compounds at each location differed very

little.

Aerobic and anaerobic biodegradation and biotransformation of the alkylphenolic

compounds were apparent in the sewer prior to entry into the pilot ASP STW. The

percentage distribution of the alkylphenolic compounds entering the works was as

follows: OP1-3EC(1%)<OP(2%)<OP3-12EO(35%)<OP1-2EO(62%). A low

concentration of octylphenol, which is the breakdown metabolite of the long chain

OPEO, was observed in the settled sewage. Small amounts of the carboxylated

species, OP1-3EC, were also detected at the front of the works. However, the short
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chain OP1-2EO dominates at 62% whilst long short chain was 35% of the

alkylphenolic compounds. The composition of the alkylphenolic compounds was

similar in the final effluent as the short chain OP1-2EO dominated whilst OP3-12EO

decreased and OP and OP1-2EC increased slightly: OP(5%)<OP1-2EC(9%)<OP3-

12EO(14%)<OP1-2EO(72%).
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Figure 7.4. Partitioning of OPEO in various stages of the STW4 (weekly average).
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7.3 Mass Balances and Removal Efficiencies of ESTs and APEOs

7.3.1 Steroidal estrogens

The synthetic estrogen, EE2, was the least removed compared to other estrogens

although a removal of 81% was achieved in the Summer season (Figure 7.5). High

removal efficiencies were obtained for E1-3S (91%), E1 (97%), E2 (94%) and E3

(98%). Relatively high removals (∑EST=97%) was achieved in STW4 and 680 µg d-1

(0.7 mg d-1) of estrogens were degraded in the biological treatment system.
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Figure 7.5. Mass flux of steroidal estrogens (mg d-1) across STW4 (weekly
average).

7.3.2 Alkylphenolic compounds

There was a significant removal for the long chain NP3-12EO (96%) and OP3-12EO

(77%) at this pilot ASP STW (Figures 7.6 and 7.7). Low to no removals were

obtained for short chain NP1-2EO (-85%) and OP1-2EO (35%). A significant increased

in mass of NP1-3EC (11 mg d-1) and no removal (-235%) was observed at this STW.

Similarly, low removal (-317%) and an increase for OP1-3EC (1.9 mg d-1) was

observed in the final effluent. The alkylphenols varied in removal efficiencies with

NP (Mdiff = 14.6 mg d-1) removed at 50% and OP (Mdiff = -0.8 mg d-1) increased 89%

in the ASP STW.
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Figure 7.6. Mass flux of NPEO (mg d-1) in STW4 (weekly average).

Figure 7.7. Mass flux of OPEO (mg d-1) in STW4 (weekly average).
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hydrophobic surfactants (AP1-2EO and Aps) if retained for a long time, as the

persistence of OP1EO was observed in the RAS (~25 mg d-1) and in the final effluent

(~20 mg d-1). Nevertheless, once they have been in the acclimated ASP system, high

percentage removal of these chemicals can be expected.

7.5 Primary Sedimentation

7.5.1 Steroidal estrogens

The impact of primary sedimentation was determined by settling tests performed on

site. Little or no removal was observed for these estrogens (∑EST = -5%) for the

duration of the study. Low removals were obtained for E1-3S (18%), while no

removal for E1 (-25%), E2 (-11%), E3 (-1%) and EE2 (-13%) occurred.

7.5.2 Alkylphenolic compounds

A similar test was performed for the alkylphenolic compounds to determine the

impact of primary sedimentation by settling tests performed on site. Negative removal

was observed for the majority of these compounds (NP1-12EO = -2%; OP1-12EO =

-23%) for the duration of the study. Negative removals were also observed for the

carboxylated species NP1-3EC (-6%) and OP1-3EC (-5%); and the hydrophobic

analytes NP (-84%) and OP (-285%).
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8 RESULTS: REMOVAL OF EDCs BY A NITRIFYING/DENITRIFYING
ACTIVATED SLUDGE PLANT

8.1 Operating Parameters and Physiochemical Analysis of Wastewater

The operating parameters of STW2 under study are reported Table 8.1. It is a

nitrifying/denitrifying activated sludge process (anoxic/aerobic) with a working

population equivalent (PE) of circa 150,000. The primary purposes of the ASP were

to remove soluble and colloidal organic substances, and nitrogen. Two sampling

campaigns were performed in the Summer 2004 and Winter 2006 at this STW. Trade

input is <1%. The ASP operates at a HRT of 14h (Summer), 10h (Winter); SRT of

~13d, although this estimate could be higher in Winter 2006 based on MLSS

concentration; DO of 1.4 g m-3 (Summer), 3.2 g m-3 (Winter); and a MLSS of 2740 g

m-1 (Summer), 3282 g m-3 (Winter). The flow to the STW in the Summer was lower

than the Winter campaign.

Alkylphenolic compounds (AP1-12EO and AP) for STW2 in 2004 were analyzed and

results can be found in Koh et al. (2005). For comparison purposes, the reported

concentrations, masses, removal efficiency and other values in that study are included

here (Koh et al., 2005).
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Table 8.1. Operating parameters and wastewater characteristics of STW2 in
Summer 2004 and Winter 2006.

Operating parameters Summer 2004 Winter 2006
Biological process Nitrifying/denitrifying Nitrifying/denitrifying
Process technology Aerobic/anoxic Aerobic/anoxic
PE 150000 150000
HRT θτ (h) 13.64 (0.6d) 10.2 (0.4d)
SRT θc (d) 13.15 13.15*
F/M 0.09 0.1
DO (g m-3) 1.4 3.2
MLSS (g m-3) 2740 3282
Trade input <1% <1%

Summer 2004
Wastewater

characterization
Units Crude sewage Settled sewage RAS Final effluent

Removal
(%)

Total flow Q m3 d-1 40950 40950 40950 40950 -
Flow into ASP
QASP

m3 d-1 12000 12000 12000 12000
-

TSS g m-3 266 145 5500 8 94
BOD g m-3 239 152 - 4 97
COD g m-3 583 - - 40.1 93#

NH4-N g m-3 - 34.5 - <1 97
NH3-N g m-3 35.2 - - -
Mass flux of
TSS

kg m-3 10893 5938 225225 327.6
94

Mass flux of
TSS into ASP

kg m-3 3192 1740 66000 96
94

Ambient
temperature

°C - 20.6 - 20.6
-

Sewage
temperature

°C - 18 - 18
-

Winter 2006
Wastewater

characterization
Units Crude sewage Settled sewage RAS Final effluent

Removal
(%)

Total flow Q m3 d-1 43000 43000 42000 42000 -
Flow into ASP
QASP

m3 d-1 17200 17200 16800 16800 -

TSS g m-3 400 122 5880 36 70
COD g m-3 - 286 765 51 82
pH - 7.6 7 7 -
NH4-N g m-3 - 38 1.7 0.4 99
NO3-N g m-3 - 3.2 27.6 31.9 -
Mass flux of
TSS

kg m-3 172000 5246 246960 1512 71

Mass flux of
TSS into ASP

kg m-3 6880 2098 98784 605 71

Ambient
temperature

°C - 5.1 7.3 4.3 -

Sewage
temperature

°C - 12.3 12.8 12.1 -

*Assumed but probably higher based on MLSS concentration; #% removal calculated from the
difference of crude sewage and final effluent.
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The wastewater characteristics of treated and untreated municipal wastewater of the

STW are reported in Table 8.1. High removal of TSS, BOD and COD was achieved at

94%, 97% and 93% in the Summer. A slightly lower removal percentage was

obtained in Winter 2006 for TSS and COD at 70% and 82% respectively. A low

ammonia concentration at <1 g m-3 NH4-N in the final effluent for both campaigns

reflects the normally functioning nitrification process for the removal of nitrogen. No

significant variations in the Summer temperature ~20°C (ambient) and 18°C (sewage)

from the front to the rear of the treatment plant were observed during the sampling

program. Lower temperatures ranging from 4 to 7°C (ambient) were obtained at

various sampling points in the Winter 2006; and of ~12°C was observed for sewage

temperature. Little or no precipitation was experienced during the sampling period

during the sampling period. This meant that dilution of the sewage effluent was at a

minimial and the concentrations of all estrogens and APEOs found therefore represent

a ‘worst case scenario’.

8.2 Environmental Concentrations, Biotransformation and Partitioning at STW2

8.2.1 Steroidal estrogens (Summer 2004)

The settled sewage profile of the estrogens during the sampling campaign is shown in

Figure 8.1. Both aqueous and solid phase samples were analyzed and the majority of

the steroids could be found in the former. Estrone (54 ng l-1) and the synthetic

estrogen EE2 (1.6 ng l-1) can be found up to 42% in the settled sewage particulates of

the adsorbed phase whilst <18% for E1-3S (15 ng l-1), E2 (~9 ng l-1) and E3 (71 ng l-1).

Association with solid materials was <13% for E3 and E1-3S with the exception of E1,

E2 (both 29%), and EE2 which was observed at 22% in the final effluent. The

concentration of E1 (5 ng l-1) was the highest in the final effluent, followed by E1-3S

(3 ng l-1) and the rest of the estrogens were less than 1 ng l-1 (E2=0.6 ng l-1; E3=0.7 ng

l-1; EE2=0.4 ng l-1). The estrogens, EE2, E2 and E1-3S exhibited the least of the

steroid compounds within the settled sewage whilst E3 and E1 are the more

significant compounds present in the settled sewage (Figure 8.2). Greater amount of

E3 was detected than E1 at this STW.

There was no evidence of a correlation between the daily diurnal flow of the STW in

the settled sewage and the concentration of estrogens. However, the concentration of
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E1 fluctuated in the settled sewage throughout the sampling period and a step

increment in the concentration of E3 throughout the day was also evident. This may

be contributed to by the loading of the STW or the constant deconjugation

phenomenon and conversion from the unconjugated E1 and E2.

Deconjugation of the steroidal estrogens occurs in the sewers as observed by the

detection of the unconjugated steroidal estrogens E1, E2, EE2 and E3 in the settled

sewage. Retention time of the sewerage system at this STW is typically 13 hours. The

percentage distribution of the steroids coming into the works in Summer 2004 was as

follows: EE2(1%)<E2(6%)<E1-3S(10%)<E1(36%)<E3(47%). The majority of the

estrogens remained in the similar percentage distribution in the final effluent with the

exception of E3 which was degraded significantly and reduced ~100 fold in the

secondary treatment: EE2(4%)<E2(6%)<E3(7%)<E1-3S(33%)<E1(50%). Low

concentrations of the estrogens were found in the RAS and in the final effluent.
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Figure 8.1. Daily flow and concentration (dissolved and adsorbed) of steroidal
estrogens into STW2 (2004).
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Figure 8.2. Daily average of steroidal estrogens across STW2 (2004).
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estrogen EE2 (1.5 ng l-1) can be found up to 19% in the settled sewage particulates of

the adsorbed phase whilst <13% for E1-3S (17 ng l-1), E2 (17 ng l-1) and E3 (~89 ng l-

1). Association with solid materials was low for E1 (3%) and E1-3S (2%) whilst, 30%

for E2 and E3; and high for EE2 which was observed at 71% in the final effluent. The

concentration of E1-3S (7 ng l-1) was the highest in the final effluent, followed by E1

(4 ng l-1) and the rest of the estrogens were less than 1 ng l-1 (E2=0.6 ng l-1; E3=0.6 ng

l-1; EE2=0.4 ng l-1). The estrogens, EE2, E2 and E1-3S accounted for the least of the

steroid compounds within the settled sewage whilst E3 and E1 were the more

abundant compounds present in the settled sewage (Figure 8.4). Greater amount of E3

was detected than E1 in the settled sewage at this STW.

There was no evidence of a correlation between the daily diurnal flow to the STW in

the settled sewage and the concentration of estrogens. However, the concentration of

E1 fluctuated in the settled sewage throughout the sampling period and a step

increment in the concentration of E3 throughout the day was also evident. This may

be contributed by the hydraulic loading of the STW or the constant deconjugation

phenomenon and conversion from the unconjugated E1 and E2.

Deconjugation of the steroidal estrogens occurs in the sewers which are confirmed by

the detection of the unconjugated steroidal estrogens E1, E2, EE2 and E3 in the

settled sewage. Retention time of the sewerage system at this ASP STW is typically

13 hours. The percentage distribution of the steroids coming into the works was as

follows: EE2(1%)<E2(9%)<E1-3S(10%)<E1(30%)<E3(50%). The majority of the

estrogens remained in the similar percentage distribution in the final effluent with the

exception of E3 which was degraded significantly and reduced ~150 fold in the

secondary treatment process: EE2(3%)<E2(5%)/E3(5%)<E1(34%)<E1-3S(53%).

Low concentrations of the estrogens were found in the RAS and in the final effluent.
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Figure 8.3. Daily flow and concentration (dissolved and adsorbed) of steroidal
estrogens into STW2 (2006).
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Figure 8.4. Daily average of steroidal estrogens across STW2 (2006).
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8.2.3 Alkylphenolic compounds (Winter 2006)

The weekly concentration of alkylphenolic compounds at each sampling point is

shown in Figures 8.5 and 8.6. Both aqueous and solid phases were analyzed for all

samples. The concentration of the alkylphenolic compounds were similar for crude

and settled sewage for NPEO and OPEO. The long chain NPEO (NP3-12EO = 18235

ng l-1; NP1-2EO = 537 ng l-1) dominated in the settled sewage but was reduced ~23

fold in the final effluent (Figure 8.5). Short chain NPEO was reduced 3-fold (NP3-

12EO = 771 ng l-1; NP1-2EO = 156 ng l-1) in the final effluent. A significant amount of

the carboxylated species NP1-3EC was found in the final effluent (NP1-3EC =2057 ng

l-1) and had increase two-fold compared to its presence in the settled sewage (874 ng

l-1). The carboxylated metabolite NP1EC increased by a factor of two from 222 ng l-1

in the settled sewage to 474 ng l-1 in the final effluent. Nonylphenol did not

accumulate and remained in the same concentration of 362 ng l-1 in the settled sewage

and the final effluent. Low partitioning to the solid phase (adsorbed) was found 5-6%

for NP1-12EO in the settled sewage and the final effluent (7-12%). The highly

hydrophilic NP1-3EC was found at very low percentages in the adsorbed phase of

settled sewage solids (3%) and the final effluent (2%). In contrast, nonylphenol was

found in abundance in both the settled sewage solids (64%) and the final effluent

solids (88%).

There was no clear evidence of a correlation between the daily diurnal flow of the

STW in the settled sewage and the concentration of alkylphenolic compounds. The

alkylphenolic compounds (NPEOs) in the primary sedimentation was slightly higher

in concentration (circa increase of 5880 ng l-1) as observed from the crude to the

settled sewage (Figure 8.5). From day to day, the distribution and the concentration of

the alkylphenolic compounds at each location differed very little.

Aerobic and anaerobic biodegradation and biotransformation of the alkylphenolic

compounds was apparent in the sewer prior to entry into the STW2. The percentage

distribution of the alkylphenolic compounds entering the works was as follows:

NP(2%)<NP1-2EO(3%)<NP1-3EC(4%)<NP3-12EO(91%). A low concentration of

nonylphenol, which is the breakdown metabolite of the long chain NPEO, was

observed in the settled sewage. Small amounts of the carboxylated species, NP1-3EC,

were also detected at the front of the works. The long chain NPEO was degraded as it
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was reduced by 80% in the final effluent. The composition of the alkylphenolic

compounds differed in the final effluent as the carboxylated metabolites (61%)

became the dominant species whilst NP and NP1-2EO remained in the low percentages:

NP1-2EO(5%)<NP(11%)<NP3-12EO(23%)<NP1-3EC(61%).

Figure 8.5. Partitioning of NPEO in various stages of the STW2 (2006) (weekly
average).
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A similar trend was obtained for OPEO albeit at a lower concentration (2.6x less) than

NPEO in the settled sewage. The long chain OPEO (OP3-12EO = 1947 ng l-1; OP1-2EO

= 207 ng l-1) dominated in the settled sewage, but was reduced 20 fold in the final

effluent (Figure 8.6). Short chain OPEO was not reduced (OP3-12EO = 93 ng l-1; OP1-

2EO = 191 ng l-1) in the final effluent. A significant amount of the carboxylated

species OP1-3EC was found in the final effluent (OP1-3EC = 268 ng l-1) and their

concentraions had increased three fold compared to its presence in the settled sewage

(86 ng l-1). The carboxylated metabolite OP1EC increased in concentration by 4 fold

from 24 ng l-1 in the settled sewage to 97 ng l-1 in the final effluent. Octylphenol was

not biodegraded but accumulated as demonstrated by the increase in its concentration

of 14 ng l-1 in the settled sewage to 25 ng l-1 in the final effluent. Low partitioning to

the solid phase (adsorbed) was found 4% for OP3-12EO in the settled sewage with the

exception of OP1-2EO the final effluent (62%). Little or no OP1-3EC was found in the

adsorbed phase of settled sewage solids and the final effluent (2%). In contrast,

octylphenol was found in abundance in both the settled sewage solids (35%) and the

final effluent solids (91%).

There was also clear no evidence of a correlation between the daily diurnal flow to the

STW in the settled sewage and the concentration of alkylphenolic compounds. There

was an increase in the concentration of OPEOs in the primary sedimentation as (circa

900 ng l-1) as observed from the crude to the settled sewage (Figure 8.6). From day to

day, the distribution and the concentration of the alkylphenolic compounds at each

location differed very little.

Aerobic and anaerobic biodegradation and biotransformation of the alkylphenolic

compounds were apparent in the sewer prior to entry into the STW. The percentage

distribution of the alkylphenolic compounds entering the works was as follows:

OP(1%)<OP1-3EC(4%)<OP1-2EO(9%)<OP3-12EO(86%). A low concentration of

octylphenol, which is the breakdown metabolite of the long chain OPEO, was

observed in the settled sewage. Small amounts of the carboxylated species, OP1-3EC,

were also detected at the front of the works. However, the long chain OPEO

dominates at 86%. The composition of the alkylphenolic compounds differed in the

final effluent as the OPEC (48%) dominates whilst OP3-12EO decreased to 16% and
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OP (4%) and OP1-2EO (32%) increased significantly: OP(4%)<OP3-12EO(16%)<OP1-

2EO(32%)<OP1-2EC(48%).

Figure 8.6. Partitioning of OPEO in various stages of the STW2 (2006) (weekly
average).
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8.3 Mass Balances and Removal Efficiencies of ESTs and APEOs

8.3.1 Steroidal estrogens (Summer 2004)

The synthetic estrogen, EE2, exhibited the poorest removal compared to other

estrogens although removals of 68% were achieved in the Summer season (Figure

8.7). Moderate to high removal efficiencies were obtained for E1-3S (78%), E1 (89%),

E2 (94%) and E3 (99%). Relatively high removals (∑EST=93%) was achieved in

STW2 and 1689 mg d-1 of estrogens were degraded in the biological treatment system.
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Figure 8.7. Mass flux of steroidal estrogens (mg d-1) across STW2 (2004) (weekly
average).

8.3.2 Steroidal estrogens (Winter 2006)

The steroid conjugate, E1-3S (59%) was the least removed while EE2 was also

removed at a lower percentage (65%) compared to other estrogens in the Winter

season (Figure 8.8). High removal efficiencies were obtained for E1 (89%), E2 (96%)

and E3 (99%). Relatively high removals (∑EST=92%) was achieved in STW2 and

2826 mg d-1 of estrogens were degraded in the biological treatment system.
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Figure 8.8. Mass flux of steroidal estrogens (mg d-1) across STW2 (2006) (weekly
average).

8.3.3 Alkylphenolic compounds (Winter 2006)

There was a significant removal for the long chain NP3-12EO (95%) and OP3-12EO

(94%) at this STW (Figures 8.9 and 8.10). Variable removals were obtained for short

chain NP1-2EO (65%) and OP1-2EO (2%). A significant increase in mass of NP1-3EC

(19142 mg d-1) and no removal (-157%) was observed at this STW. Similarly, low

removal (-240%) and an increased for OP1-3EC (2934mg d-1) was observed in the

final effluent. No removal of NP (Mdiff = -463 mg d-1) and OP (Mdiff = -149 mg d-1)

was observed from this STW2 instead there was an increased in percentages to 12%

and 64% respectively.
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Figure 8.9. Mass flux of NPEO (g d-1) in STW2 (2006) (weekly average).

Figure 8.10. Mass flux of OPEO (g d-1) in STW2 (2006) (weekly average).
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time as observed in the RAS for E1 in Summer (226 mg d-1) and Winter (449 mg d-1);

and NP2EC at circa 50 g d-1. Nevertheless, once they have been in the acclimated ASP

system, high percentage removal of these chemicals can be expected.

8.5 Primary Sedimentation

8.5.1 Steroidal estrogens

The impact of primary sedimentation was determined by settling tests performed on

site. Low removal was observed for these estrogens (∑EST = 14%) for the duration of

the Summer study. Some removals were obtained for E1 (21%), E2 (3%) and E3 (9%);

but no removals for E2 (-2%) and E1-3S. Similar results were obtained for the Winter

period. Low removal was observed for these estrogens (∑EST = 11%). Some of the 

humus return from the trickling filter plant in the same STW was hypothesized to

influence the removal of the estrogens in the ASP primary clarifier. In the settling

tests with 50% humus return, low removal of estrogens were possible (∑EST = 15%), 

however, they were not significantly different from the crude sewage settling test for

the same sampling period. Low removals were obtained for estrogens for the crude

sewage (A) and the 50% mixture with humus return (B): E1 = 9%(A), 8%(B); E2 =

8%(A), 6%(B); E3 = 12%(A), 18%(B); EE2 = 23%(A), 38%(B); and E1-3S =

12%(A), 11%(B).

8.5.2 Alkylphenolic compounds

A similar test was performed for the alkylphenolic compounds to determine the

impact of primary sedimentation by settling tests performed on site. Low removal was

observed for the majority of these compounds (NP1-12EO = 18%; OP1-12EO = 10%)

for the duration of the study. High removal was possible for NP2EO (48%). Some

removals were observed for the carboxylated species NP1-3EC (26%) but not OP1-3EC

(-6%). Moderate to negative removals was achieved for hydrophobic analytes NP

(50%) and OP (-28%). Some of the humus return from the trickling filter plant in the

same STW was hypothesized to influence the removal of the alkylphenolic

compounds in the ASP primary clarifier. In the settling tests with 50% humus return,

lower removal percentages of alkylphenolic compounds were observed (NP1-12EO =

6%; OP1-12EO = 2%). Similarly, some removals were observed for the carboxylated

species NP1-3EC (28%) but not OP1-3EC (-15%). Negative removal was obtained for
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hydrophobic analytes NP (-344%) and OP (-65%). This result showed that the humus

return (at 50%) will greatly influence the removal efficiency of the primary

sedimentation where physical activity is predominately the main removal mechanism

for most these chemicals.
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9 RESULTS: REMOVAL OF EDCs BY A BIOLOGICAL NUTRIENT
REMOVAL PLANT

9.1 Operating Parameters and Physiochemical Analysis of Wastewater

The operating parameters of STW3 are reported in Table 9.1. It was a

nitrifying/denitrifying and phosphorus removal biological reactor

(anoxic/anaerobic/aerobic) with a working population equivalent (PE) of circa

250,000. The primary purpose of the BNR was to remove nitrogen and phosphorus

biologically with minimum use of chemicals. As part of the National Demonstration

Program, this STW was selected by the EA for EDC monitoring. Trade input was

circa 10%. The BNR STW operated at a HRT of 12.1h, SRT of between 9 and 13d,

DO of 1.8 g m-3 and a MLSS of 4971 g m-1.

Table 9.1. Operating parameters and wastewater characteristics of STW3 in
Summer 2006.

Operating parameters
Biological process Nitrifying/denitrifying/P-removal
Process technology Aerobic/anoxic/anaerobic
PE 250323
HRT θτ (h) 12.12 (0.5d)
SRT θc (d) 9 – 13
F/M 0.05
DO (g m-3) 1.8
MLSS (g m-3) 4971
Trade input 10%

Wastewater
characterization

Units
Crude

sewage
Settled
sewage

Drum thickener
return (VFA)

RAS
Final

effluent
Removal

(%)
Total flow Q m3 d-1 52000 55000 628 52000 52000 -
Flow into BNR
QASP

m3 d-1 41600 44000 628 41600 41600 -

TSS g m-3 338 118 2185 7845 8 93
BOD g m-3 218 147 1000 - 11 93
COD g m-3 562 489 2035 8227 30 94
pH 8 7.4 6.3 7.2 7.3 -
NH4-N g m-3 - - - - <0.2 -
P g m-3 - - - - <0.03 -
Mass flux of TSS kg m-3 17576 6490 1372 407940 416 94
Mass flux of TSS
into BNR

kg m-3 14061 5192 1372 326352 333 94

Ambient
temperature

°C 27.8 26.1 26.8 31.8 26.5 -

Sewage
temperature

°C 23.3 20.8 24.0 23.0 22.3 -
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The wastewater characteristics of treated and untreated municipal wastewater of the

STW are also reported in Table 9.1. Sampling was carried out in the Summer of 2006.

High removals of TSS, BOD and COD were achieved at this STW at 93%, 93% and

94% respectively. A low ammonia concentration at <0.2 g m-3 NH4-N in the final

effluent reflected the normal functioning nitrification process for the removal of

nitrogen. No significant variations in pH 7 in the final effluent and during Summer

temperature ~27°C (ambient) and ~23°C (sewage) from the inlet to the outlet of the

treatment plant were observed during the sampling periods. Little or no precipitation

was experienced during the sampling period. This meant that dilution of the sewage

effluent was at a minimal and the concentrations of all estrogens and APEOs found

therefore probably represented a ‘worst case scenario’.

9.2 Environmental Concentrations, biotransformation and partitioning at STW3

9.2.1 Steroidal estrogens

The settled sewage profile of the estrogens during the sampling campaign is shown in

Figure 9.1. Both aqueous and solid phase samples were analyzed and the majority of

the steroids could be found in the former (aqueous phase). Estrone (71 ng l-1) and the

synthetic estrogen EE2 (1.5 ng l-1) were found up to 24% in the settled sewage

particulates of the adsorbed phase whilst <20% for E1-3S (9 ng l-1), E2 (20 ng l-1) and

E3 (29 ng l-1). Association with solid materials in the final effluent was <30% for all

estrogens with the exception of EE2 which was observed at 67%. The concentration

of EE2 and E3 (0.5 ng l-1) in the final effluent were similar, followed by E1-3S and

E2 with 1 ng l-1 and E1 was the highest with ~5 ng l-1. The estrogens EE2, E2 and

E1-3S exhibited the least of the steroid compounds within the settled sewage whilst

E3 and E1 were the more significant compounds present in the settled sewage (Figure

9.2). Greater amount of E1 was detected than E3 at this STW.

There was no evidence of a correlation between the daily diurnal flow to the STW in

the settled sewage and the concentration of estrogens. However, the concentration of

E1 fluctuated in the settled sewage throughout the sampling period and a step

increment in the concentration of E3 throughout the day was also evident. This may

be contributed to by the loading of the STW or the constant deconjugation

phenomenon and conversion from the unconjugated E1 and E2.
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Deconjugation of the steroidal estrogens occurs in the sewers was demonstrated by

the detection of the unconjugated steroidal estrogens E1, E2, EE2 and E3 in the

settled sewage. Retention time of the sewerage system at this STW was typically 6 – 7

hours. The percentage distribution of the steroids coming into the works was as

follows: EE2(1%)<E1-3S(7%)<E2(17%)<E3(22%)<E1(53%). The majority of the

estrogens remained in similar percentages of distribution in the final effluent with the

exception of E3 which was degraded significantly and reduced 58-fold in the

secondary treatment: EE2(5%)<E3(7%)<E1-3S(11%)<E2(13%)<E1(63%). Low

concentrations of the estrogens were found in the RAS and in the final effluent. A

comparable concentration of estrogens was found in the VFA drum thickener return,

and the crude sewage.
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Figure 9.1. Daily flow and concentration (dissolved and adsorbed) of steroidal
estrogens into STW3 (2006).
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Figure 9.2. Daily average of steroidal estrogens across STW3 (2006).
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9.2.2 Alkylphenolic compounds

The weekly concentration of alkylphenolic compounds at each sampling points are

shown in Figures 9.3-9.4. Both aqueous and solid phase samples were analyzed for all

samples. The concentration of the alkylphenolic compounds were similar for crude

and settled sewage for NPEO and OPEO. The long chain NPEO (NP3-12EO = 15393

ng l-1; NP1-2EO = 603 ng l-1) dominated in the settled sewage, but were reduced ~15-

fold in the final effluent (Figure 9.3). Short chain NPEO was reduced 2-fold (NP3-

12EO = 1040 ng l-1; NP1-2EO = 311 ng l-1) in the final effluent. A significant amount

of the carboxylated species NP1-3EC were found in the final effluent (NP1-3EC = 1310

ng l-1) and these had increased two-fold compared to their presence in the settled

sewage (641 ng l-1). The carboxylated metabolite NP1EC increased in concentration

by 3 fold from 179 ng l-1 in the settled sewage to 592 ng l-1 in the final effluent.

Nonylphenol did not accumulate and was biodegraded from a concentration of 321 ng

l-1 in the settled sewage to 206 ng l-1 in the final effluent. Low partitioning to the solid

phase (adsorbed) was found 5-6% for NP3-12EO in the settled sewage and the final

effluent (6-9%). The highly hydrophilic NP1-3EC was found at a low percentage in the

adsorbed phase of settled sewage (1%) solids and the final effluent (2%). In contrast,

nonylphenol was found in both the settled sewage solids (42%) and the final effluent

solids (71%).

There was no clear evidence of a correlation between the daily diurnal flow to the

STW in the settled sewage and the concentration of alkylphenolic compounds. The

alkylphenolic compounds (NPEOs) in the primary sedimentation were slightly higher

in concentration (an average increase of 1000 ng l-1), as observed from the crude to

the settled sewage (Figure 9.3). From day to day, the distribution and the

concentration of the alkylphenolic compounds at each location differed very little.

Aerobic and anaerobic biodegradation and biotransformation of the alkylphenolic

compounds were apparent in the sewer prior to entry into the STW. The percentage

distribution of the alkylphenolic compounds entering the works was as follows:

NP(2%)<NP1-2EO(3%)<NP1-3EC(4%)<NP3-12EO(91%). A low concentration of

nonylphenol, which is the breakdown metabolite of the long chain NPEO, was

observed in the settled sewage. Small amounts of the carboxylated species, NP1-3EC,

were also detected at the front of the works. The long chain NPEO was degraded in
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this BNR plant, as it was reduced by 76% in the final effluent. The composition of the

alkylphenolic compounds differed in the final effluent as the carboxylated metabolites

(47%) became the dominant species whilst NP and NP1-2EO remained in the low

percentages: NP(8%)<NP1-2EO(11%)<NP3-12EO(34%)<NP1-3EC(47%).
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Figure 9.3. Partitioning of NPEO in various stages of the STW3 (2006) (weekly
average).
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A similar trend was obtained for OPEO, albeit at a lower concentration (2.6x less)

than NPEO in the settled sewage. The long chain OPEO (OP3-12EO = 5180 ng l-1;

OP1-2EO = 984 ng l-1) dominated in the settled sewage but was reduced 29-fold in the

final effluent (Figure 9.4). Short chain OPEO was reduced 5-fold (OP3-12EO = 177 ng

l-1; OP1-2EO = 203 ng l-1) in the final effluent. A significant amount of the

carboxylated species OP1-3EC were found in abundance in the final effluent (OP1-3EC

= 275 ng l-1) and these had increased two-fold compared to their presence in the

settled sewage (138 ng l-1). The carboxylated metabolite OP1EC increased in

concentration by 3-fold from 26 ng l-1 in the settled sewage to 142 ng l-1 in the final

effluent. Octylphenol did not accumulate and was biodegraded from a concentration

of 39 ng l-1 in the settled sewage to 21 ng l-1 in the final effluent. Low partitioning to

the solid phase (adsorbed) was found, 2-7% for OP3-12EO in the settled sewage, with

the exception of OP1-2EO the final effluent (25%). Little or no OP1-3EC was found in

the adsorbed phase of settled sewage solids and the final effluent (4%). In contrast,

octylphenol was found in both the settled sewage solids (13%) and the final effluent

solids (70%).

There was also no clear evidence of a correlation between the daily diurnal flow to the

STW in the settled sewage and the concentration of alkylphenolic compounds. There

was an increase in the concentration of OPEOs in the primary sedimentation (circa

500 ng l-1) as observed from the crude to the settled sewage (Figure 9.4). From day to

day, the distribution and the concentration of the alkylphenolic compounds at each

location differed very little.

Aerobic and anaerobic biodegradation and biotransformation of the alkylphenolic

compounds were apparent in the sewer prior to entry into STW3. The percentage

distribution of the alkylphenolic compounds entering the works was as follows:

OP(1%)/OP1-3EC(2%)<OP1-2EO(16%)<OP3-12EO(81%). A low concentration of

octylphenol, which is the breakdown metabolite of the long chain OPEO, was

observed in the settled sewage. Small amounts of the carboxylated species, OP1-3EC,

were also detected at the front of the works. However, the long chain OPEO

dominated at 81%. The composition of the alkylphenolic compounds differed in the

final effluent as the short chain OPEO dominated whilst OP3-12EO decreased and OP
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and OP1-2EC increased in percentage dominance: OP(3%)<OP1-2EC(25%)<OP3-

12EO(28%)<OP1-2EO(44%).

Figure 9.4. Partitioning of OPEO in various stages of the STW3 (2006) (weekly
average).
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9.3 Mass Balances and Remvoval Efficiencies of ESTs and APEOs

9.3.1 Steroidal estrogens

The synthetic estrogen, EE2, was the least removed compared to other estrogens,

although removals of 60% were achieved in the Summer season (Figure 9.5). High

removal efficiencies were obtained for E1-3S (88%), E1 (91%), E2 (94%) and E3

(98%). Relatively high removals (∑EST=92%) was achieved in this STW and 5133

mg d-1 of estrogens were degraded in the biological treatment system.
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Figure 9.5. Mass flux of steroidal estrogens (mg d-1) across STW3 2006 (weekly
average).

9.3.2 Alkylphenolic compounds

There was a significant removal for the long chain NP3-12EO (93%) and OP3-12EO

(96%) at this STW (Figures 9.6-9.7). Low to high removals were obtained for short

chain NP1-2EO (36%) and OP1-2EO (80%). A significant increase in mass of NP1-3EC

(25326 mg d-1) and negative removal (-110%) was observed at this STW. Similarly,

negative removal (-102%) and an increase for OP1-3EC (5208 mg d-1) was observed in

the final effluent. The alkylphenols varied in removal efficiencies with NP (Mdiff =

1433 mg d-1) removed at 11% and OP (Mdiff = 701 mg d-1) removed at 46%.
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Figure 9.6. Mass flux of NPEO (g d-1) in STW3 (2006) (weekly average).

Figure 9.7. Mass flux of OPEO (g d-1) in STW3 (2006) (weekly average).
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9.4 Impact of Recycling/return Liquors

The impact of VFA drum thickener return and RAS were negligible compared to the

removal of these chemicals, as seen in the mass fluxes in the secondary treatment

process (Figures 9.5-9.7). However, they may serve as a reservoir for the

accumulation for these chemicals if retained for a long time, as observed in the RAS

for E1 (640 mg d-1); and NP1-2EC at circa 50 g d-1 and lower mass for OP1-2EC ~8 g

d-1. Nevertheless, once they have been in the acclimated BNR system, high

percentage removal of these chemicals could be expected.

9.5 Primary Sedimentation

9.5.1 Steroidal estrogens

The impact of primary sedimentation was determined by settling tests performed on

site. Little or no removal was observed for these estrogens (∑EST = -27%) for the

duration of the study. Only removals of <60% were obtained for E2 (21%), EE2 (42%)

and E1-3S (57%); and no removals for E1 (-40%) and E3 (-66%).

9.5.2 Alkylphenolic compounds

A similar test was performed for the alkylphenolic compounds to determine the

impact of primary sedimentation by settling tests performed on site. Negative removal

was observed for the majority of these compounds (NP1-12EO = -17%; OP1-12EO =

-14%) for the duration of the study. Limited removals were observed for the

carboxylated species NP1-3EC (25%) and OP1-3EC (10%) and removals of >60% was

achieved for hydrophobic analytes NP (66%) and OP (68%).
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10 RESULTS: COMPARISON OF THE BEHAVIOR OF EDCs IN THE STWs
STUDIED

10.1 Impact of Operating Parameters and Physiochemical Characteristics of

Wastewater on EDC Behavior

A summary of the operating parameters of the STW studied is reported in Table 10.1.

The STW4 was the smallest of the ASP operating works in this study with a

population equivalent (PE) of 8, whereas the rest of the larger works have

PE >150,000. Trade input is generally <1% at STW2 and STW4, however STW1 and

STW3 received circa 10%. The STW4 operated at a PE of 8 and had the longest SRT

(20 days) compared to the rest of the STWs. Both STW3 and STW4 have F/M ratio of

~0.05g substrate/g biomass per day which indicated an extended aeration process. The

STW2 was a high rate process which achieved ~0.1g substrate/g biomass per day on

both sampling periods. Dissolved oxygen was highest at STW4 to test the hypothesis

that high DO would have a significant impact on EDC removal.

Table 10.1. Operating parameters of the different STWs understudy.

Operating
parameters

STW1 2007 STW4 2007 STW2 2004 STW2 2006 STW3 2006

Biological
process

Suspended
growth/nitrifying

Nitrifying
Nitrifying/
denitrifying

Nitrifying/
denitrifying

Nitrifying/denitrifying
/P-removal

Process
technology

Aerobic/anoxic Aerobic Aerobic/anoxic Aerobic/anoxic Aerobic/anoxic/anaerobic

PE 2500 8 150000 150000 250323
HRT θτ (h) 18.8 (0.8d) 5.6 (0.2d) 13.64 (0.6d) 10.2 (0.4d) 12.12 (0.5d)
SRT θc (d) - 20 13.15 13.15* 9 – 13
F/M - 0.06 0.09 0.1 0.05
DO (g m-3) - 6.5 1.4 3.2 1.8
MLSS (g m-3) - 4520 2740 3282 4971
Trade input <10% <1% <1% <1% 10%

*Assumed but probably higher based on MLSS concentration.

10.2 Comparison of Settled Sewage EDCs Profiles at STWs

Grab samples taken from the crude sewage at the selected STWs were analyzed and

were found to display a similar trend to the settled sewage. However, more samples

were taken of settled sewage, hence these are considered to be more indicative.

Therefore these settled sewage values have been used instead of the crude sewage to

make comparisons.
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10.2.1 Percentage distribution of the ESTs at the head of the works

Deconjugation of the conjugated estrogens was clearly demonstrated by the detection

of the unconjugated steroidal estrogens E1, E2, EE2 and E3 in the settled sewage. The

distribution of the estrogens was similar for the different STWs prior to entry to the

STWs (Table 10.2). The steroids EE2, E2 and E1-3S exhibited lowest concentrations

in the settled sewage whilst E3 and E1 were most abundant compounds in the settled

sewage (circa 70% together). In general, the settled sewage (a similar trend was

observed in the crude sewage) at the head of the STWs demonstrated that E3

predominated with circa 50% compared to the rest of the estrogens. An interesting

phenomenon was observed in the difference in the distribution of the estrogens in the

settled sewage of STW3. Greater amounts of E1 (53%) compared to E3 (22%) was

detected in the STW3 compared to the rest of the STWs. There are two possible

explanations for this phenomenon, namely the consequence of the biologically active

of returned liquors or sludge returned to the head of the works and

biodegradation/biotransformation in the sewerage system. The persistence and

stability of the steroidal conjugate, E1-3S, through the sewerage system was also

observed, as it made up 6 – 13% compared to the rest of the analytes.
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Table 10.2. Percentage distribution of ESTs in various stages of the STWs.

STW Settled sewage RAS VFA (STW3)/Return liquor (STW4) Final effluent

EE2 E2 E3 E1 E1-3S

STW1
2007

52%

27%

13% 6%2%

5%

21%

63%

6%

5%

STW2
2004

47%

36%

10% 6%1%

2%

74%

13%
4%

7%

7%

50%

33%

6%
4%
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STW2
2006

50%

30%

10% 9%1%

65%

23% 3%

4%
5%

5%

34%

53%

5%3%

STW3
2006

22%

53%

7%

17%

1%

4%

63%

10%

12%

11%

34%

37%

2%

25%

2%

7%

64%

11%

13%

5%

STW4
2007

58%

32%

6% 2%2%

30%

32%

7%

24%

7%

86%

6%
4% 4%

0%

31%

29%

19%

7%

14%
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10.2.2 Percentage distribution of the APEOs at the head of the works

The distribution of the alkylphenolic compounds for the different STWs were similar

for NPEO but differed for OPEO prior to entry to the STWs (Table 10.3 and Table

10.4). Long chain AP3-12EO (>60%) dominated in the settled sewage (aerobic in

sewer), while only a small percentage of carboxylated metabolites (<4%) and a

varying percentage of the short chain APEO (NP1-2EO <5%; OP1-2EO = 4-62%) and

generally less than 2% of APs. An interesting phenomenon was found in the smaller

STWs, where short chain OP1-2EO constituted a higher percentage in STW1 (33%)

and STW4 (62%). There are also two possible explanations for this phenomenon

namely the consequence of the biologically active returned liquors or sludge returned

to the head of the works and biodegradation/biotransformation in the sewerage system.
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Table 10.3. Percentage distribution of NPEO in various stages of the STWs.

STW Settled sewage RAS VFA (STW3)/Return liquor (STW4) Final effluent

STW1
2007

91%

2% 2%

5%

33%

2%

59%

6%

STW2
2004*

98%

1% 1%

72%

11%

17%

86%

6%

8%

NP NP1-3EC NP1-2EO NP3-12EONP1-3EC NP1-2EO NP3-12EO
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STW2
2006

2% 4%
3%

91%

3%

51%

7%

39%

11%

61%

5%

23%

STW3
2006

2% 4%
3%

91%

4%

56%

10%

30%

8%

17%

23%

52%

8%

47%

11%

34%

STW4
2007

17%

3%
2%

78%

15%

65%

4%

16%

25%

21%

3%

51%

35%

39%

12%

14%

*Values obtained from Koh et al. (2005).
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Table 10.4. Percentage distribution of OPEO in various stages of the STWs.

STW Settled sewage RAS VFA (STW3)/Return liquor (STW4) Final effluent

STW1
2007

61%

4% 2%

33%

29%

7%

18%

46%

STW2
2004*

93%

3%
4%

52%

13%

35%

95%

2% 3%

NP NP1-3EC NP1-2EO NP3-12EOOP1-3EC OP1-2EO OP3-12EOOP
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STW2
2006

9%

86%

4%1% 0%

39%

21%

40%

4%

48%

32%

16%

STW3
2006

16%

81%

2%1% 1%

51%

14%

34%

4%

14%

30%

52%

3%

44%

28%

25%

STW4
2007

62%

35%

1%2%

90%

7%
0%

3%

95%

1%
1%3% 5%

9%

72%

14%

*Values obtained from Koh et al. (2005).
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10.3 Biodegradation and Biotransformation of EDCs in the STWs Studied

10.3.1 Biodegradation and biotransformation of steroidal estrogens in the STWs

studied

By comparing the ratios of the individual/combined estrogens at each sampling point,

the activity of biodegradation and/or biotransformation could be determined by

inference (Table 10.5). Inter-conversion of E1 and E2 occurred both in the settled and

the secondary treatment process. Biotransformation from E1 to E2 occurred at a ratio

of 3-6 in the influent compared to 4-9 in the effluent. This demonstrated the

abundance of E1, hence highly oxidative process, compared to E2 at both sampling

points. In contrast, ratios were higher in the effluent compared to the influent as the

sum of E2 and E1 dominated over E3, which is the metabolic by-product and has been

rapidly degraded in all the systems. This phenomenon demonstrated that the presence

of E2 and E1 were almost equal at concentrations to that of E3 in the influent for all

STWs under study. In the influent, deconjugation varied, however this activity still

occurred at almost twice at rate at the front end of the works compared to the rear end

of the STW, thus demonstrating the persistence and stability of the conjugate due to

the lack of arylsulphatase enzyme activity. Deconjugation of the E1-3S and inter-

conversion of E2 leading to E1 at ratio 1 in the influent as well as the effluent

demonstrated that this activity was occurring before and after the secondary process,

thus indicative of the biological activity in the sewage.
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Table 10.5. Ratio of the estrogens that demonstrates biodegradation and biotransformation.

Steroidal estrogens
Input to STW Output from STW

Phenomenon
STW1
2007

STW2
2004

STW2
2006

STW3
2006

STW4
2007

STW1
2007

STW2
2004

STW2
2006

STW3
2006

STW4
2007

E1/E2 4 6 3 3 15 4 9 7 4 5
Biodegradation from

E1↔E2

(E1+E2)/E3 0.6 1 1 3 1 5 8 8 14 1
Biodegradation from

E2+E1→E3
E1/E1-3S 2 4 3 8 5 0.3 2 1 6 2 Deconjugation E1-3S → E1

E1/(E2+E1-3S) 1 2 2 2 4 0.3 1 1 3 1
Total contribution from

E2+E1-3S→E1

E3/( E1+E1-3S+E2) 1 1 1 0.3 1 0.06 0.08 0.05 0.06 0.5
Total contribution from

E1-3S+E2+E1→E3
Note: Ratios were derived for each sampling point by obtaining the total concentration (dissolved and adsorbed) of each estrogen divided by the respectively
estrogens/combination of estrogens.
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10.3.2 Biodegradation and biotransformation of alkylphenolic compounds in the

STWs studied

Long chain AP3-12EO were degraded to short chain APEO and the carboxylated

metabolites, the ultimate degradation lead to AP. Observations at the STWs seemed to

suggest that biodegradation and biotransformation occurs in the sewerage system as

these compounds travel to the STWs. However more biotransformation and

biodegradation was found in the secondary treatment system and the suspended

growth systems compared to the fixed film system. As shown in this study,

progressive shortening of the ethoxylate chain occurred during the biological stage of

the high rate trickling filter but was insufficient to remove all of the precursor or long

chain AP3-12EO which still persisted in the final effluent. The presence of anaerobic

zones within the stratified layers of the fixed film, a frequent problem of TF, which

were generated over time, might also contribute to the formation of alkylphenols.

Under anaerobic conditions AP were thought to be the final products oxidative-

reductive mechanisms which might work in tandem for the removal of these

compounds and their metabolites.

Higher ratios were obtained for long chain NP3-12EO in the ASP STW2 compared to

the rest of the STWs (Table 10.6). This could be due to the large amounts of NPEO

entering the works. At the majority of the STWs, ratios of up to 59 could be expected

for the biodegradation of the NP1-12EO and NP1-3EC to NP in settled sewage.

Similarly, ratios as high as 159 could be expected for the degradation of OP1-12EO and

OP1-3EC to OP in the settled sewage. These high ratios showed that prior to entry into

the STWs, little biodegradation was occurring, in contrast to the lower ratios in the

final effluent for NP (<13) and OP (<31). Upto 9x more of NPEO could be expected

in the settled sewage compared to OPEO however, as low as 0.4x was observed in the

final effluent. Nonylphenol could be expected to be in the range of 3-32x more in the

settled sewage than octylphenol, while 2-24x more in the final effluent. In summary,

total NPEO was expected to be 3-19x more in the settled sewage compared to total

OPEO. And a lower ratio of NPEO 1-14x more in the final effluent compared to total

OPEO.
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Table 10.6. Ratio of the alkylphenolic compounds that demonstrates biodegradation and biotransformation.

Alkylphenolic compounds
Input to STW Output from STW

PhenomenonSTW1
2007

STW2
2004#

STW2
2006

STW3
2006

STW4
2007

STW1
2007

STW2
2004#

STW2
2006

STW3
2006

STW4
2007

NP3-12EO/NP1-2EO 18 116 34 26 50 5 15 5 3 1 Aerobic transformation

NP3-12EO/NP1-2EO+NP 14 72 20 17 4 4 6 1 2 0.3
Aerobic/anaerobic

transformation

NP3-12EO/NP1-3EC 59 - 21 24 27 1 - 0.4 1 0.4
Partial aerobic
transformation

NP3-12EO/NP1-2EC+NP 29 - 15 16 4 1 - 0.3 1 0.2
Aerobic/anaerobic

transformation

NP1-2EO/NP1-2EC 3 - 1 1 1 0.1 - 0.3 0.3 0.3
Oxidation/reduction

NPEO ↔ NPEC
NP1EO/NP 2 1 2 0.1 2 0.3 1 0.3 NP1EO→NP

NP1-12EO+NP1-3EC/NP 59 - 54 52 5 44 - 8 13 2 Biodegradation to NP

OP3-12EO/OP1-2EO 2 5 9 5 1 0.6 8 0.5 1 0.2 Aerobic transformation

OP3-12EO/OP1-2EO+OP 2 4 9 5 1 0.6 7 0.4 1 0.2
Aerobic/anaerobic

transformation

OP3-12EO/OP1-3EC 33 - 23 38 31 2 - 0.3 1 2
Partial aerobic
transformation

OP3-12EO/OP1-2EC+OP 10 - 20 30 13 1 - 0.3 1 1
Aerobic/anaerobic

transformation

OP1-2EO/OP1-2EC 18 - 4 11 74 3 - 0.8 1 9
Oxidation/reduction

OPEO ↔ OPEC
OP1EO/OP 17 10 3 37 4 6 8 12 OP1EO→OP

OP1-12EO+OP1-3EC/OP 15 - 152 159 59 15 - 22 31 17 Biodegradation to OP

NP1-12EO/OP1-12EO 6 5 9 3 3 7 6 3 4 0.4 NPEO vs OPEO

NP/OP 7 3 25 8 32 5 24 14 10 9
Alkylphenol degradation

product

∑NPEO+∑NPEC+NP/∑OPEO+∑OPEC+OP 19 5* 9 3 3 14 6* 6 4 1
Nonyl- vs octyl-

surfactants
Note: Ratios were derived for each sampling point by obtaining the total concentration (dissolved and adsorbed) of each estrogen divided by the respectively
estrogens/combination of estrogens; *No NPEC and OPEC were included in the calculation; #Values obtained from Koh et al. (2005).
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10.4 The Removal Efficiency and Effect of Biomass Activity on Biodegradation of

EDCs

10.4.1 The removal efficiency and effect of biomass activity on biodegradation of

steroidal estrogens

The majority of the STWs studied were able to remove >79% of ESTs (Table 10.7).

The highest removal was observed for E3 at >98%. Estrone had variable removal

efficiency with removals within the range of 72% to 97% for all STWs. Higher

removals were obtained for E2 with percentages of up to 96%. Lower removals were

observed for EE2 (25 – 89%) while E1-3S was the least removed at -4% at STW1 and

-6% in STW2.

Table 10.7. Removal efficiency (%) of estrogens from the secondary treatment.

Steroid
estrogen

Removal efficiency (%)
STW1

(Winter)
STW2

(Summer)
STW2

(Winter)
STW3

(Summer)
STW4

(Summer)
Secondary
treatment a

Secondary
treatmentb Overallc Secondary

treatmentb Overallc Secondary
treatmentb Overallc Secondary

treatmentb Overallc

E1 83 89 92 89 72 91 93 97 96
E2 82 94 94 96 89 94 96 94 89
E3 98 99 99 99 98 98 99 98 98
EE2 25 68 77 65 62 60 89 81 77
E1-3S -4 78 77 59 -6 88 92 91 92
∑EST 79 93 94 92 81 92 95 97 97

aEquation 3; bEquation 4 - WAS was estimated to be 2–5% the flow rate of RAS to maintain the SRT
of the aeration tank (VFA return is negligible since return flow is circa 1% of main flow); cEquation 3
where crude sewage (grab sample) was used instead of settled sewage.

The removal efficiency of the biomass at the STWs has been evaluated by activity i.e.

mg estrogen removed per tonne of biomass. The calculation was determined by taking

the mass difference (Mdiff) of the settled sewage and the final effluent in milligrams of

estrogens and dividing it by the MLSS concentration in tonne in the secondary tank.

The biomass activity per tonne of estrogen demonstrated that greater removals were

obtained for E3 in the STW2 in Winter (62.7 mg tonne-1) compared to Summer (41.7

mg tonne-1), STW3 (9.2 mg tonne-1) and STW4 (35.6 mg tonne-1) (Table 10.8). The

removals of E1 and E1-3S were similar for all STWs with STW2 (Summer and

Winter) greater than STW3 and 4. The activity for E2 was highest at STW2 in Winter

(11.4 mg tonne-1) and least in STW4 (1.3 mg tonne-1). Low biomass activity was also
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observed in all STWs for EE2 <1.1 mg tonnes-1. Overall biomass activity for

estrogens was highest in STW2 in Winter at 116.7 mg tonne-1 and lowest in STW3.

Table 10.8. Removal of steroidal estrogens based on mg per tonne of biomass
(MLSS).

Units
STW2

(Summer)
STW2

(Winter)
STW3

(Summer)
STW4

(Summer)
QASP/BNR m3 d-1 12000 17200 44000 7.7
Volume m3 7379 7379 26171 2.5
MLSS g m3 2740 3282 4971 4520
Biomass in MLSS tonne 20 24 130 0.01

E1 mg tonne-1 28.8 34.2 20.7 19.5
E2 mg tonne-1 5.4 11.4 6.7 1.3
E3 mg tonne-1 41.7 62.7 9.2 35.6
EE2 mg tonne-1 0.7 0.8 0.3 1.1
E1-3S mg tonne-1 6.9 7.6 2.5 3.6
∑EST mg tonne-1 83.5 116.7 39.4 61.0

10.4.2 The removal efficiency and effect of biomass activity on biodegration of

alkylphenolic compounds

In general, all of the STWs were able to remove >73% of NPEOs and >32% of

OPEOs (Table 10.9). The STW4 was the least able to remove NP1-2EO (-220%

overall) as well as STW2 in Winter for OP1-2EO (-125% overall). Lower percentage

removals were observed for OP3-12EO of >59% for all STWs compared to >76% for

NP3-12EO. In all of the STWs, negative removals of NP1-3EC (-10518%) and OP1-3EC

(-3587%) were observed. Variable removal efficiencies were shown for NP (-339% to

87%) and OP (-317% to 94%).
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Table 10.9. Removal efficiency (%) of alkylphenolic compounds from the
secondary treatment.

Alkylphenolic
compounds

Removal efficiency (%)
STW1

(Winter)
STW2

(Summer)*
STW2

(Winter)
STW3

(Summer)
STW4

(Summer)

Overalla Secondary
treatmentb Overallc Secondary

treatmentb Overallc Secondary
treatmentb Overallc Secondary

treatmentb Overallc

NPEO
NP1EO 41 80 90 77 60 41 32 -100 -686
NP2EO -63 68 77 -160 -285 -107 40 -43 11
NP3EO 62 85 92 -460 -708 -190 -331 100 97
NP4EO 18 92 95 78 60 86 84 87 87
NP5EO 56 95 96 88 73 88 86 92 93
NP6EO 76 96 96 92 81 90 88 94 93
NP7EO 82 96 96 95 86 92 91 95 95
NP8EO 83 97 97 96 89 94 93 97 95
NP9EO 85 97 98 97 91 95 94 97 97
NP10EO 89 98 98 97 92 96 95 97 97
NP11EO 85 98 99 98 93 96 96 98 97
NP12EO 85 98 99 98 92 97 96 98 97
NP3-12EO 76 96 97 95 86 93 92 96 95
NP1-2EO 17 68 77 65 40 36 32 -85 -220
NP1-12EO 73 96 96 94 84 91 90 92 90

OPEO
OP1EO -10 85 67 -12 -216 -8 -360 38 32
OP2EO -36 92 98 35 -94 96 96 - -
OP3EO 50 93 92 92 82 93 96 65 31
OP4EO 33 95 94 86 72 94 95 45 21
OP5EO -33 97 97 88 74 95 95 59 40
OP6EO 71 90 87 92 80 97 97 76 71
OP7EO 76 96 96 94 84 98 97 86 80
OP8EO 73 97 96 95 86 98 98 88 85
OP9EO 81 98 97 96 87 98 98 90 88
OP10EO 78 98 98 96 87 98 98 93 90
OP11EO 67 98 98 96 87 98 99 88 94
OP12EO 67 98 97 96 86 97 97 88 80
OP3-12EO 59 96 95 94 83 96 97 77 68
OP1-2EO -19 88 98 2 -125 80 75 35 30
OP1-12EO 32 96 96 85 62 94 93 50 41

NPEC
NP1EC -544 - - -136 -399 -241 -157 -173 -172
NP2EC -10518 - - -163 -320 -52 23 -250 -209
NP3EC -1050 - - -211 -556 -594 -177 - -
NP1-3EC -2359 - - -157 -336 -110 -15 -235 -204

OPEC
OP1EC - - - -342 -806 -480 -399 -600 -3587
OP2EC -725 - - -208 -588 -20 -3 -325 -303
OP3EC - - - -26 -200 -3 -32 - -
OP1-3EC -375 - - -240 -640 -102 -75 -317 -387

AP
NP 12 30 68 -12 -339 11 87 50 -42
OP -20 90 94 -64 -41 46 74 -89 -317

aEquation 3; bEquation 4 - WAS was estimated to be 2–5% the flow rate of RAS to maintain the SRT
of the aeration tank (VFA return is negligible since return flow is circa 1% of main flow); cEquation 3
where crude sewage (grab sample) was used instead of settled sewage; *Values obtained from Koh et
al. (2005).



Chapter 10 Results: Comparison of the behavior of EDCs in the STWs studied

_____________________________________________________________________

188

The removal efficiency of the biomass at the STWs studied has been evaluated by

activity i.e. milligram of alkylphenolic compounds removed per tonne of biomass.

The calculation was determined by taking the mass difference (Mdiff) of the settled

sewage and the final effluent in milligrams of APEOs and dividing it by the MLSS

concentration in tonne in the secondary tank.

The biomass activity per tonne of alkylphenolic compounds indicated that greater

removals were obtained for NP1-12EO and OP1-12EO in the STW2 in Summer at 84138

mg tonne-1 and 3580 mg tonne-1 respectively (Table 10.10). No biomass activity was

observed for NP1-2EO in STW4 (-220 mg tonne-1) compared to the rest of the STWs

(67-519 mg tonne-1). In contrast, higher activity was observed for OP1-2EO in STW4

(1079 mg tonne-1) compared to the rest of the STWs (13-236 mg tonne-1). Biomass

activity remained high for NP3-12EO for STW2 in Summer (83618 mg tonne-1) and

Winter (11948 mg tonne-1), and STW4 (11573 mg tonne-1) but not at STW3 at 4216

mg tonne-1. Similar biomass activity was observed for STW2 (Winter), STW3 and

STW4 between 1230 mg tonne-1 to 1460 mg tonne-1 but highest activity at STW2 in

Summer 3420 mg tonne-1 for OP3-12EO. Low or no biomass activity was observed for

NP1-3EC (-990 to -10 mg tonne-1) and OP1-3EC (-176 to 0.3 mg tonne-1). The highest

activity for NP was observed in STW4 (1312 mg tonne-1) and STW2 in Summer for

OP (138 mg tonne-1).
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Table 10.10. Removal of alkylphenolic compounds based on mg per tonne of
biomass (MLSS).

Alkylphenolic
compounds

Units
STW2

(Summer)*
STW2

(Winter)
STW3

(Summer)
STW4

(Winter)
QASP/BNR m3 d-1 12000 17200 44000 7.7
Volume m3 7379 7379 26171 2.5
MLSS g m3 2740 3282 4971 4520
Biomass in MLSS kg 20 24 130 0.01

NPEO
NP1EO mg tonne-1 23 263 71 -188
NP2EO mg tonne-1 497 -22 -4 -32
NP3EO mg tonne-1 4021 -28 -5 17
NP4EO mg tonne-1 7368 180 103 368
NP5EO mg tonne-1 2977 519 241 623
NP6EO mg tonne-1 6284 1715 653 1970
NP7EO mg tonne-1 9470 2120 736 2056
NP8EO mg tonne-1 14311 2114 716 1792
NP9EO mg tonne-1 13991 2039 676 1853
NP10EO mg tonne-1 12062 1609 534 1706
NP11EO mg tonne-1 7065 1112 366 805
NP12EO mg tonne-1 6069 569 196 382
NP3-12EO mg tonne-1 83618 11948 4216 11573
NP1-2EO mg tonne-1 519 241 67 -220
NP1-12EO mg tonne-1 84138 12189 4283 11341

OPEO
OP1EO mg tonne-1 33 -2 -2 1170
OP2EO mg tonne-1 127 15 238 -91
OP3EO mg tonne-1 236 81 140 196
OP4EO mg tonne-1 339 79 192 42
OP5EO mg tonne-1 369 57 105 117
OP6EO mg tonne-1 395 150 248 146
OP7EO mg tonne-1 397 276 310 161
OP8EO mg tonne-1 140 246 241 200
OP9EO mg tonne-1 507 181 130 173
OP10EO mg tonne-1 430 101 63 126
OP11EO mg tonne-1 367 33 18 71
OP12EO mg tonne-1 241 31 14 63
OP3-12EO mg tonne-1 3420 1236 1459 1295
OP1-2EO mg tonne-1 160 13 236 1079
OP1-12EO mg tonne-1 3580 1249 1695 2374

NPEC
NP1EC mg tonne-1 - -167 -125 -220
NP2EC mg tonne-1 - -611 -59 -736
NP3EC mg tonne-1 - -13 -10 -35
NP1-3EC mg tonne-1 - -791 -195 -990

OPEC
OP1EC mg tonne-1 - -49 -36 -56
OP2EC mg tonne-1 - -72 -4 -121
OP3EC mg tonne-1 - -0.2 0.03 0.3
OP1-3EC mg tonne-1 - -121 -40 -176

AP
NP mg tonne-1 115 -19 11 1312
OP mg tonne-1 138 -6 5 -69
*Values obtained from Koh et al. (2005).
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10.5 Statistical Analysis of EDCs Profile

10.5.1 Statistical evalution of the EDCs characteristics and concentrations entering

the STWs

The results in previous sections have established that the concentrations of the EDCs

in the effluent were similar but the removal efficiencies of most of the STWs were

“apparently” the same but in reality it was not so. This study has also shown that the

biological activity in the secondary treatment was vastly different for each STW. In

order to establish that the process of the STWs was indeed different and therefore rule

out the factor of organic loading (chemicals) into the STWs, statistical analysis was

performed. This statistical analysis is particularly significant for STWs where the flow

rate and population equivalent were similar.

Some exploratory analyses were performed on the EDCs profiles for each STW to

determine if they have a normal distribution prior to a decision to employ either a

parametric or non-parametric analysis to test the hypothesis. The research hypothesis

was:

Ho: The mass of EDCs entering the STWs was not different.

Ha: The mass of EDCs entering the STWs was different.

The Kolmogorov–Smirnov (K–S) and Shapiro–Wilk tests (SPSS version 15) were

used to compare and determine their normality in each STW (Field, 2005). The

standard level of significance used to justify a claim of a statistically significant effect

was set at 0.05 (alpha). Table 10.11 contains the results of both tests, K–S and

Shapiro–Wilk, which showed that they were not significant for all the STWs (D(16 or

8)≥0.95, p>0.05). A p-value of >0.05 showed that there was no statistically

significant difference in the distribution of EDCs entering the STWs hence the

assumption of normality was not violated.
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Table 10.11. Tests of normality.

STWs
Kolmogorov-Smirnova Shapiro-Wilk

Statistic df Sig. Statistic df Sig.
Mass of total
ESTs in settled
sewage

STW2 2004 .111 16 .200* .935 16 .296

STW2 2006 .134 16 .200* .957 16 .607

STW3 2006 .156 16 .200* .898 16 .074

STW4 2007 .250 8 .150 .889 8 .227

Mass of total
NPEOs in settled
sewage

STW2 2004 .157 16 .200* .930 16 .243

STW2 2006 .162 16 .200* .947 16 .450

STW3 2006 .185 16 .147 .925 16 .201

STW4 2007 .224 8 .200* .865 8 .134

Mass of total
OPEOs in settled
sewage

STW2 2004 .151 16 .200* .943 16 .385

STW2 2006 .174 16 .200* .960 16 .661

STW3 2006 .151 16 .200* .928 16 .230

STW4 2007 .205 8 .200* .897 8 .270
*This is a lower bound of the true significance.
aLilliefors Significance Correction

Levene’s test is an inferential statistic used to assess the equality of variance in

different samples. The assumption of homogeneity of variance (Table 10.12) was

violated, (F(3, 52) = [12.211, 15.756 and 17.744], p<0.01), and this was shown by the

fact that the significance of Levene’s test was less than 0.05. Since the resulting p-

value of Levene’s test was less than the critical value (0.05), the obtained differences

in the sample variances were unlikely to have occurred based on random sampling. It

can be concluded that there was a statistically significant difference between the

variances between the STWs.

Most of the STWs were normally distributed however they displayed heterogeneous

variances. These data violated one of the two important assumptions: they were

normally distributed, and the groups had heterogeneous variances. A non-deviation

from the normality signified that a parametric test could be used, because the

assumption of normality was tenable. However, a violation of the homogeneity of the

variances indicated that a non-parametric test would be more representative. Thus a

non-parametric test using Kruskal-Wallis test was employed to test the hypotheses of

interest.
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Table 10.12. Test of homogeneity of variance.

Levene
Statistic

df1 df2 Sig.

Mass of total ESTs in
settled sewage

Based on Mean 12.211 3 52 .000

Based on Median 11.540 3 52 .000

Based on Median and with
adjusted df 11.540 3 30.785 .000

Based on trimmed mean 12.130 3 52 .000

Mass of total NPEOs
in settled sewage

Based on Mean 15.756 3 52 .000

Based on Median 11.128 3 52 .000

Based on Median and with
adjusted df 11.128 3 26.938 .000

Based on trimmed mean 15.219 3 52 .000

Mass of total OPEOs
in settled sewage

Based on Mean 17.744 3 52 .000

Based on Median 17.680 3 52 .000

Based on Median and with
adjusted df 17.680 3 16.436 .000

Based on trimmed mean
17.623 3 52 .000

10.5.2 Kruskal-Wallis non-parametric test

SPSS output Table 10.13 shows the test statistic, H, for the Kruskal-Wallis test, with

its associated degrees of freedom (df=3), and the significance. Since the significance

value 0.167 was more than 0.05, therefore the conclusion was that the EDCs entering

the different STWs were not significantly different. The Monte Carlo estimate of

significance, which was slightly higher (0.169) also, demonstrated that there was no

significant difference. The confidence interval for significance; 0.160-0.179 showed

that the boundary did cross 0.05 thus assuming that this confidence interval was one

of the 99 out of 100 that contained the true value of the significance of the test

statistics, the true value was more than 0.05 thus giving us the confidence that the no

significant effect was genuine.
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Table 10.13. SPSS output for Kruskal-Wallis test statisticsb,c.

Settled sewage

ESTs (mg d-1) NPEOs (mg d-1) OPEOs (mg d-1)

Chi-Square 5.072 5.072 5.072

df 3 3 3

Asymp. Sig. .167 .167 .167

Monte
Carlo Sig.

Sig. .169a .169a .169a

99%
Confidence
Interval

.160 .160 .160 .160

.179 .179 .179 .179
aBased on 10000 sampled tables with starting seed 92208573.
bKruskal Wallis Test.
cGrouping Variable: STWs.

The observation from these statistical analysis demonstrated that the estrogens and

alkylphenolic compounds entering the various configurations of the STWs were

similar and not significantly different. This result also revealed that differences could

be narrowed down to the microbiology of the system and independent on the organic

loading into the STW.

10.6 The Impact of Primary Sedimentation

10.6.1 Impact of primary sedimentation on removal of steroidal estrogens

Settling tests were performed to determine if the physical process of sedimentation

would have an effect on the overall removal efficiency of the estrogens. Grab samples

of the crude sewages were analyzed each day for the duration of each sampling

campaign. Variable removal for individual estrogens was observed for each STW.

There was low removal (8-23%) for the majority of estrogens in STW2 crude sewage

(Table 10.14). Removal percentages (6-38%) were similar with or without the

addition of humus returns at STW2, hence there was little or no impact of humus

returns on the biological activity. Physico-chemical interaction may also play a role

for the variable removal percentages. Low removal or even negative removals for

most estrogens were observed at STW3 (-66 to 57%) and STW4 (-25 to 18%). Since

the relationship of the natural estrogens in this study is complex and intricately linked,

all estrogens were summed up (E1+E2+E3+E1-3S) to better understand their removal
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efficiency in the settling tests. In summary, low removal percentages (-7 to 11%) were

obtained for natural estrogens in the primary clarifier for all STWs.

Table 10.14. Removal efficiency (%) of estrogens from the primary treatment.

Steroidal estrogen

Removal and SD (%) from the primary treatment
STW2

(Winter)
STW3

(Summer)
STW4 (Summer)

Crude Crude+Humus (50%) Crude Crude
E1 9 ± 6 8 ± 8 -40 ± 26 -25 ± 54
E2 8 ± 7 6 ± 3 21 ± 12 -11 ± 19
E3 12 ± 13 18 ± 9 -66 ± 29 -1 ± 4
EE2 23 ± 1 38 ± 2 42 ± 7 -13 ± 8
E1-3S 12 ± 13 11 ± 11 57 ± 13 18 ± 27
E1+E2+E3+E1-3S 11 ± 8 12 ± 9 -7 ± 54 9 ± 26

10.6.2 Impact of primary sedimentation on removal of alkylphenolic compounds

Settling tests were also performed to determine if the physical process of

sedimentation would have an effect on the overall removal efficiency of the APEOs.

In the majority of the STWs, negative to low removal from the primary clarifier were

observed for NP1-12EO (-17 to 18%) and OP1-12EO (-23 to 28%) with the exception of

STW2 (with crude only). Table 10.15 exhibited variable removal capacity of NP1-3EC

(-6% to <28%) with removal possible in STW2-3 and a lesser extent in STW4.

Negative to low removal of OP1-3EC (-15% to 10%) was observed for all STWs

except STW3. Variable removal was also observed for alkylphenols NP and OP in all

STWs.

The addition of humus return 50% did not enhance the removal of the alkylphenolic

compounds (AP1-12EO). The variation was not significantly different for NP1-12EO

(18% and 6%), OP1-12EO (10% and 2%), NP1-3EC (26% and 28%) and OP1-3EC (-6%

and -15%). NP was not removed (-34%) when humus was mixed with crude sewage

therefore indicative of its formation or accumulation in STW2. Removals were

possible for NP (66%) and OP (68%) in STW3 however not for STW4. Negative

removal was observed for OP with (-65%) or without (-28%) humus with crude in

STW2. In summary, negative removal of APEOs was obtained for all STWs with the

exception of ∑NPEO (19%) and ∑OPEO (6%) at STW2 without humus addition.
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Table 10.15. Removal efficiency (%) of alkylphenolic compounds from the primary
treatment.

Alkylphenolic
compounds

Removal and SD (%) from the primary treatment
STW2 (Winter) STW3 (Summer) STW4 (Summer)

Crude Crude+Humus (50%) Crude Crude
NPEOs

NP1-12EO 18 ± 10 6 ± 29 -17 ± 10 -2 ± 7
NP1-3EC 26 ± 13 28 ± 45 25 ± 18 -6 ± 11
NP 50 ± 25 -34 ± 174 66 ± 19 -84 ± 119
∑NPEO 19 ± 25 -18 ± 162 -2 ± 82 -31 ± 30

OPEOs
OP1-12EO 10 ± 10 2 ± 22 -14 ± 17 -23 ± 18
OP1-3EC -6 ± 9 -15 ± 11 10 ± 22 -5 ± 15
OP -28 ± 139 -65 ± 133 68 ± 11 -285 ±516
∑OPEO 6 ± 33 -7 ± 60 -5 ± 43 -18 ± 29

Note: ∑NPEO=NP1-12EO+NP1-3EC+NP; ∑OPEO=OP1-12EO+NP1-3EC+NP.
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11 DISCUSSION

11.1 Analytical Methodology for Steroidal Estrogens

The determination of steroidal estrogens in sewage matrices was challenging and

labor intensive. This study developed an off-line sensitive and robust methodology

with multiple clean-up steps and quantification using deuterated internal standards.

Quality control and assurance by the use of low and high spikes, and matrix

evaluation were implemented for accurate determination of these chemicals at trace

concentrations.

Well separated chromatography was imperative to the determination of estrogens by

tandem MS/MS, enhancing their separation chromatographically was carefully

evaluated. Widely used organic mobile phases for the HPLC in steroid analysis such

as ACN and MeOH have been considered. Acetronitrile has previously been reported

to result in the co-elution of conjugates and free steroids (Gomes et al., 2005).

Methanol gave superior chromatographic resolution of the conjugates as well as

increased sensitivity compared to ACN. This is in agreement with other studies

(Gentili et al., 2002, Reddy et al., 2005, Tabak et al., 1981). Therefore methanol was

chosen as the organic mobile phase in this study. Sensitivity of LC/ESI(–)/MS/MS

determination has previously been reported to be improved by adding a strong base

such as NH4OH to the mobile phase (Gentili et al., 2002). It was thus necessary to

investigate if this was applicable to this methodology. A concentration range of up to

0.1% NH4OH was investigated in this study. An initial increase in the signal-to- noise

(S/N) ratio (5%) was observed when concentrations of less than 0.01% NH4OH were

added. The absolute abundance of ions for all compounds increased significantly

when using 0.1% NH4OH and this was incorporated into the mobile phase used for

the analysis of the steroid estrogens.

The steroid estrogen and conjugate steroids were analyzed by tandem MS/MS using

ESI– interface in the negative ion MRM mode. Studies have shown that a greater S/N

ratio when operated in ESI– mode led to a lower limit of detection (Ingrand et al.,

2003), as was observed in this study. Single ion transitions were monitored for all the
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analytes which were characteristic of the parent compounds. A second transition was

also monitored as confirmation (see Table 4.1).

Clean-up steps were undertaken to reduce co-eluting materials which would otherwise

have interfered with the determination of the estrogens. It was demonstrated that high

recoveries (>90%) could be obtained by employing a non-specific SPE method to

concentrate the analytes of interest from the complex wastewater matrix. Automated

high performance gel permeation chromatography clean-up gave high reproducibility

and high selectivity for the steroid compounds. The physiochemical nature of the

steroid estrogens (particularly the polar nature of E3 and E1-3S) proved to be a

challenge when applied to the PLgel column. PLgel is compatible with an extensive

range of organic solvents over the pH range 7-14. However, in order to maintain the

swelling of the resin, addition of polar solvents such as water at concentrations of

more than 10% by volume was not recommended by the manufacturer. In this study,

it was endeavoured to find a solvent mixture that dissolved both the nonpolar steroid

and the polar conjugate, and which also was compatible with the elution solvent used

on PLgel column. The results from these experiments indicated that a small volume of

<10% MeOH was essential. Poor recoveries were obtained when MeOH was absent

in the DCM mobile phase. When MeOH was present in a higher proportion than

DCM, the packing material within the PLgel column changed and affected the column

performance.

In the final (second) clean-up step, two commercially available SPE cartridges, tC18

and NH2, were evaluated to assess their ability to remove interferences and provide a

clean matrix for LC/MS/MS. Several solvent combinations were also tested. The tC18

was not effective as a clean-up step and hence high noise, ionisation suppression and

poor recoveries were observed. Recoveries of less than 43% and 38% were achieved

for the unconjugated steroids and conjugated E1-3S respectively. In contrast,

aminopropyl SPE gave good recoveries and little matrix interference; however, some

interference due to ion suppression was observed when both the conjugated and

unconjugated steroids were eluted simultaneously from the anion-exchange cartridge.

The stepwise wash with 10% EtOAc/hexane and the separate elution of the

hydrophilic conjugates and the hydrophobic unconjugated steroids reduced isobaric
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interferences and ion suppression, thus resulting in an increase in S/N ratio. These

observations concurred with observed by others (Reddy et al., 2005).

The extraction of estrogens in solid matrices (suspended solids and sewage sludge)

using EtOAc was used in this study. A recent review on the reported different

recovery values for the extraction step and the total analytical procedure for extraction

of estrogens on solid matrices (Kuster et al., 2004) showed that recoveries of >95%

using EtOAc of E2 and EE2 were possible from sediment (Ying and Kookana, 2003).

A similar recovery for 14C-labeled EE2 on sludge was 88% ± 17 (Ternes et al., 2002).

These extraction recovery values were within the range of the recovery values

between 90 to 100% obtained in this study. The subsequent clean-up step was adapted

(incorporating additional purification steps) using the dissolved phase methodology

(Figure 4.1) for this study.

The methodology described here obtained higher recovery of E1-3S in dissolved

phase compared to other studies; 10% settled sewage and 49% for effluent (Komori et

al., 2004); 89% settled sewage, 87% effluent and 93% for river water (Gentili et al.,

2002); 87% laboratory water and 97% for surface water (Isobe et al., 2003). The

method detection limit obtained was similar to that of Isobe et al. (2003) (one step

clean-up using Florisil) for E1, E1-3S and EE2 of 0.1 ng l-1, 0.1 ng l-1 and 0.2 ng l-1

respectively. An advantage of the method described here, however, is an improved

MDL for E2 and E3 of 0.3 ng l-1 and 1.5 ng l-1 respectively (Isobe et al., 2003). Other

published work has reported MDL for E1-3S of 0.16 ng l-1 (Reddy et al., 2005) and

0.2 ng l-1 (Gentili et al., 2002). Although similar MDL for E1-3S has been obtained

with methodology employing two clean-up steps, detection limits for non-conjugated

steroids were compromised (E1, E2, E3 and EE2 at 0.8 ng l-1, 0.5 ng l-1, 1.4 ng l-1 and

1.2 ng l-1 respectively) (Reddy et al., 2005). The procedure described here is thus

more robust in comparison to other methods that have included conjugated steroids

into their analysis with either a one or two step clean-up regime (Gentili et al., 2002,

Isobe et al., 2003, Komori et al., 2004, Reddy et al., 2005).

Steroidal estrogens at nanogram per litre levels are frequently detected in surface

water (Belfroid et al., 1999, Ternes et al., 1999b). However, available data are scarce

on their occurrence and transport in solid environmental samples such as the sewage
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sludge. The analysis of steroidal estrogens in solid environmental samples demands

the use of complicated, labor and time consuming analytical procedures because of

the complexity of the environmental matrices and the requirement for low detection

limits. Method recoveries obtained for the analytes understudy were 98%, 95% and

105% for E1, E2 and EE2 respectively in sludge. Similar recoveries were obtained

elsewhere for E1 (119%), E2 (83%), EE2 (113%) in activated sludge (Ternes et al.,

2002), although GC/ion trap MS/MS was used. The MDLs for the E1 in this study

was comparable with Ternes et al (2002) at 2 ng g-1. However, E2 (5 ng g-1) and EE2

(5 ng g-1) were lower than the reported MDL in their study (E2 and EE2 at 2 ng g-1).

Nevertheless, the developed method allow for quantification down to 2 ng g-1 for most

steroidal estrogens (extracting 0.1g) of estrogens including E1-3S (2.6 ng g-1) in

sludge. These low MDLs were possible due to the intensive clean-up steps and the

selectivity of MS/MS detection.

Ion suppression is commonly encountered in LC/MS/MS where the ESI– interface is

utilized (Gomes et al., 2005, Liang et al., 2003). This effect, if not well characterized,

may lead to erroneous quantification of an analyte of interest. Several analytical

approaches to reduce matrix interferences have been discussed elsewhere (Gomes et

al., 2004). In this study, a two-step clean-up procedure to reduce the impact of

interferences inherent in the wastewater matrices and deuterated standard compounds

has been utilized. Due to the complex composition of the sludge and suspended

materials, the reliability of the data was confirmed precisely using the ratio of spiked

standards in various matrices. At present, on-line extraction systems lack the

flexibility to incorporate such complex clean-up steps into their protocols (Rodriguez-

Mozaz et al., 2007) although they may incorporate the use of internal standards

(Salvador et al., 2007).

11.2 Analytical Methodology for Alkylphenolic Compounds

The determination of alkylphenolic compounds in sewage matrices undertaken in this

study included the AP1-12EO, carboxylated metabolites (AP1-3EC) and AP in sewage

matrices at trace concentrations. Recoveries from low and high spikes in various

matrices (settled sewage, final effluent and sludge) were evaluated and matrix effects

were determined. A recent review of analytical methodologies favored the use of
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LC/MS/(MS), which is more amenable to determination of more highly ethoxylated

oligomers compared to GC/MS/(MS) (Scrimshaw et al., 2004).

One difficulty in the analysis of APEO was identification of an appropriate mobile

phase additive to enhance fragmentation of the parent ion to daughter ion. Generally

with the use of ESI, APEO show a high affinity for alkali metal ions, resulting in the

formation of only adduct ions [M + Na]+ rather than the protonated molecules (Di

Corcia et al., 2000, Jonkers et al., 2001, Koh et al., 2005, Petrovic and Barcelo,

2001b). The problem with adduct ions is the decreasing affinity of APEO with

decreasing number of ethoxy units for alkaline ions, thus producing poor

fragmentation of the adduct ions. Many studies have used ammonium adducts for

easy fragmentation of the APEO irrespective of the number of ethoxy units (Cohen et

al., 2001, Houde et al., 2002, Jonkers et al., 2003, Loos et al., 2007, Loyo-Rosales et

al., 2007, Martinez et al., 2004, Takino et al., 2000). In this study, the replacement of

sodium adducts by ammonium adducts for MRM detection provided the low detection

limits required due to the easy fragmentation of the adduct ions in the collision energy

cell.

The sensitivity of the instrument for all alkylphenolic compounds ranged from 3 – 58

pg for AP, short chain APEO and APEC. IDLs for NPEO ranged from 0.2 to 13.4 pg

whilst for OPEO it ranged from 0.1 to 8.6 pg, which were within the range or lower

than another study performed by Loos et al. (2007) and Loyo-Rosales et al. (2007).

High sorption coefficients for lipophlic nonyl- and octyl-phenolic compounds (NP,

NP1-2EO, OP and OP1-2EO) strongly influenced their mass flows during sewage

treatment therefore adsorption of these compounds onto primary and secondary

sludge solids (RAS/WAS) should be determined. STW sludge (0.2g) was initially

extracted with various solvent combinations which include DCM, MeOH and acetone.

The combination of MeOH and acetone in 1:1 ratio gave a superior recovery, which

ranged from 80% to 100%. This was similar to those reported in another study which

obtained recoveries between 75% to 91% (Petrovic et al., 2002a). A silica SPE clean-

up step prior to instrument analysis was found to remove some matrix interference (7-

15%), which corroborated with other studies although silica gel columns were

employed (Bennett and Metcalfe, 2000, Lee and Peart, 1995).
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Recoveries for the dissolved phase were >82% for AP1-12EO in the low spiked (0.1 µg

l-1) and >79% for the high spikes (1 µg l-1) in various matrices (MQ H2O, settled

sewage and final effluent). These recovery values were lower than other reported

methods which obtained near 100% recovery for NP1-17EO (Houde et al., 2002).

Breakthrough volumes and sorbent capacity limitations of SPE cartridges have been

discussed elsewhere (Poole et al., 2000). It was found that when lower amounts of

sorbent (C18 <500mg) were employed, long chain NPEOs were found in the

breakthrough fraction (Nunez et al., 2007). There could be a breakthrough of the SPE

cartridge tC18, 3cc which accounted for the lower recovery value (~15% less) in the

high spikes compared to the low spikes, however this was not experimentally proven.

Breakthrough might be caused by competition of natural organic matter and other

compounds present in the sewage matrix or the limitation of the sorbent capacity to

capture all of the analytes (Yu et al., 2007). In a plain water matrix, the competition

may not be as pronounced and fewer breakthroughs may be observed (Yu et al., 2007),

nevertheless breakthrough may still exist in such a matrix, however in this study no

further tests were undertaken using other cartridges with higher capacities. NP1EC

was obtained at a higher recovery value of 73% in settled sewage and 94% in final

effluent, which demonstrated matrix effects, whereas others have only recovered

~50% in sewage effluent (Jahnke et al., 2004). Nonetheless, low RSD (2-10%) with

this analytical protocol were obtained which demonstrates precision in recovery

values. This study obtained recovery of >70% for NP in the settled sewage and in the

final effluent which is within or higher than the range obtained elsewhere (25%

(Jahnke et al., 2004) and 79% (Clara et al., 2005b)).

The comparison of MDL was restricted because of the number of different sample

matrices, the spectrum of analytes and the reported information on LODs and how

they were derived. For methods that allow the determination of selected APEO,

APEC and AP in aqueous samples, MDLs of the method presented here for

LC/MS/MS for the individual analytes are mostly lower and or in the same range as

those reported for other studies (Table 11.1).
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Table 11.1. Comparison of method detection limits with other publications.

Analyte MDL(this
study)

MDL(Jahnke
et al., 2004)a

MDL(Mira
Petrovic et
al., 2002)b

MDL(Rudel
et al., 1998)c

MDL(Loos
et al.,
2007)d

MDL(Houde
et al., 2002)e

MDL(Jonkers
et al., 2003)f

NP1EO 1.2 10 100 14.4 100 50 15
NP2EO 2.5 0.2 40 13 100 20 6
NP1EC 2.5 0.1 20 86.7 1 10 13
OP1EO 9.6 12 100 10 100 - -
OP2EO 5.1 0.1 40 3.3 100 - -
OP1EC 12 0.04 20 - 1 - -

NP 2.3 2.0 20 8.4 10 - 11
OP 6.9 4.0 20 6.1 5 - -

a, d, e[APEO + NH4]
+ adducts and [M – H]– ions (AP and APEC) monitored using LC/ESI/MS/MS.

b, f[APEO + NH4]
+ adducts and [M – H]– ions (AP and APEC) monitored using LC/ESI/MS.

cGC/MS after derivatization.

The method recovery for sludge samples was on par with or slightly lower for NP1-

12EO and OP1-12EO which averaged 76% and 73% compared to a study performed on

NP3-15EO (78%) and OP3-15EO (80%) (Petrovic et al., 2001). Nonylphenol was similar

in recovery for this study of 70% and 73% from another study (Petrovic et al., 2001).

In contrast, lower recovery was observed in this study for OP which was 63% in

comparison to 75% (Petrovic et al., 2001). Higher recovery values were obtained in

this study for the carboxylated species at 72% and 73% compared to 61% and 65%

for NP1EC and OP1EC respectively in Petrovic et al. (2001a). The MDL for sludge is

slightly higher for NP and NP1EC in this study at 11 (RSD=5%) and 12 (RSD=2%)

respectively than elsewhere (NP=0.5 and NP1EC=1.5) (Petrovic et al., 2003a). Even

though the MDL obtained in this study is ~8-20% higher than MDL for most of the

compounds elsewhere (Petrovic et al., 2003a), low RSD 5% and 2% were obtained.

A problem when analyzing APEOs and their degradation products by MS is

suppression of the analyte signal in wastewater samples (Petrovic and Barcelo, 2002).

Such samples usually contain high concentrations of co-eluting compounds, thus

resulting in a decrease in the relative contribution of the analyte to the total ion

current. As a result, LC/MS/MS signals of standard samples, usually prepared in pure

solvent, can be drastically different from those samples with an environmental matrix

(Petrovic and Barcelo, 2002). The overall method recoveries decreased by upto 20%

for the high spiked compared to the low spiked sample, thus showing some matrix

interferences. These effects caused by decreased in signal suppression of up to 8-14%

in the AP1-12EO (dissolved phase) and greater matrix effects in the settle sewage at
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12-24% compared to the final effluent at 8-11% (dissolved phase). Significantly

higher matrix interference was observed for solid samples of up to 27% in sewage

sludge for AP1-12EO and up to 24% for settled sewage for AP1-2EC and APs. The

matrix effect can be reduced by a careful and selective extraction procedure and

sample clean-up and the addition of mobile phase additives (Petrovic and Barcelo,

2001a). These initiatives such as those mentioned above as well as smaller injection

volume (10µl), longer analysis time (~50 min) and a well separated chromatography,

were carefully incorporated in this study to counteract these effects with a study in the

influence of matrix effects on the quantitation of these chemicals.

11.3 Fate and Behavior of EDCs in the STWs

Statistical confidence of data

Sewage samples were obtained from four STWs with different biological treatment

processes (2004 to 2007): STW1, a TF; STW2, a nitrifying/denitrifying ASP; STW3,

a nitrifying/denitrifying/P-removal BNR; and STW4, a nitrifying pilot-scale ASP. A

one day sampling was performed at STW1 with n=3 (duplicates) of samples obtained

from the settled sewage and final effluent each in January 2007 and March 2007. Four

full-scale 5 days sampling campaigns were carried out firstly at STW2 in June 2004;

secondly at STW2 in March 2006; thirdly at STW3 in July 2006; and finally at STW4

in September 2007 with samples being taken at 4-5 sampling points every 3 to 5 hours

over a period of more than 96 hours. The samples were crude sewage (n=3-4), post

primary settled sewage (n=8-16) leading to the ASP/BNR, the RAS/WAS (n=3-4), the

returned primary sludge treatment with VFA at STW3 (n=4), returned liquors

(centrate and sludge) at STW4 (n=4) and the final effluent post ASP/BNR (n=8-16).

Quality control was performed by obtaining duplicates for each sampling point

performed twice, on alternate days, during the sampling periods (refer to section 3.5

for additional information).

11.3.1 Behavior of EDCs in laboratory settling tests

Settling tests performed to simulate the primary sedimentation showed that the

physical process of the primary clarifier affect the overall removal of natural (-7% to

11%) and synthetic estrogens (-13% to 42%). These results suggested that the primary

sedimentation, which is a physical process, was not an effective process for estrogen
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removal (see section 10.6.1). Although biological activity does occur, it was not

enhanced. This observation is consistent with other studies which have also reported

variable but mostly negative removals (E1 at -28.6% and E2 at -1%) in primary

clarifiers (Servos et al., 2005) and in some studies, estrogen activity based on in vitro

assays actually increased (Kirk et al., 2002, Matsui et al., 2000, Ternes et al., 1999a).

It was possible that other conjugates such as glucuronides, which are the principal

excreted metabolites, are cleaved to give unconjugated estrogens in the primary

sedimentation (Andersen et al., 2003) but were not determined in this study. These

conjugates could account for the variability in the crude sewages.

At STW2, a substantial quantity of humus sludge is returned to the head of the works

for co-settlement. It was previously hypothesized that these (crude and humus sludge)

convert the primary sedimentation tanks into facultative anaerobic reactors (Gomes,

2006). An additional settling test was performed to test this hypothesis. However,

removal of estrogens with (12%) or without (11%) the humus return with crude at

STW2 did not enhance the removal efficiency (Table 10.14) which was contrary to

the postulation made by Gomes (2006).

Results from settling tests for alkylphenolic compounds showed that the addition of

humus to the crude sample at STW2 did not enhance removal of alkylphenolic

compounds, which was similar to the results obtained for steroid estrogens. These

alkylphenolic compounds showed variable removal capacity in the primary

sedimentation for most AP1-12EOs in all the STWs (Table 10.15). The removal of

alkylphenolic intermediate product NP1-3EC occurred in STW2 (26% ± 13) and

STW3 (25% ± 18) but to a lesser extent in STW4 (-6% ± 11). Removal of OP and NP

displayed similar trends in all STWs with the exception of NP at STW2 in Winter

where removal (50% ± 25) was observed. This removal of NP was also reflected

elsewhere in another study (Jiang et al., 2005) which showed some removal (<20%)

in the primary clarifier. This demonstrates that some biological activity on APEO was

still evident during the 3 or 4 hour settling test as observed by others (Lee et al., 1998).

Therefore STW with only primary treatment will be less efficient (also showing

variability) than secondary treatment processes for the removal of APEOs (Bennie et

al., 1998) and estrogens (Jiang et al., 2005).
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11.3.2 Occurrence of steroid estrogens in the settled sewage

Concentrations of the individual estrogens varied for different STWs. However on

average, E3 and E1 were higher in concentration in the settled sewage compared to

the rest of the estrogens (Figure 11.1). The concentrations for E3 and E1 (E3>E1)

were detected at circa 70 ng l-1 and 50 ng l-1 respectively. Another study also found

concentration of E1 (median 24 ng l-1) lower compared to E3 (median 110 ng l-1) in

the influent of 20 Japanese STWs (Komori et al., 2004). The concentration of E3 in

the European STWs also varied in the influent as E3 ranged between 2 to 120 ng l-1

compared to 3 – 100 ng l-1 for E1 (Johnson et al., 2000) and an average 80 ng l-1 for

E3 in 6 Italian STW (Baronti et al., 2000). However further explanations were not

given in these publications to the phenomenon behind the higher concentration of E3

(>E1) in the influent. Probable reasons for the high levels were the deconjugation of

E3-sulphate and/or glucuronide and excretion of E3 in pregnant women (Xiao and

McCalley, 2000). Other possible explanations to the higher levels of E3 in the influent

were the presence of enzymes in the microflora of the fecal material and biofilm in

the sewerage system which allowed the biotransformation of E2 and E1 to E3

(D'Ascenzo et al., 2003). This was demonstrated by the longer transit time in the

sewerage system in STW2 (13h) compared to STW3 (6h).

The natural estrogen E2 has the greatest potency of the endocrine disrupters, bar EE2,

and is 2.3-3.2 times more potent than E1 in vivo test in fish (Thorpe et al., 2003).

Many studies reported concentrations of E2 in the influent between <0.3 and 224 ng

l-1 (Table 2.8). In comparison to these reported values, this study observed a

concentration of circa 20 ng l-1 for E2 on average in the settled sewage, which is

within the range of the predicted E2 influent concentration between 5 – 44 ng l-1

reported elsewhere (Johnson et al., 2000). This is within the range of 5-10 times of the

level of EE2 in other STWs (Johnson et al., 2000, Ternes et al., 1999b).

According to one study, up to 80% of EE2 digested is excreted as unmetabolized

conjugates (Ranney, 1977), rather than the 26% suggested by another author (Reed et

al., 1972). Concentrations of <0.3 to 5.9 ng l-1 were therefore expected for EE2 in the

influents of municipal STWs (De Mes et al., 2005). EE2 is difficult to analyze since

the concentrations are very close to the limit of detection and predictions for this

estrogen are particularly sensitive to assumptions on the number of people taking the
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oral contraceptive (Johnson et al., 2000). The concentration of EE2 accounted for less

than 3 ng l-1 in the settled sewage of the STWs in this study, which was intermediate

between those found in German (1.4 ng l-1) and Brazilian (6 ng l-1) STW influents

(Ternes et al., 1999b). This was also within the range of concentration for EE2 with

other studies which showed a large variation in the actual sewage influent between the

detection limit of <0.5 ng l-1 to 10 ng l-1 (average 5 ng l-1) (Johnson et al., 2000).

Estrone is excreted as sulphate rather than glucuronide conjugate in urine from

pregnant women (Andreolini et al., 1987). The concentration of steroid conjugate E1-

3S was found at circa 10 ng l-1 on average in the settled sewage (Figure 11.1). The

conjugate was also detected at such level in the influent in other studies (D'Ascenzo et

al., 2003, Hu et al., 2007). Although it is not estrogenic, an important ramification to

the detection of this conjugated estrogen in the settled sewage is its ability to

deconjugate during the STW treatment process and subsequently contributing to the

overall estrogenicity of the effluent to the aquatic environment as unconjugated E1.
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Figure 11.1. Concentration of the steroidal estrogens (dissolved and adsorbed) in ng l-1 across the STWs.
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11.3.3 Occurrence of APEOs in the settled sewage

Concentrations of the individual alkylphenolic compounds also varied for different

STWs in the settled sewage (Figure 11.2). The concentrations of APEO and their

degradation products reported here were slightly lower or within the concentration

ranges reported for the same analytes in STW of other countries (Ying et al., 2002b).

However direct comparisons were not possible since many confounding variables

were present such as the differing treatment processes, source of input (domestic or

industrial) and population size.

A noticeable difference was that the concentrations of APEOs were higher (a

magnitude higher) in the year 2004 (STW2) compared to the rest of the sampling

campaigns (Figure 11.2). This trend was also reported in the media documenting the

obsolete use of APEO in domestic products with the exception in some industrial

detergents and pesticides (Sarah, 2006). Several countries in the Western Europe have

also reduced the usage of APEO either through voluntary replacement or by legal

regulations (Voutsa et al., 2006).

On average, long chain AP3-12EO were higher in concentration (NP3-12EO ~25 µg l-1

average, OP3-12EO ~5 µg l-1 excluding STW2 2004) compared to the short chain AP1-

2EO of the alkylphenolic metabolites in the settled sewage (AP1-2EO ~1 µg l-1

excluding STW2 2004) (Figure 11.2). This demonstrated that the APEOs were readily

degradable and have been biotransformed and/or biodegraded (to short chain AP1-2EO,

AP1-3EC or AP) in the sewer prior to entry in to the STWs in agreement with other

studies (Gonzalez et al., 2007b, Isobe and Takada, 2004, Melcer et al., 2006). Long

chain NP3-12EO was detected at approximately 160 µg l-1 compared to the octyl-

analogues at 25 µg l-1 in the settled sewage during the Summer 2004 compared to

Winter 2006 (NP3-12EO=18 µg l-1, OP3-12EO=2 µg l-1). The concentrations of the

nonylphenol derivatives (NP3-12EO) are an order of a magnitude greater than those of

the octylphenol analogues as a consequence because 80 – 90% of the APEO produced

worldwide being NPEO whilst the remaining part consists of OPEO (Gunther et al.,

2001, Renner, 1997).
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Low concentrations of AP1-3EC and AP (<3 µg l-1 for both) were found in the settled

sewage. Most of the carboxylated metabolites which were observed at low

concentration in the settled sewage (NP1-3EC<1 µg l-1, OP1-3EC<0.2 µg l-1) increased

in concentration in the final effluent due to their formation in the secondary treatment,

which corrobated with the findings in another study (Isobe and Takada, 2004). The

percentage difference between NPEC and OPEC found in this study is in agreement

with previous studies which have reported that NPnEC (~60%) formed a bigger

percentage than OPnEC (~10%) in the STW (Ahel et al., 1994b). Under anaerobic

conditions AP are thought to be the final products (Montgomery-Brown and Reinhard,

2003). Some NP (<0.5 to 3.8 µg l-1) and OP (<0.1 to 0.2 µg l-1) were found in the

settled sewage which indicated the septicity of the sewerage system.
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Figure 11.2. Concentration of APEOs (dissolved and adsorbed) in µg l-1 across the STWs.
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11.4 The Impact of Recycling/returns

11.4.1 Steroidal estrogens

The concentration of estrogens in the RAS and return liquors/VFA were not

significantly high (<0.7 g d-1) for most estrogens when their masses were considered

(Figures 7.5, 8.7, 8.8 and 9.5). This value was less than 2.3 g d-1 (E1 and E2 combined)

reported elsewhere where flow of return sludge was 0.1% of the total flow into the

ASP (Andersen et al., 2003). E1, E2 and E3 were present at a higher or comparable

concentration (without flow) in the VFA drum thickener return (average E1=48 ng l-1,

E2=33 ng l-1 and E3=43 ng l-1) compared to the settled sewage (average E1=59 ng l-1,

E2=22 ng l-1 and E3=34 ng l-1) in STW3. This may be due to the inclusion of

dewatered primary sludge and imported sludge that had been added into the VFA

return liquors which were fed into the anaerobic zone of the BNR. However, the flow

of the return liquors was less than 1% of the main flow, the mass of the estrogens

were significantly less (∑EST=67 mg d-1) compared to the settled sewage

(∑EST=5508 mg d-1) and therefore do not affect the overall removal efficacy of the

biological systems.

11.4.2 Alkylphenolic compounds

The concentration of alkylphenolic compounds varied in the RAS and return

liquors/VFA. However, in the majority of the STWs, they will not affect the removal

efficiency for these chemicals with the exception of the significant amount of AP1-

2EC, OP1EO, NP and OP in the RAS of STW3 (section 9.4) and STW4 (section 7.4).

Since most of these chemicals, due to their physiochemical properties, may

preferentially bind to the sludge and particulates, removal of these solids will improve

the removal efficiency for the compounds (Esperanza et al., 2004, Isobe et al., 2001).

The implication of this finding is that sedimentation will result in the accumulation of

the non-polar hydrophobic AP and short chain APEO in sludge and have further

repercussion for sludge disposal routes (Langford et al., 2005b). The carboxylated

products (AP1-3EC) were present in relatively high concentrations in the STW

effluents (NP1-3EC<0.01-53 g d-1, OP1-3EC<0.01-11 g d-1) and also the RAS (Figures

9.6 and 9.7) probably due to recirculation of the system hence they could be expected

to exist in the river and not efficiently removed during wastewater treatment (Ying et

al., 2002b).
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11.5 Partitioning of EDCs in the STWs

11.5.1 Steroidal estrogens

The partitioning of the estrogens was evaluated based on the determination of the

compounds in the adsorbed phase of the samples against the total concentration

(dissolved and adsorbed). Ambiguity exists on the removal processes mechanism of

steroid hormones. Johnson et al. (2000) could not determine whether biodegradation

or sorption was the most important removal mechanism of these estrogens, although

other authors have implicated that E2 is adsorbed whilst E1 is biodegraded (Johnson

et al., 2000). A mass balance study in a Germany STW demonstrated that most of the

estrogenic activity in the wastewater was biodegraded during treatment rather than

adsorbed onto suspended solids (Andersen et al., 2003). Quantitative measurement

with a miniaturized E-screen assay in EEq revealed that there were 58 and 70 ng l-1 in

the influent and 6 ng l-1 in the effluent, indicating that the load of estrogenic activity

of the wastewater was reduced by about 90% in the sewage plant, <3% of the

estrogenic activity was found in the sludge and only circa 5% of the estrogens existed

in the sewage sludge (Andersen et al., 2003). In general, most STWs in this study

demonstrate that circa 30% of E1, E2 and EE2 will associate preferentially to the

solid materials, however a lesser extent for hydrophilic E3 and E1-3S (~10%). This is

in agreement with Furhacker et al. (1999) who used radiolabelled E2 to study the

estrogen fate in the STW (Furhacker et al., 1999) and found that at low concentrations,

the majority of the radiolabelled E2 remained in the liquid phase and did not adsorb to

the solids.

11.5.2 Alkylphenolic compounds

The partitioning of the alkylphenolic compounds was also evaluated based on the

determination of the compounds in the adsorbed phase of the samples against the total

organic load (dissolved and adsorbed). Studies have shown that, due to their affinity

for organic matter, the short chain APEOs and AP will bind to particulate matter

(Ahel and Giger, 1993a, Ahel and Giger, 1993b), as exemplified in this study where

most STWs demonstrate >50% of short chain AP1-2EO and AP will associate

preferentially to the solid materials, however a lesser extent for hydrophilic long chain

AP3-12EO (~10%).
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11.6 Influence of Process Type and Seasonal Variation on EDCs Removal

11.6.1 Removal efficiency of steroidal estrogens

TF vs. ASP vs. BNR

In general, high removal of estrogens (∑ESTs >92%) was achieved for most STWs 

with the exception of the trickling filter process with only 79%. This suggested that

the trickling filter is not a good secondary treatment process type compared to other

secondary treatment process such as ASP or BNR (Servos et al., 2005, Spengler et al.,

2001, Svenson et al., 2003, Ternes et al., 1999b). The range of removal percentage of

estrogens were 60–98% and 78–99% for the BNR and ASP plant (secondary

treatment) respectively, which implied that using BNR was equally as effective as an

ASP. This result does support the hypothesis that the varied environmental conditions

with respect to redox (aerobic, anaerobic and anoxic) present in the BNR provide a

more diverse bacterial community with more complex biochemistry which can

potentially render these compounds more vulnerable to biodegradation (Joss et al.,

2004).

The synthetic estrogen, EE2, was the least removed compared to other estrogens

although removals of up to 78% could be achieved at STW4 (high MLSS and DO)

which was similar to a study that obtained removals between 77-98% (Johnson et al.,

2000), but less in a Brazilian STW (ASP and TF) of 64-78% (Ternes et al., 1999b).

The low removal of EE2 at 25% (in the secondary treatment process) demonstrated

that the fixed film technology employing trickling filter process was the least effective

in the removal of this compound. The BNR configuration was only able to remove

EE2 at 60%, which translates to almost half of the analyte that entered the STW will

not be effectively removed by this process, which also corroborated with the

hypothesis that the synthetic estrogen is able to withstand the processes of the STWs

(Turan, 1995). Negative removal (-4%) was observed for the sulphate conjugate,

which could be due to the TF treatment process and/or the influence of temperature

(~12°C) as seen in the STW2 also in Winter (60%). It was also likely that

arylsulphatase enzymes were inadequately present in the biological systems (Nakada

et al., 2006b).
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Temperature

Environmental condition such as temperature have an important effect on the

selection, survival and growth of micro-organisms (Metcalf and Eddy, 2003). In

general, the optimal growth for a particular micro-organism, hence the production of

enzymes, occurs wthin a fairly narrow range of temperature. The comparison of

STW2 (2004 and 2006) between seasons demonstrated that overall temperature

change (ambient and sewage) may not have an effect on the removal capabilities for

most steroidal estrogens, possibly due to the acclimated micro-organisms to the

unconjugated estrogens, with the exception of E1-3S which were ~20% lower in the

Winter (59%±6) compared to Summer (78%±4). This is also demonstrated in other

studies which found little correlation between temperature and removal efficiency (e.g.

E2) (Johnson et al., 2005, Johnson et al., 2000, Onda et al., 2003). It may be possible

that long term studies are necessary to establish if this phenonmenon is common in

other STWs, since this study only monitored this particular STW for less than a week

at each sampling campaigns in Summer and Winter.

It could be postulated that the activity of the arylsulphatase responsible for the

deconjugation of E1-3S in the sewage was affected by temperature. Arylsulphatase is

the enzyme involved in the hydrolysis of arylsulphate esters by fission of the oxygen-

sulphur (O-S) bond. The presence of this enzyme may be an indirect indicator of

fungi, as only fungi (not bacteria) contain ester sulphate, the substrate of arylsulphate

(Bandick and Dick, 1999). However, the presence of fungi in the activated sludge

process is less abundant compared to bacteria, therefore indicative of the scarcity of

this enzyme. Nonetheless, evidence has shown that arylsulphatases do exist in a

limited genera of gram-negative bacteria (Beil et al., 1995, Byun et al., 2004)

therefore demonstrating some, though limited, deconjugation of E1-3S. This enzyme

is believed to be involved in the mineralization of ester sulphate in soils (Tabatabai,

1994), where optimum temperature for activity was 57°C (Elsgaard and Vinther,

2004). Hence a decrease in temperature (during Winter) affected the enzyme activity,

and the limited amount of arylsulphatase present, could possibly explain the low

removal capacity of E1-3S in STW2 (Winter).
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Nitrification and estrogen removal

Dissolved oxygen is required for the respiration of aerobic micro-organisms. Fully

nitrifying activated sludge plants, STW2-4, were shown to degrade these compounds,

possibly by the co-metabolism of ammonia oxidizing bacteria, which may dominate

these nitrifying plants. The highest removal for these estrogens was found in the ASP

STW4, where 97% of total estrogens were observed to be removed from the

secondary treatment unit. Laboratory experiments by Ren et al. (2007) demonstrated

that at 4°C, hence independent of temperature, degradation of estrogens was

associated with the co-metabolism of the ammonia oxidizing bacteria in nitrifying

activated sludge (Ren et al., 2007). The better the nitrification, the more rapid the

degradation of E1, E2 and EE2, while E3 was mainly dependent on the activity of

heterotrophic bacteria, which explained its rapid degradation in the ASP as most of

these bacteria reside in.

11.6.2 Removal efficiency of alkylphenolic compounds

TF vs. ASP vs. BNR

Aerobic and anaerobic biotransformation pathways of APEO are initiated by the

sequential cleaving of ethoxylate units (Ahel et al., 1994b, Langford et al., 2005a,

Ying et al., 2002b). Under aerobic conditions, the resulting metabolites are AP, mono-

and diethoxylates (AP1EO, AP2EO), and the more hydrophilic mono- and

dicarboxylates (AP1EC, AP2EC) (Ahel et al., 1994b). The transformation under

anaerobic conditions results in the production of AP1EO, AP2EO and finally AP.

Lower removals of 59% and 76% were observed for NP3-12EO and OP3-12EO

respectively for STW1, similar to two other studies: 68 – 77% (Gerike, 1987) and

circa 75% (Brown et al., 1987), who respectively suggested that this trickling filter

works has the appropriate micro-organisms to degrade the longer chain ethoxylates. A

moderate removal of >68% for AP3-12EO was shown for the rest of the STWs (2-4).

Variable removal percentages of short chain hydrophobic NP1-2EO was observed for

all the STWs, ranging from -220% to 77%. Similarly, OP1-2EO displayed a wide

ranging removal percentage from -125% to 98%. The ultimate biodegradation of these

metabolites (short chain AP1-2EO) occurs more slowly, due to the presence of the

benzene ring and their limited water solubility (Birkett, 2003).
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Most of the hydrophilic carboxylates, in this study, were not removed and

accumulated highest in the TF without removal at -2359% for NP1-3EC and -375% for

OP1-3EC, as confirmed by another author’s findings (Lee and Peart, 1998b). This

suggests the lack of appropriate micro-organisms to degrade these carboxylated

species and lower chain ethoxylates (NP1-2EO=17%, OP1-2EO= -19%) and/or that

insufficient contact time results in the accumulation of the short chain compounds. In

general, the higher the organic and hydraulic loading of the trickling filter, the lower

the treatment efficiency (Moharikar et al., 2005). Thus depending on this loading, the

microbial population varies with time.

Temperature

Many studies have showed that APEOs degradation declined at low temperatures

(<12°C) (Maguire, 1999). The comparison of the ASP STW2 (2004 and 2006)

between seasons demonstrated that overall temperature change (ambient and sewage)

was in agreement with these studies, which showed an effect on the removal

capabilities for most short chain AP1-2EO and AP; and the accumulation of AP1-3EC

but a lesser extent for the overall removal of AP3-12EO (>83%) during the two seasons

(Table 10.9). Unfortunately, the carboxylated metabolites were not measured in

STW2 in the Summer. It is likely that formation of these compounds will be detected

in STW2 in Summer in the ASP. Carboxylated compounds NP1-3EC increased by

157% in the ASP and 336% from the crude sewage to the final effluent in STW2 in

2006 Winter sampling, demonstrating that almost half were removed in the primary

clarifier despite the cold season. Similar trend was also observed for OP1-3EC, where

they increased 240% in the ASP and 640% from the crude sewage to the final effluent

(STW2 2006). This ~2-fold removal in the primary sedimentation tank of STW2

signified that some biological activity existed, though not enhanced, which was also

confirmed in the settling test (section 11.3.1; Table 10.15). Therefore temperature can

affect the biodegradation of some of the alkylphenolic compounds but in effect may

not be the only contributing factor to their removal process (Ying et al., 2002b).

NP and OP persistence

Nonylphenol was removed in the Summer in STW2 (30%), however not in the same

ASP in the Winter. The removal of NP was observed in all the STWs (11-50% in the

secondary treatment) with the exception of STW2 in the Winter (secondary treatment
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-12%) (Table 10.9). Removal of OP varied with its removal highest in the STW2

2004 (secondary treatment 90%) and the least in STW4 (secondary treatment -89%).

The STW2 in 2004 (overall removal 68-94%) and STW3 in 2006 (overall removal

74-87%), both in the Summer, were the only STWs able to remove both of these APs.

It was expected that STW4 (due to the high MLSS and high DO) would be able to

remove APs better than STW2 and STW3. However, STW4 was only able to remove

NP (50%) more efficiently than STW2 (30%) and STW3 (11%) but not OP (-89%)

compared to STW2 (90%) and STW3 (46%). This demonstrated that the removal of

AP varied and may depend on the biological activity and season of these

anthropogenic chemicals in the biological treatment process (Esperanza et al., 2004,

Isobe et al., 2001, John et al., 2000, Tanghe et al., 1998).

Nitrification and APEO removal

A study performed on alkylphenol in low concentration range (microgram per litre)

revealed that their removal was more complete in low loaded plants than in high

loaded plants, and it has been generally believed that nitrifying plants show better

removal efficiency than non-nitrifying plant (Giger et al., 1987). As demonstrated in

this study in STW2-4, high removal efficiencies were obtained for NP1-12EO (73-

96%). Slightly lower variable removal efficiency (32-96%) was observed for OP1-

12EO, due to the higher concentration of short chain OP1-2EO (overall removal -125%

to 98%), as well as lower removal efficacy of all STWs for these compounds. Since

ammonia oxidizing bacteria are generally inactive at high organic loading rate (Ren et

al., 2007), possibly due to the high OP1EO detected in the settled sewage (40 mg d-1

in crude sewage). Thus higher concentration of OP1EO was detected in the final

effluent of STW4 (refer to Figure 7.7). The organic loading of the octylphenol

analogue might be a key parameter that might influence the specifically OPEO

removal via the co-metabolism of ammonia oxidizing bacteria in activated sludge

system.

11.7 Concentrations of EDCs in Final Effluent and their Respective PNECs

11.7.1 Steroidal estrogens in final effluent and their PNEC values

The concentration of E1 in the final effluent ranged from 0.8 to 5.5 ng l-1 (STW1-4) in

this study (Table 11.2), which is in agreement with concentration obtained in other
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countries: in Italy 9.3 ng l-1 (Baronti et al., 2000); in the Netherlands 4.5 ng l-1

(Belfroid et al., 1999); and in Canada 3 ng l-1 (Ternes et al., 1999b). Similar E2

concentrations (0.2-1.1 ng l-1) in the effluent were also found in other studies at 1 ng

l-1 (Baronti et al., 2000) but lower than 5 ng l-1 (Desbrow et al., 1998), which could be

due to the different analytical methodology where the authors used an in vitro assay.

The STW1 did not meet the proposed PNEC value for all estrogens, with the

exception of E2, and had achieved an EEq of 11.7 ng l-1 which is ~12x more than the

requirement of <1. Similarly STW3 fell below the proposed requirement in all the

compounds, whilst STW2 (2004 and 2006) was within the PNEC value for E2 and

EE2. Only the STW4 did not meet the proposed PNEC for EE2 (0.4 ng l-1). The

combined PNEC value of <1 EEq (Equation 5) was not achieved for any STWs,

hence all the STW sites will potentially not meet the EA’s requirement. However,

caution has to be taken since the approach described here cannot be used under

present circumstances due to the current inability to measure EE2 at the PNEC value

with confidence (i.e. EE2 concentrations could not be measured at <0.2 ng l-1 due to

the current analytical detection limits), which is a concern also reflected by EA. It is

likely that aquatic life near the STW discharge point will be affected by the mixture

effect of the estrogens as observed by others (Desbrow et al., 1998). However, further

downstream from the STW effluent discharge, due to dilution, it is highly unlikely

that the feminization effect on fish will occur (Jobling et al., 1998, Purdom et al.,

1994).

Table 11.2. Concentration of estrogens in the final effluents of the investigated
plants (ng l-1) and their E2 equivalent values.

Steroidal
estrogens

Concentration (ng l-1)
STW1
2007

STW2
2004

STW2
2006

STW3
2006

STW4
2007

PNEC*

E1 3.0 5.1 4.3 5.5 0.8 3
E2 0.7 0.4 0.4 1.1 0.2 1
E3 1.0 0.5 0.4 0.3 0.8 -
EE2 1.0 0.1 0.1 0.2 0.4 0.1
E1-3S 12 3.1 7.7 0.8 0.6 -
EEq 11.7 3.1 2.8 4.9 4.5 <1
*Environment Agency (2002).

11.7.2 Alkylphenolic compounds in final effluent and their PNEC values

Levels of NP in the final effluent at STW1, STW2 (Summer), STW2 (Winter), STW3

and STW4 were 28 ng l–1, 388 ng l–1, 44 ng l–1, 55 ng l–1 and 426 ng l–1 respectively
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(Table 11.3), which is in agreement with another study 50-300 ng l-1 (Ahel et al.,

2000b) but lower than the median value of 1649 ng l-1 (Lagana et al., 2004). Only

STW2 in Summer and STW4 were discharging NP beyond the PNEC limit of 330 ng

l–1, while the rest of the STWs were well below the PNEC value. The high level of NP

in the effluent of STW4 was probably due to the high organic loading of NP in the

settled sewage as well as the return liquors, as explained in section 11.6.2. Levels of

OP in the final effluent at STW1, STW2 Summer, STW2 Winter, STW3 and ASP

STW4 are 9 ng l–1, 23 ng l–1, <MDL, 6 ng l–1 and 203 ng l–1 respectively. Only the

STW4 was discharging OP beyond the PNEC limit of 122 ng l–1, while the rest of the

STWs were well below the discharge consent. It is possible that STW4 was less

efficient in removal of these alkylphenols, whereby a fairly large amount of return

liquors were introduced into the system. Furthermore the contact time could be

insufficient for these compounds to degrade, since most would sorb to the colloidal or

particulate materials. An acclimated biological system was demonstrated to degrade

these chemicals to a level where they are below the PNEC limit, however, this STW4

was fairly small in comparison to other STWs therefore organic load of OP (probably

transformation of OP1EO to OP) to the system may appear to affect the removal

efficiency of the STW as explained in section 11.6.2. It is unlikely that exposure to

these STWs’ effluents will cause an effect to the aquatic life downstream in the river,

since most were discharging the APs well below the PNEC level.

Table 11.3. Concentration of alkylphenolic compounds in the final effluents of the
investigated plants (ng l-1) and the acceptable discharge levels.

Alkylphenolic
compounds

Concentration (ng l-1)
STW1
2007

STW2
2004

STW2
2006

STW3
2006

STW4
2007

PNEC

NP 28 388 44 55 426 330a

OP 9 23 <MDL 6 203 122b

aEuropean Commission, (2002); bBrooks et al., (2003).

11.8 Removal Efficiency of Estrogen Based on Biomass Activity

11.8.1 Biomass activity on the steroidal estrogens

Whilst overall percentage removals at the different sites were very similar (Table

10.11) and the absolute concentrations in the final effluent are also comparable (Table

11.2), a major difference is evident when biomass activity is considered (Table 10.12).
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Statistical analysis was performed using Kruskal-Wallis non-parametric test (section

10.5.2) (p>0.05) demonstrated that the estrogens entering the various configurations

of the STWs were similar and not significantly different. This result also showed that

differences could be narrowed down to the microbiology of the system and may be

independent on their overall organic loading.

At the STW2, even though the MLSS concentrations on both sampling occasions

were much lower than the STW3, removal on mg tonne–1 biomass was higher, it was

hypothesized that the biomass at ASP (∑EST=116.7 mg tonne-1) was different to that

at BNR (∑EST=39.4 mg tonne-1) and it was more efficient at biodegrading estrogens

than that of the BNR. Although the biomass in STW4 (MLSS=4520 mg l-1

comparable to BNR MLSS=4971 mg l-1) was less at 0.01 tonne, biological activity for

the removal of these chemicals ∑EST was 61 mg tonne-1 which was in between that

of STW2 (83.5 mg tonne-1) and STW3 (39.4 mg tonne-1) in Summer.

Based on their mass fluxes in milligram per day, degradation and removal of the

estrogens in total could be achieved at >70% (Figure 11.3). Albeit the lowest mass <1

mg d-1, the highest degradation potential was observed at STW4, which achieved 93%

in degradation of these compounds. Similar degradation percentages were shown for

all other STWs at 75 – 79% with the exception of STW2 2006 which was sampled

during the Winter. The percentage of estrogens in the final effluent remained fairly

low at 3 - 21%.
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STW4 2007 STW2 2004

STW2 2006 STW3 2006

STW1 2007

Figure 11.3. Mass balance of the total estrogens in the STWs. Degraded is estimated from settled sewage – (RAS + final effluent).
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(Pilot ASP nitrifying)
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0.02 mg d-1

3%

Settled sewage
0.7 mg d-1

100%

RAS
0.03 mg d-1

4%

∑ESTs Degraded
0.65 mg d-1

93%

Biological
(TF nitrifying)

Final effluent
13 mg d-1

21%

Settled sewage
63 mg d-1

100%

∑ESTs Degraded
50 mg d-1

79%

Biological
(ASP nitri/denitri)

Final effluent
117 mg d-1

7%

Settled sewage
1806 mg d-1

100%

RAS
309 mg d-1

17%

∑ESTs Degraded
1380 mg d-1

76%

Biological
(ASP nitri/denitri)

Final effluent
216 mg d-1

7%

Settled sewage
3042 mg d-1

100%

RAS
700 mg d-1

23%

∑ESTs Degraded
2126 mg d-1

70%

Biological
(BNR nitri/denitri)

Final effluent
375 mg d-1

7%

Settled sewage
5508 mg d-1

100%

RAS
1011 mg d-1

18%

∑ESTs Degraded
4122 mg d-1

75%
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11.8.2 Biomass activity on the alkylphenolic compounds

Whilst overall percentage removals at the different sites were very similar (Table 10.9)

and the concentrations in the final effluent were also comparable (Table 11.3), a

major difference is evident for APEOs when biomass activity is considered (Table

10.14). An important implication from the statistical analysis using Kruskal-Wallis

non-parametric test (section 10.5.2) (p>0.05) showed that the alkylphenolic

compounds entering the various configurations of the STWs were similar and not

significantly different. Therefore the differences could be narrowed down to the

consortium of the micro-organism of the system and may be less dependent on their

input into the STWs.

At the STW2 although the MLSS concentrations (~3000 mg l-1 average) on both

sampling occasions (Summer and Winter) were much lower than the STW3 (4971 mg

l-1), removal on mg tonne–1 biomass was higher (NP1-12EO=84138 mg tonne-1, OP1-

12EO=3580 mg tonne-1 STW2 Summer), it was hypothesized that the biomass at the

ASP was different to that at BNR and it was more efficient in biodegrading the

alkylphenolic compounds than that at BNR. Biomass activity was also evaluated in

STW4 which had a relative high MLSS (4520 mg l-1) similar to that of STW3.

Although the biomass in STW4 was less at 0.01 tonne, biological activity for the

removal of these chemicals NP1-12EO was 11 g tonne-1 was in similar to the sampling

period in Winter 2006 in STW2 (12189 mg tonne-1) but far less compared to the

sampling period in Summer 2004 with 84138 mg tonne-1. The least performing of the

STWs was the STW3 at 4238 mg tonne-1 for NP1-12EO. Similar trend was observed

for the OP1-12EO as more biomass activity was observed in Summer STW2 (3580 mg

tonne-1) compared to the Winter period (1249 mg tonne-1). In contrast, STW3 was

performing better with a biomass activity of ~1.7 g tonne-1 for OP1-12EO. Relatively

high biomass activity (OP1-12EO=2374 mg tonne-1) was demonstrated in STW4 as

removal was higher than STW2 in Winter and STW3 in Summer but lower than the

STW2 in Summer. Generation and accumulation of the carboxylated metabolites was

observed in the STWs where there was negative removal of NP1-3EC (-990 mg tonne-1

to -195 mg tonne-1) and OP1-3EC (-176 mg tonne-1 to -40 mg tonne-1) for all STWs. A

varying biomass activity was observed for NP and OP. Nonylphenol was removed

highest in STW4 at 1312 mg tonne-1, followed by STW2 in the Summer, then STW3

in the Summer but not STW2 in Winter. Temperature effect on the activity of the
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micro-organisms therefore may play an important role in the removal of these

chemicals. In contrast, octylphenol was not removed in STW4 (-69 mg tonne-1) and

STW2 in Winter (-6 mg tonne-1) whereas, removal was highest at STW2 in Summer

at 138 mg tonne-1; and some removal at the STW3 at activity of 5 mg tonne-1.

Degradation and removal of the NPEOs could be achieved at 95% (170 g d-1 degraded)

for STW2 in Summer. In contrast, moderate to low removal was observed for STW4

(59%), STW2 in Winter (41%) and STW1 (34%). The high solids content of the RAS

could contain up to 42% (140 g d-1) of the NPEO however up to 25% of NPEO could

exist in the final effluent of the STW2-4. This percentage was higher for STW1 at

66% which demonstrated poor removal capabilities. Varying removal efficiency was

observed for the OPEO despite its lower masses compared to the NPEO. The

degradation and removal of OPEOs could be achieved in STW2 (73%) and STW3

(75%) both in the Summer. Low removals of OPEO were observed at 11% and 15%

for STW2 in Winter and STW1 respectively. No removal was demonstrated in STW4

instead an increase of 8% in the secondary treatment process which could be

attributed the addition of the return liquor (centrate and RAS) since the RAS

contained almost the same concentration (28 mg d-1) as the final effluent (30 mg d-1).

The RAS could contain up to 52% and 64% (23 g d-1) of OPEO in the Summer of

STW4 and the Winter period at STW2 in 2006.
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STW4 2007 STW2 2004

STW2 2006 STW3 2006

STW1 2007

Figure 11.4. Mass balance of the total NPEO in the STWs. Degraded is estimated from settled sewage – (RAS + final effluent).

Biological
(Pilot ASP nitrifying)

Final effluent
42 mg d-1

25%

Settled sewage
171 mg d-1

100%

RAS
28 mg d-1

16%

∑NPEO Degraded
101 mg d-1

59%

Biological
(TF nitrifying)

Final effluent
2572 mg d-1

66%

Settled sewage
3906 mg d-1

100%

∑NPEO Degraded
1334 mg d-1

34%

Biological
(ASP nitri/denitri)

Final effluent
83630 mg d-1

5%

Settled sewage
1787390 mg d-1

100%

RAS
4590 mg d-1

<0.3%

∑NPEO Degraded
1699170 mg d-1

95%

Biological
(ASP nitri/denitri)

Final effluent
54910 mg d-1

17%

330486 Settled sewage
mg d-1

100%

RAS
140223 mg d-1

42%

∑NPEO Degraded
135353 mg d-1

41%

Biological
(BNR nitri/denitri)

Final effluent
112924 mg d-1

17%

Settled sewage
646209 mg d-1

100%

RAS
181761 mg d-1

28%

∑NPEO Degraded
351524 mg d-1

55%



Chapter 11 Discussion

____________________________________________________________________________________________________________________

227

STW4 2007 STW2 2004

STW2 2006 STW3 2006

STW1 2007

Figure 11.5. Mass balance of the total OPEO in the STWs. Degraded is estimated from settled sewage – (RAS + final effluent).
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11.9 Possible Solutions from Present Study

Source separation for estrogens

Even though most of the STWs in this study were able to remove, albeit not

completely, some of these estrogens, nonetheless they were still detected at trace

concentrations (nanogram per litre) in the final effluent (Table 11.2). Considering that

E1 has half the estrogenic potency of E2 (Table 2.1), the amount of the former species

discharged from these STWs into the receiving water was approximately 3-5x greater

than the latter chemical and a certain fraction of E1-3S could be metabolically

converted to E1 in the aquatic environment. Therefore, E1 appeared to be the

potential natural endocrine disrupter of concern.

Since human urinary excretion is a major pathway in which these estrogens exist in

the wastewater, the reduction of estrogen concentration in the sewage by urine

separation directly at the lavatory may be one of the solutions. Urine source

separation is a relatively new concept that is potentially useful for concentrating

micropollutants before they arrive at the STW. There remain many challenges and

questions with the implementation of source separation of urine for the removal of

steroid estrogens (Ternes and Joss, 2007). One of the most important aspects to take

into consideration is the removal of estrogens from the concentrated stream before

discharging.

Regulations on APEO use

Non-ionic surfactants have been found in the aquatic environment at microgram per

litre levels, mainly due to their widespread usage and discharge of sewage effluents

into surface waters. With the implementation of the new European Community

Regulation on chemicals and their safe use (EC 1907/2006), Registration, Evaluation,

Authorization and Restriction of Chemical Substances (REACH) in June 2007, there

will be a decline in the use of APEO in the UK, hence less in the environment, as

reported in this study, since most will be replaced by alcohol ethoxylates.

Advance technology

Advanced process treatments such as activated carbon, AOPs and membranes have

been suggested to remove these EDCs. However the presence of high levels of
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organic content interferes with the adsorption process (Quinlivan et al., 2005). This

problem would also mean that higher doses of oxidants would be necessary in the

AOP, indirectly increasing the cost (Figure 10.10). As for the use of membranes, the

physical separation only serves to further concentrate these compounds (small

molecular weight) and not destroy or transform them to harmless products.

Undoubtedly, advanced treatment technologies will remove these compounds and

ameliorate the quality of effluent, but they will inevitably result in large financial

costs, and increased energy consumption and carbon dioxide emissions (Jones et al.,

2007). It will be environmentally sustainable therefore to consider alternative

techniques; optimizing STW operating parameters such as increased SRT and HRT,

which have not been explored in this work.

Monoxygenases and K-strategists

Based on the findings obtained in this study, it was observed that although the

removal efficiencies for these chemicals in the STWs were similar, biomass activity

differed; hence it can be inferred that the microbiology within the biological treatment

processes differed as well. The “ideal” STW would be one that has the consortia of

micro-organisms co-existing at their optimum conditions without environmental

limitations (i.e. substrate and nutrient availability). The likely fate of these EDCs, in

the secondary treatment process, is that both autotrophic and heterotrophic organisms

that can produce a variety of non-specific monooxygenase and dioxygenase enzymes

(capable of mediating co-metabolic biotransformation of polyaromatic compounds)

(Schwarzenbach and Gschwend, 2003) are responsible for the degradation of these

micropollutants (Shi et al., 2004). It is still unclear the relative importance of

autotrophic nitrifiers such as the K-strategists, which can play a significant role in

transforming micropollutants in systems that support significant heterotrophic

populations. It is highly likely that the fast growing heterotrophic organisms in the

activated sludge processes may contribute to or even dominate micropollutant

biotransformation compared to the slow-growing and sensitive autotrophic nitrifiers.

Other contributing factors such as: availability of the chemicals in the different

matrices, the presence of extra-cellular enzymes and other scavenging, biodegradative

mechanism must be considered as well.
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12 CONCLUSIONS

 A significant difference has been observed in the ratio of estrogens in the

influent crude sewage at STW2/4 as compared to STW3. It is postulated that

this could related to the longer retention time in the sewerage system at STW2

(13h) as compared to STW3 (6h).

 Concentrations of estrogens in the final effluent at STW1-4 failed to comply

with the proposed EA PNEC values whereas concentrations of NP and OP in

the final effluent complied with the proposed EA PNEC values with the

exception of STW4.

 Concentrations of APEO’s observed at STW2 between 2004 and 2006 have

dropped by approximately 1 order of magnitude. It is postulated that this is

the consequence of a small number (1-3) industrial users abandoning the use

of these formulations.

 The biochemical activity of the biomass at STW2 was 50-60% more efficient

in biodegrading estrogens and APEO than that at BNR STW3. The activity for

the nitrifying only pilot-scale ASP STW4 was in between that of the STW2

and STW3.

 The breakdown of estrogens and APEOs at the various STWs appears to

proceed by the different biochemical pathways, whilst it is difficult to

comment on why removal of these chemicals at STW2 is more efficient it

maybe influenced by superior aeration or nitrification.

 The presence of an anaerobic zone in a STW3 does not provide any additional

benefit in removing estrogens and APEO compared to conventional nitrifying

and nitrifying/denitrifying activated sludge plant.

 Variations in temperature (±10ºC) have no impact on the removal

estrogens. The STW2 remained as efficient in Winter as in Summer with the
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exception of E1-3S, the removal of which is reduced 40% in Winter. It is the

deconjugation which is the process inhibited by the reduction in temperature

rather than the biodegradation of the deconjugated moiety E1.

 The removal of APEOs at STW2 was greater in the Summer 2004 than Winter

of 2006 most probably due to the temperature effect. However, given the

change in influent concentrations over the intervening 2 years, this may also

be a factor.

 It has not been possible to evaluate the effect of sludge age (θc) or SRT on

EDCs removal. This remains a major issue in EDCs removal. Unfortunately

the sludge age of STW2 and STW3 were almost identical. Whilst the θc of

STW4 was approximately twice that of STW3 and performed better than

STW3, but was less effective than that of STW2. Suggesting that θc may be

one of perhaps several factors affecting performances.

 The presence of returned liquors and RAS in the STWs does not enhance

estrogen removal and have little impact on their removal efficiencies.

However, returned liquors and RAS does affect the removal efficiency of the

APEO, especially the short chain AP1-2EO, AP1-2EC and APs.

 The application of advanced analytical techniques which detected some of the

carboxylated biodegradation products of APEO’s revealed that carboxylated

species of APEO’s account for a significant proportion (15%) of the

breakdown products.

 Based on a limited study of the trickling filter works STW1, it was evident

that filters are inferior to ASP processes for estrogen removal, particularly for

EE2 and E1-3S. This is consistent with other studies. Removal of APEOs by

the trickling filters at STW1 favored the formation of NP and carboxylated

species by comparison to ASP process. The overall removal of APEOs in the

trickling filters was approximately 70%, as compared to 95% for ASP

processes.
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