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Chapter One
Introduction
1.1 Background

This critical overview document (COD) presents, discusses and brings together the
selected portfolio of publications that the author believes make a significant
contribution to the field of wastewater treatment, focusing on the removal of

endocrine disrupting chemicals (EDCs) in wastewater treatment applications.

There have been concerns by the scientific community of the effects of EDCs in the
environment (Desbrow et al., 1998; Snyder et al., 2001). EDCs are compounds that
mimic normal hormonal functions when absorbed into the body. They can induce
aquatic toxicity at parts per trillion levels (ng/l). The Organisation of Economic and
Corporative Development (OECD) defined EDCs as “exogenous substances that
alter the function of the endocrine system and consequently causes adverse health
effects in an intact organism or its progeny”. They enter the water environment
mainly through industrial and wastewater discharges. Their occurrence in
wastewater treatment plant (WWTP) effluents is well documented worldwide (Reddy
et al., 2005; Nakada et al., 2006; Gomez et al., 2007; Miege et al., 2009; Gabet-
Giraud et al., 2010; Plosz et al., 2010; Rosal et al., 2010; Ifelebuegu, 2011). Effluent
discharges from WWTPs can produce ‘feminising’ effects or estrogenic responses in
fish (Jobling et al., 1998a). Vitellogenin, an egg yolk protein produced and found in
the blood of sexually matured female fish, have been found in male fish exposed to
effluent discharges of WWTPs (Purdom et al., 1994; Sumpter and Jobling, 1995;
Jobling et al., 1998a, b).

The natural steroid hormones estrone (E1), 17-beta-estradiol (E2) and estriol (E3)
are responsible for the development and functioning of female sex organs. They are
secreted naturally by females primarily in urine in conjugated form as estrogen
glucuronides, sulphates and sulfonides, making them initially inactive as hormones
(Guengerich, 1990). They are, however, deconjugated and released as free
hormones due to microbial activity in sewers and wastewater treatment plants
(Ternes et al., 1999a, b; Panter et al., 1999). The synthetic steroid hormone 17-alpha

ethinylestradiol (EE2) is used in female contraceptives and in hormone replacement

1



therapy. It is also regularly found in wastewater effluent. The steroid hormones
(natural and synthetic) have been reported to be the most potent of the EDCs
(Desbrow et al., 1998; Jobling et al., 1998a; Birkett and Lester, 2003). EE2 has been
found to have the greatest impact in terms of feminisation of fishes even though it is
usually found in the lowest concentration in wastewater effluent among the steroid
estrogens (Jurgen et al., 2002). E2 is next to EE2 in estrongenicity, closely followed
by E1, with E3 being less potent and less of a problem to aquatic organisms (Baronti
et al., 2000: Metcalfe et al., 2001).

Alkyphenols polyethoxylates and their metabolites are another class of EDCs known
to cause endocrine disruption in aguatic organisms. They are non ionic surfactants
that get into the environment through domestic and industrial discharges. The most
widely used ethoxylate derivatives are nonylphenol (NP), and octylphenol (OP).
They are active ingredients in detergents, pesticides, wetting agents, emulsifiers,

lubricants and many cosmetic products.

1.2 Research Context

This work represents the author’s research interest over an eight years period mainly
shaped by his experience in the water industry and in academia. As part of the
author’s industry experiences, he was involved in designing and operating the pilot
and small scale EDCs treatment plants in llkeston, Derbyshire, UK, which were part
of DEFRA’s £40 million National Demonstration Programme (NDP) on EDCs
removal in wastewater treatment plants in England and Wales between 2005 and
2008. The author also led various sampling campaigns for EDCs monitoring in the
West Midlands, UK. The research papers presented in this portfolio were shaped by
the experiences and expertise acquired during the Ilkeston NDP and West Midlands

sampling campaigns.

The papers in this portfolio are focused on the steroid hormones (E1, E2 and EE2)
and alkylphenols (NP). Their chemical structures are shown in Figure 1. These
EDCs are known to be recalcitrant to conventional wastewater treatment processes
that are typically used for the removal of sanitary parameters such as BOD, chemical
oxygen demand, solids and ammonia (Ternes et al., 2002). Due to the public

concerns and increasing evidence of the health implications of EDCs on aquatic



organism and humans, the EU has proposed to regulate the discharge of these
chemicals into environmental waters through the Water Framework Directive
2000/60/EC, which establishes a framework for the protection of inland surface
waters, transitional waters, coastal waters and groundwater. EU Member States are
required to take action to prevent human exposure to priority hazardous substances,
particularly the EDCs (Annex VIlI-group 4). Also the US Environmental Protection
Agency since 1985 has classified EDCs as Contaminants of Emerging Concern.

OH

/ HO

(b) 17-beta-estradiol (E2)

(a) Estrone (E1)

OH

(c)17-alpha ethinylestrodiol (EE2) (d) Nonylphenol (NP)

Figure 1- Chemical Structures of E1, E2, EE2 and NP (Sigma Aldrich)

The water industry is thus faced with the challenge to better understand the
mechanisms and methods of removal of EDCs to be able to proffer cost effective
solutions for their removal in wastewater treatment. The research papers included in
this portfolio investigated the behaviour and fate of selected EDCs in the wastewater
and sludge treatment applications to offer a better understanding of the mechanism
of removal in treatment plants, which can inform decisions during process
optimisation. Also included are alternative treatment methods including advanced

chemical oxidation processes and activated carbon adsorption.


http://www.coastalwiki.org/coastalwiki/Water_Framework_Directive

1.3 Research Aim and Objectives

The aim of the research within this COD was to investigate the fate, mechanisms

and optimisation of EDCs removal in wastewater treatment applications.
The key objectives were to:

1. Investigate and understand the mechanisms of removal of EDCs in

wastewater and sludge treatment processes.

2. Evaluate novel methods for the removal of EDCs in water and wastewater

treatment applications.

3. Establish the kinetic and thermodynamic properties of the removal processes

to inform process modelling of full scale design of treatment processes.

1.4 Overview of Portfolio

This portfolio is made up of six peer-reviewed journal publications (Table 1 and
Appendix 3). The portfolio Outputs are linked by developing a continuing theme on
the removal of EDCs in water and wastewater treatment applications by physical,
chemical and biological methods. While it was important to put together a portfolio
that meets the requirements, including demonstrating a significant contribution to
knowledge, it was also important that the Outputs represented a coherent body of
work. The body of work put together in this portfolio, is therefore, a selection of the
professional and academic work that the author has been involved in over several
years in both the domestic and international arena. Table 1 show all the articles
contained in the portfolio and Figure 2 depicts an overview of EDCs removal

methods showing the interrelationships between the Outputs.



Table 1 Outputs contained in the Portfolio

Output
No

Citation

1

Ifelebuegu, A.O., Lester, J.N., Churchley, J. and Cartmell, E. (2006)
Removal of an endocrine disrupting chemical (17alpha-ethinyloestradiol)
from wastewater effluent by activated carbon adsorption: effects of
activated carbon type and competitive adsorption. Journal of Environmental
Technology, 27, 1343-1349.

Ifelebuegu, A. O., Theophilus, S. C., and Bateman, M. J. (2010)
Mechanistic evaluation of the sorption properties of endocrine disrupting
chemicals in sewage sludge. International Journal of Environmental
Science and Technology, 7(4), 617-622.

Ifelebuegu, A.O. (2011) The fate and behaviour of selected endocrine
disrupting chemicals in full scale wastewater and sludge treatment unit
processes. International Journal of Environmental Science and
Technology, 8(2), 245-254.

Ifelebuegu, A. O., and Ezenwa, P. C. (2011) Removal of endocrine
disrupting chemicals in wastewater treatment by Fenton-Like Oxidation.
Water, Air and Soil Pollution, 217, 213 -220.

Ifelebuegu, A. O. (2012) Removal of endocrine disrupters by activated
carbon adsorption; Kinetic and thermodynamic studies- Journal of
Environmental Protection, 3, 469 - 475

Ifelebuegu, A. O., Onubogu’ J., Joyce, E., Mason, T. (2013) Sonochemical
degradation of endocrine disrupting chemicals 17p-estradiol and 17a-
ethinylestradiol in water and wastewater International Journal of
Environmental Science and Technology, DOI: 10.1007/s13762-013-0365-2
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Figure 2 - Overview of EDCs Removal Methods and Interrelationships between the
Different Portfolio Outputs



The work is presented in three key themes, each of which has significant relevance
in understanding the fate, behaviour and removal mechanism of EDCs in water and
wastewater using different methods and technologies. They are namely:

Theme 1 — Biological Removal of EDCs in Wastewater Treatment
Theme 2 — Chemical Removal of EDCs in Wastewater Treatment

Theme 3 — Physical Removal of EDCs in Wastewater Treatment

The next three chapters discuss each of the three themes outlined above. The
chapters bring together the fundamental theories of the themes and outline the
findings from the Outputs related to the specific theme. Chapter 5 discussed the
methodological approaches used in the various Outputs, reflecting on method
development, quality control and reasons for the various approaches. Chapter 6
discussed in details the findings highlighted in chapters 2 to 4 while chapter 7

highlighted some of the contribution made to knowledge using a matrix.

15 Collaborative Work

The author was the lead author for all the papers contained in this portfolio.
However, some of the papers were co-authored. About 90% of the work in the
portfolio (initial ideas, planning, sampling, laboratory work, data analysis and write-
up) were carried out by the author. Details of the contributions made by the other

co-authors are described in Appendix 1.



Chapter 2

Biological Removal of EDCs in Wastewater

EDCs are detectable in the final effluent of WWTPs after biological treatment. The
biological treatment process, which is typically the secondary stage of a multistage
treatment process in a WWTP, is designed to remove dissolved organic matter from
wastewater. Steroid estrogens, which are the most potent EDCs, get into WWTPs
through human excretions and agricultural runoffs. They are excreted mainly as
inactive glucuronides and sulphate conjugates which are rapidly deconjugated to
active hormones in sewer and during biological treatment. It is believed to be due to
the activity of beta-glucuronidase, an enzyme present in bacteria found in WWTPs
(Belfriod et al., 1999; Wegener et al., 2001). Various studies carried out worldwide,
have reported varying capacities of conventional biological methods to remove
estrogens. They vary from as low as 10% to as high as 95% removal (Joss et al.,
2004; Liu et al., 2009).

Alkylphenols and alkylphenol ethoxylates (APEOSs) are biodegraded by the rapid and
stepwise removal of ethylene oxides groups to form lower APEO congeners. Under
aerobic conditions, they can further be degraded to the corresponding carboxylic
acid groups and nonyphenol/octylphenols. (Lee and Peart, 1998; Bennie, 1999;
Maguire, 1999). In a laboratory scale experiment Jonkers et al. (2001) proposed that
during the biodegradation of APEOs, the ethoxylate groups are converted to
carboxylates. Work by DiCorcia et al. (1998) suggested that both the ethoxylate and
alkyl chains are oxidised to form carboxyalkylphenoxy ethoxycarboxylates

metabolites, which are recalcitrant to further biodegradation.

There are three main approaches for biological removal of dissolved organics
namely suspended growth systems, attached growth systems and lagoon systems.
The suspended growth systems include the activated sludge systems, which include
conventional activated sludge plants, oxidation ditches and membrane bioreactors.
The attached growth systems include trickling filter plants, submerged aerated filters
and biological aerated filters. These conventional treatment processes are not

effective in the removal of EDCs in WWTPs as they were primarily designed for the



removal of sanitary parameters (BOD, suspended solids and ammonia), phosphorus
and nitrates (Esperanza et al., 2007; Hashimoto et al., 2007; Liu et al., 2009).

Biological degradation of EDCs and other organics occur either aerobically as in
ASPs, TFs and RBCs, or may occur under anaerobic conditions as in anaerobic
sludge digesters (Langford and Lester, 2003; Moharikar et al., 2005). Estrogens,
APEOs and their metabolites are not completely degraded in conventional WWTPs.
The rate of degradation varies between different treatment plant type and the
operating parameters. Due to the increasingly stringent consents for ammonia by the
UK Environment Agency and US EPA, most WWTPs in the UK and US are now
operated at a low loading rate and hence, high sludge ages to encourage
nitrification. The high sludge ages encourages the biological transformation of EDCs
(Ifelebuegu, 2011), hence increasingly EDCs are predominately removed by
biological degradation in WWTPs.

The predominant WWTP types in the UK are ASPs and TF, oxidation ditches (ODs)
and RBCs. The majority of the research available in the literature on EDCs is mainly
for ASPs and TFs. Studies have shown that TFs are generally less effective
compared to ASPs in the removal of EDCs in wastewater treatment (Svenson et al.,
2003; Johnson and Williams, 2004). Ternes et al. (1999b) found elevated
concentrations of EDCs in the final effluent from a TF. Turan, (1995) concluded that
EDCs, particularly the synthetic estrogens, are recalcitrant to treatment by TF
process. Better removals have, however, been reported for EDCs in ASPs with
increased removal as the solid retention time is increased (Holbrook et al., 2002;
Andersen et al., 2003).

With increasingly stringent requirements for nitrogen and phosphorus discharges
through wastewater, the water industry is rebuilding or retrofitting existing WWTPs
for enhanced biological nutrient removal. This involves the introduction of anaerobic
zones and mixed liquor recycling (sludge recirculation), introducing both nitrifying
and denitrifying reactions. These additional processes play additional roles in the

biological removal of EDCs.

Several process parameters affect performance of WWTPs in the degradation of
EDCs. These include retention time, sludge age, temperature and nitrification rates.

These parameters are usually not captured in the majority of the research on EDCs
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available in the literature (Johnson & Williams, 2004). Also there are conflicting
augments about the actual mechanisms of biological removal of EDCs in wastewater
treatment. According to Birkett and Lester (2003), it is generally believed that the
biological removal process is a combination of biodegradation and biotransformation.
Ivashechkin et al. (2004) and Kroner et al. (2000) concluded that the removal
process was biodegradation with no sorption to solids. Contrary to this belief,
Mastrup et al. (2001) reported that biodegradation only accounted for 10% of the
removal of estrogens during wastewater treatment, while Johnson et al. (2000) could
not ascertain whether biodegradation or sorption was the most predominant removal
mechanism. Various researchers are of the opinion that EDCs are recalcitrant to
biological degradation and biological treatment processes are insufficient to reduce
them to potentially no-effect concentrations.

There have been several publications on the levels of EDCs in sewage influents and
effluents, using monitoring from spot/grab samples, but very little work has
monitored EDCs in every unit process of the conventional treatment processes using
24 hr flow proportional composite samples. Also according to Huo and Hickley
(2006), the influence of operating parameters like sludge age and hydraulic resident
time are usually not capture in the majority of EDCs research available in the
literature. There is, therefore, a need for further studies to investigate and
understand the fate, and mechanisms of removal of EDCs in different biological
treatment plant types and unit processes. Output 3 in this portfolio provides a
detailed evaluation of the fate and behaviour of EDCs in various unit processes of
the common and conventional wastewater treatment processes in the UK. The unit
processes of ASPs, OD, TFs and RBCs were investigated to help evaluate
performances of different treatment processes and also understand the mechanisms
of removal. The Output demonstrated that the predominant removal mechanism for

EDCs during treatment is a combination of biodegradation and sorption onto solids.
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Chapter 3
Chemical Removal of EDCs in Wastewater

Some researchers have concluded that existing biological treatment methods cannot
reduce the concentrations of EDCs in wastewater to levels below their potentially
non-effect concentrations (PNEC) (Ternes et al., 2003; Esplugas et al., 2007) and
are therefore looking at other “end of pipe” alternatives. Some of the alternatives are
the use of activated carbon adsorption and chemical methods including advanced

oxidation processes (AOPS).

AOPs have been used in potable water applications for many years but are relatively
new in wastewater applications. Various AOPs that have been used for wastewater
treatment include ozonation (Baron et al., 2006; Ermawati et al., 2007; Zhang et al.,
2008), Fenton oxidation (Hsueh et al., 2005), chlorine dioxide oxidation (Deborde
and von Guten, 2008), ultrasound (Suri et al., 2007;) UV Irradiation/H,O, (Chen et
al., 2007), Fenton/UV (Katsumata et al., 2004) and Fenton-like oxidation (Ifelebuegu
& Ezenwa, 2011).

Ozone as an oxidant is known to selectively attack aromatic molecules and double
bonds in aliphatic compounds directly as ozone or through hydroxyl radical attack
(Haag and Yao, 1992; von Gunten, 2003). Ozone has been used to treat EDCs
including the steroid hormones. Deborde et al. (2005) achieved over 95% removal of
El, E2 and EE2 in a laboratory-based experiment. Various other researchers have
also reported very good removal of EDCS in water and wastewater (Nakagawa et
al., 2002; Huber et al., 2003; Ternes et al., 2003). One of the main drawbacks of the
use of ozone in wastewater treatment is the relatively high capital and operating cost

as well as the potential for toxic by-products and metabolites.

Another AOP that has been reported in the literature for the removal of EDCs is UV
irradiation. Various research studies have shown that estrogens are broken down
under the influence of UV radiation (Synder et al., 2003; Liu and Liu 2004). UV has
also been combined with other chemical oxidants to enhance the degradation of
EDCs. The oxidants include ozone (Irmak et al., 2005), titanium oxide (Ohko et al.,
2002) and hydrogen peroxide (Rosenfeldt et al., 2004).
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Fenton oxidation (H,O./Fe?*) and Fenton-like oxidation (H,O./Fe®*") are well known
methods for the oxidative degradation of organic compounds. They have been
reported to be effective in the removal of organics in wastewater (Xu et al., 2004;
Gotvajn and Zagorc-Koncan, 2005; Lucas and Peres, 2009; Mendez-Arriaga et al.,
2010). The Fenton process involves a reaction of ferrous salt with hydrogen peroxide
to produce hydroxyl radicals, reactive electrophiles which are responsible for the
rapid chemical destruction of organic rich contaminants. The use of ferric salts (Fe*")
or zero valence iron in Fenton-like oxidation has also been investigated for azo dyes
and phenols (Yang and Long, 1999; Hsueh et al., 2005), and more recently steroid

hormones (Ifelebuegu and Ezenwa, 2011).

Output 4 evaluated the use of Fenton-like oxidation for the mineralisation of
estrogens. A limited amount of research has been conducted on the Fenton-like
oxidation of organics and none to the knowledge of the author for the oxidative
degradation of estrogens. The results of this Output demonstrated that E2 and EE2
are effectively degraded by Fenton-like oxidation at optimum pH 3 to less than
PNEC. Relatively good removal was also achieved at pH 6.7 implying that the
Fenton-like oxidation of EDCs can be carried out in treatment plants without the

extra cost of pH adjustment.

One of the disadvantages of the use of AOPs in water and wastewater treatment is
the formation of by-products, which could be recalcitrant to further degradation and
are sometimes more toxic to the aquatic environment than the original substance.
The use of ultrasound is often considered to be more environmentally friendly as it
removes the problem of chemical by-products. In view of the increased demand for
higher water quality standards without toxic by-product concerns, significant attention
has been drawn to the use of ultrasound for treatment of pharmaceuticals and
personal care products in water and wastewater (Gogate and Pandit, 2004a, b;
Naddeo et al., 2009; Chiha et al., 2011). This is because the generation of hydroxyl
radicals through acoustic cavitations results in oxidative degradation of contaminants
(Torres et al., 2008). The cavitations involve the formation, growth and consequent
collapse of micro bubbles, which occur in very short periods and release large
amount of energy over a very small area (Gogate and Pandit, 2002). Sonochemical
reactions result from the collapse of cavitation bubbles in a liquid, which leads to

thermal dissociation of water vapour into hydroxyl radicals. It can also result from the
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interfacial sheath between the bubble and the surrounding liquid or the solution bulk
(Ince et al., 2001; Mason and Petrier, 2004). The hydroxyl radical generated is
predominantly responsible for the oxidative degradation of EDCs. Output 6
investigated the oxidative degradation of estrogens by ultrasound at the ultrasonic
frequency of 850 Hz. It was found that the rate of degradation increased with
increasing power density with total removal being achieved at a power of 50W. Mass

degradation rates varied from 1.7 to 4 mg/KW.

Another method for the removal of EDCs in wastewater is activated carbon
adsorption. Removal of EDCs by activated carbon (AC) adsorption is also well
reported in literature (Choi et al., 2005; Ifelebuegu et al., 2006; Kiran Kumar &
Mohan, 2011; Ifelebuegu, 2012). EDCs and other organics are removed by
hydrophobic interaction between them and the AC surfaces. Several factors affect
the efficiency of removal of EDCs by AC. They include the AC structure, pore size,
aqueous solubility, pH, octanol-water partition coefficient, pore blockages and the
presence of competing adsorbates like natural organic matter (Li et al., 2003;
Westerhoff et al., 2005; Ifelebuegu et al., 2006). Outputs 1 and 5 investigated the
use of GAC for the removal of EDCs. It was shown that activated carbon sourced
from wood, coconut waste and coal all performed comparatively with coconut GAC
showing better removal of estrogens. The mechanism of adsorption was also found
to be predominantly chemisorption. The presence of other organic compounds
reduced the removal efficiencies of EDCs by GAC due to the effects of competing

co-present natural organic matter in wastewater.
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Chapter 4
Physical Removal of EDCs

During conventional wastewater treatment, EDCs are removed by physical
interaction with (sorption onto) suspended solids and sludge. Although
biodegradation is believed to be the predominant removal route, sorption onto sludge
remains a removal pathway (Rogers et al., 2000) due to the hydrophobicity of EDCs,
particularly the estrogens. Although the alkylphenols are less adsorbed onto the solid
phase due to their more hydrophilic nature; the carboxylic acid groups tend to be
more associated with the agueous phase than the solid phase (Ahel et al., 1994; Lee
& Peart, 1998). The estrogens being more hydrophobic are more partitioned onto
solid phase during wastewater treatment (Johnson et al., 2000; Clara et al., 2004;
Feng et al., 2010; Ifelebuegu et al., 2010). EDCs can be removed by physical means
during wastewater treatment by partitioning onto primary sludge and
activated/humus sludge biomass in primary and secondary sedimentation tanks

respectively.

The potential for EDCs to partition onto WWTPs solids are usually well predicted by
the octanol water (partitioning) coefficient. Adsorption isotherms also describe the
relationship between the solid and the aqueous phases from which the partitioning
coefficients are determined (Abdel-Ghani and Elchaghaby, 2007; Yoochatchaval et
al., 2008; Abdel-Ghani et al., 2009). There have been various studies that have
examined partitioning coefficients of different organics including EDCs in wastewater
sludge (Soltanali and Hagani, 2008; Gong et al., 2009). Ternes et al. (2004)
conducted a series of batch tests using sewage sludge to determine partitioning
coefficients (Kd) for a number of pharmaceuticals and personal care products. They
found that log Kd values of the compounds ranged from 0 to 2.7 with EE2 having a
log Kd value of 2.5. Clara et al. (2004) found that the log (Kd) for steroid estrogens
were in the ranges of 2.64— 2.97 and 2.71-3.00 for E2 and EE2, respectively.
Andersen et al. (2005) determined distribution coefficients, Kd, with activated sludge
biomass for the steroid estrogens estrone, E2 and EE2 in batch experiments, and
they found log Kd values of 2.6, 2.7, 2.8, respectively. Ren et al. (2007) studied the

adsorption of EE2 on inactivated sludge and they found that the process was
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spontaneous and enthalpy driven. Similar observations were also made by Feng et
al. (2010).

Output 2 systematically evaluated the mechanics of adsorption of EDCs onto mixed
sludge biomass to help provide insight into how EDCs behave during wastewater
and sludge treatment. It provided empirical evidence of the nature of interactions
(partitioning) between these trace compounds and blended sludge, as well as the
thermodynamic properties of the adsorption of the EDCs to sludge at higher
percentage dry solids similar to the ranges of solids present in the feed to anaerobic
sludge digesters. The results showed that the interactions between the EDCs in
mixed sludge matrix were predominantly physical attractions (physisorption). Also in
Output 3 considered in Chapter 2, the removal of EDCs by physical filtration in
tertiary sand filters and reed beds were significant, showing that EDCs are removed

with biosolids removal.
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Chapter 5
Methodological Approach

The body of work contained in this COD comprised various projects all aimed at
understanding the fate, mechanism and optimisation of the removal of EDCs in
conventional and novel wastewater treatment processes. Various methods were
used for the various projects as described in the individual Outputs. This chapter

reflects on some of the methods that have been used.

The EDCs used in the Outputs were the steroid estrogens and alkylphenols. The
choices were due to the fact that they are the most potent EDCs found in
wastewater. They are also the substances that top the list of EDCs in the EU list of
priority hazardous substances to be potentially subject to regulatory limits under the
proposed WFD.

5.1 Sampling

The wastewater and sludge samples used in the various Outputs were grab samples
collected from WWTPs in the West Midlands except in Output 3, where the
wastewater samples were composite samples. In the majority of research on EDCs
available in the literature, samples were usually grab samples due to the difficulty in
preserving EDCs samples, particularly the steroid estrogens. According to the
research by Jurgen et al. (2002), estrogens are very unstable with various degrees

of degradation from the sewer to the river with half-lives of 5 hours to 9 days.

In Outputs 1, 4, 5 and 6, wastewater samples were collected from an activated
sludge plant and stored immediately below 4°C to inhibit biological degradation prior
to use for the laboratory experiments. In Output 2 sludge samples were collected
from sludge thickening tanks prior to being fed to a digester, so as to have a blended
sludge that is representative of the typical sludge that comes out of WWTPs after
digestion. It was made up of primary sludge and thickened secondary sludge at 4.3%
dry solid. This percentage dry solid is typical of the concentration at which most
conventional anaerobic digesters are feed in the majority of WWTPs in the UK.

In Output 3, which was a detailed survey of the fate of EDCs in different wastewater
treatment plants, a preservation method using 0.25g copper nitrate and 1 mL of

16



hydrochloric acid was used, allowing the preservation of the samples for up to 14
days. This allowed more time for the clean-up and analytical procedures without
compromising accuracy and reproducibility. This preservation method was proposed
by Anglian Water, UK as part of the NDP and was validated during this research. It
also allowed the use of a flow proportional composite sample providing average daily
values of EDCs in the different treatment plants sampled, as EDCs concentration
values are known to vary throughout the day. The samples were collected in amber
coloured glass bottles pre-conditioned with copper nitrate and HCI.

Samples were collected from the various sites daily from four different treatment
sites to ensure that the major conventional methods of treatment in the UK were
covered. This was carried out in two sampling campaigns representative of wet and
dry weathers. Crude samples were collected to enable the determination of the
influent EDCs concentrations. Settled sewage samples were also collected to allow
the researcher to evaluate the performance of primary sedimentation in the removal
of EDCs. Also settled sewage samples mixed with liquor return from the site sludge
handling process were also collected to enable the determination of the role of site
sludge handling on the removal process. Further samples were collected
downstream of the biological treatment and tertiary treatment process to evaluate the

performance of the processes.

5.2 Sample Preparation and Clean Up

Qualitative and quantitative analysis of the EDCs covered in this portfolio was very
challenging due to the very low detection limits of the target EDCs at 1 ng/L or less in
a complex environmental matrix like wastewater, which usually contains various
interfering compounds. This is particularly so for the analytical methods used in
Outputs 1, 2 and 3.

The analysis of EDCs has been dominated by chromatographic methods, usually
gas chromatography (GC) and liquid chromatography (LC). EDCs especially the
steroid hormones and alkylphenols, are known to induce biological responses in
aquatic organisms at parts per trillion concentration levels, most of the analytical

methods used are therefore designed to be able to detect the analyte at ng/L levels.
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The majority of the chromatographic equipment used are not able to detect the
EDCs at this low level, hence the need for both clean-up and extraction steps to
concentrate the EDCs to detectable levels. Solid phase extraction (SPE) is the most
widely used extraction methods for EDCs.

After the sampling process the early phase of the sample preparation is filtration to
separate the EDCs from the suspended solids and other organic materials as well as
to prevent any interference with the subsequent SPE. The use of filter paper for the
separation face did not affect the recovery rate as was also previously demonstrated
by the work of Huang and Sedlack, 2001. The filtration steps were followed by SPE
and further purification step by separating the target analyte from other molecules
based on size prior to analysis. This step was accomplished by gel permeation

chromatography (Ternes et al., 2002).

The analytical clean-up methods used in Outputs 1 and 3 are based on established
methods which included SPE, gel permeation chromatography (to remove large
molecular weight compounds), derivatisation (for Output 1) and a fractionation step
using silica gel/alumina to separate the various compounds in the extract based on
polarity (Snyder et al., 1999, 2001). A method modified from Patrolecco et al.,
(2004), using Tween 80 extraction was validated and used for the extraction prior to
solid phase extraction for Output 2.

5.3 Quantification of EDCs

Various methods have been used to quantify EDCs especially the steroid hormones.
GC and LC coupled to mass spectrometry or tandem mass spectrometry are the
commonest methods (Petrovic & Barcelo, 2006: Gomez et al., 2006; Daughton &
Ternes, 1999; Haung & Sedlack, 2001; Ternes et al., 2003). High performance liquid
chromatography has also been used by some researchers as well as biological
methods like immunoassay (Huang & Sedlack, 2001; Xin et al., 2009).

In Output 1, analysis was carried out using a GCMS with a derivatisation step to
increase volatility of the EDCs and hence improve sensitivity during analysis. This
usually more than compensates for any losses of samples that may be experienced
as a result of the additional processes for sample extraction and clean-up. GC-
MS/GC-MS/MS have been widely used for the analysis of EDCs, the main

18



drawbacks being the need for derivatisation, which is time consuming, labour
intensive and has the potential to introduce inaccuracies. In Output 3, LC-MS/MS

was used where analytes are separated in the liquid phase.

The analysis of samples in Outputs 2, 4, 5 and 6 were carried out using HPLC with a
fluorescence detector. This was based on a method developed and validated by
slightly modifying the methods used by Van Emmerik et al. (2003). The detection
limits were adequate for the concentrations at which the experiments were
conducted, which were above the low level environmental concentrations. The
experiments were designed at higher concentrations as the process parameters
investigated, to offer insight into the mechanism of removal including the
thermodynamic parameters are concentration independent (Annamalai and Puri,
2002). In trying to establish the mechanism of removal of EDCs by the various
methods used in the portfolio, the principle of triangulation was used to determine
the mechanisms of removal using kinetic data, isotherm data, thermodynamic data
and desorption studies. These various data were used in drawing conclusions on the
mechanisms of removal for the various treatment technologies considered in this

portfolio.
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Chapter 6
Discussion
6.1 Biological Treatment of EDCs

Output 3 investigated the fate and behaviour of selected EDCs in each unit process
of the WWTPs and also, the influence of process operating parameters. The
behaviours in the unit processes of wastewater and sludge treatment processes are
critical in understanding options for the optimisation of the unit processes for more
effective and efficient removal of EDCs in wastewater treatment.

The removal efficiencies of all the EDCs considered in this paper ranged from 81-
86%, 83-97%, 41-58% and 91-100% for E1, E2, EE2 and NP respectively. E2 and
NP showed the highest rates of removal with EE2 being more recalcitrant in the
wastewater treatment plants. The anomalous behaviour of E1 during primary
treatment that has been previously observed was confirmed with the level of E1
increasing after primary treatment (Hashimoto et al., 2007; Ren et al., 2007). This
behaviour is due to the biotransformation of E2 to E1 in the primary sedimentation
tanks and also during the preliminary primary sludge handling process. This
observation was also supported and confirmed in the sludge treatment process as
E1 had the highest concentration in the final untreated mixed sludge of 88-118 ug/kg
compared to 2-16 pg/kg for E2 and 0-1.6 pg/kg for EE2. This behaviour confirmed
that the interactions between the EDCs and sludge is majorly physical in nature,
hence they are easily redistributed to the aqueous phase by desorption. There was
no evidence of biotransformation of E1 and EE2 during the processes, suggesting
that biotransformation as a removal mechanism for EDCs as reported by Birkett and
Lester (2003) is only limited to E2.

Suspended growth processes including ASPs and oxidation ditches were found to be
more efficient than other biological treatment methods in removing EDCs. The
removal efficiencies for E1, E2, EE2 and NP all increased with increasing nitrification
rates and sludge ages. This supports the findings of Vader et al. (2000) that the
degradation of EE2 is directly related to the nitrification rates. Significant removal
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was also observed in tertiary treatment stages of sand and reed bed filtrations
demonstrating that solids removal reduces EDCs in wastewater treatment as they
are adsorbed onto biosolids, contrary to the findings of Korner et al. (2000) and
Ivashenchkin et al. (2004).

Additionally, the results demonstrated that plants configured for biological nutrient
removal gave better removal performance than conventional treatment plants. The
increased sludge age and solid retention times were found to be responsible for this.
High retention times and sludge ages allow for the growth of diverse and slow
growing microbial culture that are more effective in degrading EDCs. The evidence
from this Output suggests that with optimisation of the biological processes
especially the ASP process (increased sludge age and sludge recirculation),
biological treatment may be sufficient to effectively remove EDCs from wastewater
without the need for more expensive tertiary treatment processes, although this may
involve lager footprints as a result of increased retention time and sludge age. Where
space availability is a problem, variants of the ASP process with smaller footprint
such a membrane bioreactors and integrated fixed film activated sludge plants may
be considered.

The concentrations of the EDCs in the untreated biosolids from the treatment plants
were found to range from 88-118 ug//kg for E1, 4—6 pg/kg for E2, 0-1.6 pg/kg for
EE2 and 32-123 pg/kg for NP with corresponding average removal efficiencies of
23%, 25%, 13% and 46% during anaerobic sludge digestion respectively. This
showed that EDCs were persistent under anaerobic conditions. This explains why
estrogens are known to persist in the environment. It supported the previous findings
of Lai et al., 2002a, b, Gomes et al., 2004 and Czajka & Londry, 2006 that EDCs
persist in the environment and have the potential to bio-concentrate and bio-
accumulate in the environment. The comparatively high level of the EDCs in the
sludge also demonstrated that the sorption of EDCs onto biosolids is a significant
removal mechanism. This is supported by the finding of Ifelebuegu et al. (2010),
which demonstrated that EDCs adsorb onto biosolids spontaneously by both

physical and chemical means.

Overall, the body of evidence from this Output demonstrated that the predominant

removal mechanisms of EDCs during wastewater treatment are a combination of
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biological degradation and sorption onto solids. Also with process optimisation there
is a potential for biological treatment to be sufficient to effectively remove EDCs

where space and cost is not prohibitive.
6.2 Chemical Treatment of EDCs
6.2.1 Activated Carbon Adsorption

Results obtained in Outputs 1 and 6 demonstrated that the removal process of EDCs
by activated carbon adsorption is predominantly by chemical adsorption; hence
these Outputs are discussed in this chapter. The purpose of Output 1 was to
investigate the effects of different sources of activated carbon on adsorption
capacities. It was also meant to help understand the impact of other competing
adsorbates on the effectiveness of the different activated carbon types to remove
EDCs from wastewater effluent. The research was carried out at the preliminary
stages of the NDP to decide on the best source of activated carbon to be used for
the pilot trials at the llkeston plant in Derbyshire. Before this time, activated carbon
was widely used in the adsorption of organic pollutants in potable water treatment,
but its use in wastewater treatment was limited. It was shown that GAC made from
coal, coconut and wood had comparable efficiencies in removing estrogens from
wastewater. Removal efficiencies of 98.6%, 99.3% and 96.4% were obtained for
EE2 for coal based, coconut based and wood based GACs. Coconut based GAC
showed the best performance in the removal of EDCs. This contradicted the findings
of Baldouf et al. (1993) that coal based GAC are better than other sources of GAC.

Coal based AC is common place in the water industry; with increasing cost and
demand by both the water, energy and other industries, alternative sources of GAC
are needed to meet the ever increasing demand. This paper demonstrated that GAC
from coconut was as effective as the traditional coal based AC. The wood based
GAC also showed relatively good removal efficiency. With the increasing cost of
coal, the world market for activated carbon is predicted to expand considerably over
the next few years (Freedonia, 2011). The water industry can therefore source their
GAC from alternative sources. It was also demonstrated in the Output that
adsorption capacities of the GACs were reduced significantly as a result of

competitive adsorption from other organics in wastewater.
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Output 5 was a continuation of the research carried out in Output 1. It investigated
the kinetics and thermodynamics of adsorption of E2 and EE2. There have been
several papers on the adsorption properties and capacities of AC to remove EDCs in
water and wastewater similar to Output 1. However, there have been very few
studies to investigate the mechanics of adsorption of estrogens onto AC. This is an
essential research required to provide better understanding of the mechanism of
adsorption and the influence of operating parameters. The effects of pH on the
adsorption of E2 and EE2 were also investigated. It was shown that better
adsorption capacities were obtained at acidic to neutral pH, with optimum
performance achieved at around neutral pH for the coal based GAC. Typical
municipal wastewater pH is around the neutral pH range. Hence the industrial scale
application of the GAC adsorption of estrogens will not incur additional cost for pH
adjustment. The kinetic data for the adsorption process showed a better fit to the
pseudo second order kinetic model, suggesting that chemisorptions is the rate
determining step. A similar conclusion was also drawn from the intra-particle kinetic
model plots. The Gibbs free energy and enthalpy for the adsorption of E2 were -17
kJ/mol and 85 kJ/mol, while EE2 were -17 kJ/mol and 90 kJ/mol respectively. The
thermodynamic and desorption data also confirmed that the mechanism of
adsorption of the EDCs to AC is predominately chemisorptions supported by some

physical/van der Waals forces.

The use of GAC adsorption for the removal of EDCs in wastewater treatment
application is technically feasible. Alternative sources of GAC from coconut and
wood can be used effectively. However, the presence of other organics can
significantly affect the removal efficiency and hence increasing the cost of treatment

due to the fact that the cost of GAC regeneration is high and energy intensive.
6.2.2 Fenton-like Oxidation

Output 4 investigated EDCs removal by Fenton-like oxidation (a modified form of the
Fenton oxidation process). The Fenton-like process was effective in the removal of
E2 and EE2 with efficiencies ranging from 95% to 98% at 0.003 M concentration of
ferric. The thermodynamic properties of the reactions were evaluated to provide
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process parameters for the modelling of industrial scale applications. Arrhenius type
activation energies of between 23 kJmol™® and 28 kJmol™ were obtained for E2 and
EE2 showing that the Fenton-like oxidation of the EDCs involved intermediate
reactions steps involving radical-molecule and ion-molecule reactions. The low
activation energies also showed that the Fenton-like process is thermodynamically
feasible. Furthermore, the results also demonstrated that in industrial scale
applications, the highest efficiency would be achieved when applied as tertiary
treatment since the dissolved organics in untreated wastewater had significant
effects on the efficiency of removal. The Fenton-like process (although an AOP) was
also found to enhance the biological degradation of the treated wastewater effluent.
The wastewater industry uses millions of tons of ferric salts annually for the chemical
removal of phosphorus in wastewater treatment. There are therefore existing
facilities in those WWTPs for the storage and application of ferric. This modified
Fenton process (Fenton-like oxidation) will therefore offer a potentially cost effective

option for the removal of EDCs in wastewater as an “end of pipe” solution.
6.2.3 Sonochemical Degradation

Another “end of pipe” solution is the use of ultrasound for the removal of EDCs. This
was investigated in Output 6. It was shown that at ultrasonic frequency of 850 kHz,
the degradation rates of the EDCs increased with increasing power density with
approximately 100% removal achieved at the ultrasonic power of 50 W. The mass
degradation profile obtained at ultrasonic powers of 27.82 W, 16.17 W and 6.76 W
ranged from 1.7 to 4.0 mg/kWw and demonstrated that the degradation rates
increased linearly with increases in power. This is consistent with the findings of
Mendenz-Arriaga et al. (2008), Madhavan et al. (2010) and Chiha et al, 2011; which
suggested that increased bubbles, pressure, and temperature in the bubbles are

directly related to acoustic power and enhances the degradation of contaminants.

The results also showed that sonochemical degradation of steroid hormones are
favoured at acidic to neutral pH but declines with alkaline pH. The reason is based
on the structure of E2 and EE2 as well as their pKa values. At acidic to neutral pHs,
they exist in non-ionic molecular form and can then easily diffuse into the cavity-
liquid interface. Other factors that influenced the degradation include the

temperature, air sparging, power intensity and the presence of organic matter.
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A low activation energy of 15.21 kJ/mol was obtained for the sonochemical
degradation of EE2 demonstrating that the degradation process is
thermodynamically feasible and also that the ultrasonic degradation does not involve
only radical reactions but also intermediate reactions steps involving radical—
molecule or ion-molecule reactions and a diffusion controlled reaction (Mason 1999;
Kim et al., 2001). It was also shown that the presence of dissolved organic matter
significantly affected the efficiency of ultrasound for the oxidative reduction of EDCs.
This can be attributed to the fact that a higher concentration of dissolved organics in
wastewater acts as a scavenger for hydroxyl radicals and hence inhibits the
hydroxide radical attack of the compounds (Torres et al., 2007; Lindsey and Tarr
2000a, 2000b). This also confirms the role of free radicals in the degradation rates
of E2 and EE2. It can be concluded that in wastewater treatment applications,
ultrasonic treatment will only be effective at the tertiary treatment stage when most of

the dissolved organics have been removed by biological means.

While this research demonstrated the technical feasibility of using ultrasound for the
removal of EDCs, it seemed to appear that from the mass degradation rates and
ultrasonic power, the process might be economically feasible. Further work needs to
be carried out at both the laboratory and industrial scales to substantiate the

economic feasibility of the process.

6.3  Physical Removal of EDCs in Wastewater

Output 2 investigated the behaviour of EDCs in sludge biomass. The average
percentages of E2 and EE2 adsorbed onto the solid phase at 4.3 % dry solid were
87.2 % and 92.5 %, respectively. A similar study by Keenan et al. (2008) reported a
> 90 % sorption rate of estrogens onto the solid phase. The high sorption rates of E2
and EE2 to the solid phase can be attributed to the high hydrophobicity of their
functional group (Figure 1) and the higher % dry solid of the homogenized sludge
blend. EE2 showed a higher affinity to the solid phase, this explains while EE2 is
more recalcitrant compared to E2 and other natural estrogens during the biological

wastewater treatment process.
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The Gibbs free energy obtained showed that the sorption of E2 and EE2 to the
activated sludge biomass was spontaneous. Their enthalpy changes were -45.7
kJ/mol and -43.4 kJ/mol, respectively, demonstrating that the sorption process is
exothermic. The values of the enthalpy changes also showed that sorption of
estrogens onto activated sludge is a combination of physical adsorption and
chemisorptions with the former being predominant. The entropy changes were -
105.2 J/mol/K for E2 and -96.7 J mol/K for EE2 implying that the sorption of E2 and
EE2 to conventional activated sludge biomass is entropy retarded. This barrier is
however, superseded by the enthalpy changes. These thermodynamic data are
scare in the literature and are relevant in modelling the removal of EDCs in
wastewater and sludge treatment processes. It was previously believed that only a
small fraction of steroid hormones were associated with the solid phase during
wastewater treatment (Williams et al., 2003). The findings demonstrated that
adsorption on to the solid phase (sludge) is significant as the adsorption process is
spontaneous. This has been supported subsequently by the findings of Horsing et.
al. (2011) and Zhang et al. (2012). Also results from Output 3, which has been
covered in Chapter 3, showed that physical adsorption onto sludge and removal of
solids by sand filters and reed beds were significant routes for the removal of EDCs

in wastewater treatment plants, although biological degradation remained dominant.
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Chapter 7
Contribution to Knowledge

This chapter highlighted some of the findings of the individual Outputs and their
contribution to knowledge using a matrix that was modified from the one developed
by Professor Mark Jenkins of Cranfield University School of Management. The
matrix was developed for use by research students and remains unpublished to the
knowledge of the author to date. The matrix was used to show the contribution that
the Outputs in this portfolio have made to knowledge by either confirming or
replicating the finding of other researchers; contradicting or extending existing
knowledge or made new contributions. A list of some of the publications around the
world, where available, that have cited the Outputs in this portfolio has also been

included.

7.1 Output 1

Ifelebuegu, A.O., Lester, J.N., Churchley, J. and Cartmell, E. (2006), Removal of an
endocrine disrupting chemical (17alpha-ethinyloestradiol) from wastewater effluent
by activated carbon adsorption: effects of activated carbon type and competitive
adsorption. Journal of Environmental Technology, 27, 1343-1349.

Confirmed/ Contradicted Extended New
Replicated Contribution

Methodology

Empirical Confirmed the | Contradicted he Removal of EDCs
Results finding of De | finding of Baldouf by coal based,
Rudder et al, |et al, 1993 that coconut based
2004 for EE2 | bituminous GAC and wood based
adsorption were better than GAC were
other sources comparable with
coconut based
GAC having
slightly higher
adsorption

capacity for EE2.

Impact of multi-
solute adsorption
in wastewater
applications

Citations Pan et al., 2008; Koh et al., 2008, 2009; Beltran et al., 2009, Roswell et al., 2009;
Filby et al., 2010; Gomes et al., 2011; Ho et al., 2011; Tyler & Filby, 2011; Quinn-
Hosey et al., 2012; Han et al., 2012 etc.
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In this paper we investigated the effects of activated carbon types and competing
adsorbate on the adsorption capacity of GAC. We demonstrated that GAC
manufactured from coal, coconut shells and wood were adequate for the removal of
EDC in wastewater with coal based GAC showing better adsorption capacity. We
also demonstrated that in wastewater application, adsorption is reduced to some

extent due to the effects of competing adsorbates.

Although on the surface the research looked fundamental, it provided an
understanding that GAC from other sources other than conventional coal GAC can
also be used particularly at a time when the demand and cost of coal in the global
market is high. It was demonstrated that estrogens can be effectively removed by
coal based, coconut based and wood based GACs. The removal efficiencies were
above 95% for all three types of GACs similar to the finding of De Rudder et al.,
2004 for EE2. Coconut based GAC showed the best adsorption for EE2
contradicting an initial report of Baldouf et al. (1993) that coal based GACs were

better than other sources of GAC for the removal of organic pesticides.

While there were a number of publications on the adsorption of EDCs using GAC,
they were usually single solute adsorption. The findings of this Output showed the
implications of using GAC in a multi-solute wastewater solution. The understanding
from this paper informed the design and operation of the Ilkeston EDC NDP in the
UK. The findings provided answers to some fundamental questions on the
applications of activated carbon in wastewater cleanup. Since the publication of the
paper in 2006, it has been cited more than 16 times in various journal articles from
around the world as shown in the matrix above and in appendix 2.
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7.2 Output 2

Ifelebuegu, A. O., Theophilus, S. C., and Bateman, M. J. (2010), Mechanistic

evaluation of the sorption properties of endocrine disrupting chemicals in sewage

sludge. International Journal of Environmental Science and Technology, 7(4), 617-
622.

Confirmed/
Replicated

Contradicted

Extended

New Contribution

Methodology

Van Emmerick et
al, Yoon et al.,
2003

petrolecco et al.,
2004

Empirical Results

Ternes et al.,
2004; Adersen et
al., 2005; Feng et
al., 2010,

Thermodynamic
properties (enthalpy,
entropy and Gibbs free
energy) of the adsorption

of EDCs onto mixed
primary and secondary
sludge

Interaction between
estrogens and biosolids
during wastewater
treatment is
predominantly physical
interaction

The partitioning
coefficient of estrogens to
biosolids decreases with
temperature

Citations Do, 2011; Horsing et al., 2011; Kiran Kumar & Mohan 2012; 2012; Zhang et al., 2012;

Agarry et al., 2013 etc.

In this paper we investigated the partitioning of EDCs in sludge during wastewater
treatment. The understanding of this offers insight into the fate of EDCs during
wastewater and sludge treatment. In carrying out this research, it was a challenge in
developing analytical methods that are effective, because of the difficulty associated
with the extraction and analysis of EDCs in a wastewater sludge matrix. A method
modified from the work of Petrolecco et al. (2004) using Tween 80 extraction was
used after validation. This method was therefore confirmed/replicated in this

research.

The partitioning coefficient of the EDCs in mixed sludge, which is an important
process design parameter was investigated. We reported values that confirmed
similar values reported by Ternes et al. (2004) and Andersen et al. (2005). The
effects of temperature and thermodynamic parameters were evaluated. Gibbs free
energy values obtained confirmed the values previously reported by Feng et al.
(2010) and the findings showed that the sorption of the EDCs on to the sludge
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biomass was spontaneous and entropy retarded. It also demonstrated that the

sorption process was predominantly physical adsorption.

The outcomes of this output provided a body of new information on the
thermodynamic properties and partitioning coefficient of estrogens in actual blended
full-scale treatment plant biosolids as well as answers to the questions of the type of
interaction between EDCs and biosolids and the effects of temperatures on the
interactions. The output has since been cited in at least 7 other journal publications

(see Appendix 2).

7.3 Output 3

Ifelebuegu, A.O. (2011), The fate and behaviour of selected endocrine disrupting
chemicals in full scale wastewater and sludge treatment unit processes. International
Journal of Environmental Science and Technology, 8(2), 245-254.

Confirmed/ Replicated Contradicted Extended New Contribution
Methodology | Patrolecco et. al., 2004, 24 hours flow proportional
SCA, 2005, sampling with preservation
Kanda & Churchley, 2008 for EDCs
Empirical Nakada et al., 2006; Kroner et al., | Lai et al., 2002; | EDCs removal mechanism
Results Zhang and Zhou, 2008; 2000, Mastrup et | Gomes et al., | during wastewater
Miege et al., 2009; al., 2001 2004; Czajka | treatment is a combination
Gabet-Giraud Ivashechkin et | and Londry | of biodegradation and
et al., 2010; Zhou et al., | al., 2004 2006. sorption onto biosolids.
2010 Liu et al., 2009
Nasu et al., 2001; EDCs are | WWTPs designed for
Jurgens et al., 2002; persistent in the | biological nutrient removal
Hashimoto etal., 2007; environment are more efficient in
Ren et al., 2007. under anaerobic | removing EDCs
Xu et al., 2008., Gomes conditions
etal., 2011 Higher concentrations of
EDCs are found in urban
WWTPs compared to their
rural counterpart.
Citations Baynes et al., 2012; Chen et al., 2012; Hamid & Eskicioglu, 2012; Han et al., 2012; Hey et al.,
2012; Singh, 2012; Wang et al., 2012; Zhang et al., 2012; Gianico et al., 2012; Lin et al., 2013;
Petric et al., 2013 and Surujlal-Nalcker, 2013 etc.

In this Output, the author carried out an extensive sampling and survey of various
treatment plants to investigate and provide an understanding of the fate and
behaviour of EDCs in different types of treatment plants including activated sludge
plants, trickling filters, oxidation ditches and reed beds. A flow proportional
composite sample was used, as against the traditional grab sampling used due to
the biological instability of the EDCs in sewage treatment plant unit processes.
Methods previously used by Patrolecco et al. (2004), SCA, (2005) and Kanda &
Churchley, (2008) were replicated with slight modifications and used with

reproducible results.
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The finding of this Output confirmed the finding of Nakada et al. (2006); Zhang and
Zhou, 2008; Miege et al. (2009); Gabet-Giraud et al. (2010) and Zhou et al. (2010)
who found comparable levels of EDCs in other WWTPs around the globe. Also the
observations of Nasu et al. (2001), Jurgens et al. (2002), Hashimoto et al. (2007)
and Ren et al. (2007) that E1 has an abnormal behaviour during wastewater
treatment were confirmed and extended as E1 was found to increase in
concentration during the initial phase of the primary treatment process, especially
during primary sedimentation and dewatered sludge return liquor. This postulation
was also supported and confirmed in the sludge treatment process as E1 had the
highest concentration in the final untreated mixed sludge of 88-118 pg/kg compared
to 2-16 pg/kg for E2 and 0-1.6 pg/kg for EE2. This behaviours confirmed that the
interactions between the EDCs and sludge is majorly physical in nature, hence they

are easily redistributed to the aqueous phase by desorption.

The removal of the EDCs was found to increase with increasing rate of dinitrification
confirming the observation made by Vader et al., 2000. Contrary to the earlier
conclusions that most of the estrogenic substance were degraded and not adsorbed
to solids (Kroner et al., 2000; Mastrup et al., 2001; Ivashechkin et al., 2004), this
research demonstrated that sorption to solid is a significant mechanism of removal
for the EDCs which agrees with the findings of Xu et al. (2008).

This Output is one of the detailed surveys of the fate of EDCs in the unit processes
of WWTPs available in the literature. The findings provided more information on the
mechanism of removal of steroid hormones in WWTPs. It also provided more insight
into the behaviour of the EDCs during the different stages of treatment and the
influence of operating parameters and treatment plant types. Since the publication of
the paper in 2010, it has been cited more than 13 times in various journal articles
from around the world as shown in the matrix above and in Appendix 2. In one of the
most recent and detailed critical review of the fate of estrogens in wastewater in
Water Research Journal (Hamid & Eskicioglu, 2012), the findings were cited nine
times by the authors highlighting key conclusions and comparing with other findings

by other authors.
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7.4 Output 4

Ifelebuegu, A. O., and Ezenwa, P. C. (2011), Removal of endocrine disrupting
chemicals in wastewater treatment by Fenton-Like Oxidation. Water, Air and Soil
Pollution, 217, 213-220.

Confirmed/ Replicated Contradicted Extended New Contribution
Methodology Van Emmerick et al, Yoon
et al., 2003
Empirical Neyens and Baeyens, Establishment of the
Results 2003, Christensen et al. thermodynamic feasibility of
1993; Wang and Lemley Fenton-like degradation of
2002; Guedes et al. 2003; estrogens in wastewater
Kavitha
and Palanivelu 2004 Fenton-like degradation
enhances the biodegradability
Lindsey and Tarr, 2000b of the treated effluent
Established of the mechanism
of chemical degradation
Citation Xu et al., 2013; Paul Raj, 2013

This Output investigated the feasibility of Fenton-like oxidation for the removal of
steroid hormones in wastewater treatment. Various laboratory and small-scale
experiments using Fenton oxidation have been reported in the literature. However,
the use of Fenton-like oxidation for the removal of estrogens was not in the literature
to the knowledge of the authors. The wastewater industry uses thousands of tons of
ferric salts annually for the chemical removal of phosphorus in wastewater treatment.
Fenton-like oxidation will therefore offer a potentially cost effective option for the

removal of EDCs in wastewater.

The finding demonstrated that the Fenton-like oxidation of estrogens is
thermodynamically feasible with activation energy ranging between 23 and 28 kJ/mol
for EE2 and E2. The research also established that transformation by-products
which were recalcitrant to further degradation were formed during the treatment
process. Also it was demonstrated that the Fenton-like treatment improved the
biodegradability of the treatment wastewater effluent. The activation energies
obtained were comparable to the results reported by other authors for Fenton
oxidation (Christensen et al., 1993; Wang and Lemley, 2002; Guedes et al., 2003;
Kavitha and Palanivelu, 2004). It was shown that the Fenton-like process was more
effective in degrading estrogens at pHs 4 and below confirming the conclusions from
the review by Neyens and Baeyens (2003). Additionally, the presence of DOC in

wastewater was found to have significant effect on the removal efficiency which
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confirmed the report of Lindsey and Tarr (2000) that dissolved organics acts as a

sink for hydroxyl radicals.

The outcomes of this Output delivered a body of new information on the feasibility of
the removal of EDCs by Fenton-like oxidation as well as the thermodynamic
properties. A claim can also be made for applied knowledge as it provided answers
to the applicability and recommendation for an effective approach for industrial

application of Fenton-like oxidation of EDCs in wastewater treatment.

7.5 Output 5
Ifelebuegu, A. O. (2012), Removal of endocrine disrupters by activated carbon
adsorption; Kinetic and thermodynamic studies- Journal of Environmental Protection,

3, 469-475.

Confirmed/ Contradicted Extended New Contribution
Replicated

Methodology

Empirical Results | Ho et al., 2005 Kiran Ifelebuegu et al., Establishment of the
Kumar et al.,2009; 2006 thermodynamic parameters
Mohan et al.,2007; for the adsorption of

estrogens to GAC.

Confirmed the mechanism
of adsorption of the
estrogens to GAC.

Confirmed the adsorption to
be a boundary layer
diffusion of the adsorbate to
the surface of the GAC

Citation N/A

This Output, which is a continuation of Output 1, investigated the kinetics and
thermodynamics of adsorption of E2 and EE2.There has been several papers on the
adsorption properties and capacities of AC to remove EDCs in water and wastewater
similar to Output 1. However, there have been very little work to investigate the
mechanics of adsorption of estrogens onto AC. This is an essential research
required to provide better understanding of the mechanism of adsorption and the

influence of operating parameters.

The findings of this Output therefore extended the findings in Output 1 by confirming
the mechanism of the adsorption to be predominantly chemisorptions based on the
isotherm data, kinetic data, thermodynamic data and the desorption studies. This

also confirmed the findings of Ho et al. (2005) who had suggested that chemisorption
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was the rate determining step for the adsorption of basic dyes to activated carbon.
The Output also provided new information on the kinetics and thermodynamics
properties of the adsorption of E2 and EE2 onto AC, information that is scarce in the
literature. The adsorption of the EDCs onto the GAC were found to be as a result of

boundary layer diffusion of the adsorbate onto the external surfaces of the GAC

7.6 Output 6

Ifelebuegu, A. O., Onubogu' J., Joyce, E., Mason, T. (2013) Sonochemical
degradation of endocrine disrupting chemicals 173-estradiol and 17a-ethinylestradiol
in water and wastewater International Journal of Environmental Science and
Technology, DOI: 10.1007/s13762-013-0365-2:

Confirmed/ Contradicted Extended New Contribution
Replicated

Methodology

Empirical Results | Gultekin and Ince, Confirmation of the
2008; Méndez- mechanism and
Arriaga et al., 2008; thermodynamics of the
Torress et al., 2008; sonochemical degradations

of estrogens
Koda et al., 2003;

Pétrier et al., 2007; Degradation rates per unit
Hameed et al., 2007 power were reported
and Torres et al.,
2008
Citation N/A

This Output investigated the use of ultrasound to degrade EDCs. The degradation
rates were investigated at varying PHs and ultrasound power. It was found that the
sonochemical degradation of the estrogens was more favourable at acidic to neutral
pH with significant deterioration as alkaline pH ranges. This confirmed the findings of
other researchers (Gultekin and Ince, 2008; Méndez-Arriaga et al., 2008; and Torres
et al., 2008), who also reported favourable rates of degradation of other organics
during sonochemical degradation. Also further finding (Koda et al., 2003; Pétrier et
al., 2007; Hameed et al.,, 2007 and Torres et al., 2008), were confirmed as the
analysis of the rate data showed that the sonochemical degradation of EDCs can be
described by both 1st and 2nd order rate equations at the different stages of the

reaction process.
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Furthermore in this Output we confirmed the mechanism and thermodynamics of the
degradation of EDCS by ultrasound and also reported the mass degradation rates

per kilowatt hour, which has not been reported elsewhere in the literature.
Chapter 8
Conclusions, Further Work and Claim for PhD
8.1 Conclusions

Our understanding of the fate and behaviour of EDCs in wastewater treatment has
improved significantly over the last decade. The work contained in this portfolio has
contributed to this improved knowledge. The removal, fate, behaviour and
mechanism of removal of EDCs during conventional and novel treatment methods
were investigated to provide further understanding of EDCs removal. Some of the

key conclusions that can be drawn from this work include:

e The mechanisms of removal of EDCs during conventional wastewater
treatment are mostly biodegradation and sorption onto solids through the
different unit processes.

e Better removals were achieved with increasing sludge ages and nitrification
rates for suspended growth treatment processes.

e Plants designed for biological nutrient removal are more effective in removing
EDCs in wastewater.

e The research also demonstrated that with further optimisation of biological
treatment processes like ASPs there could be a potential to efficiently and
effectively eliminate EDCs biologically without the need for tertiary processes.

e EDCs are persistent under anaerobic conditions and can therefore potentially
bioaccumulate in the environment

e Chemical processes are also effective in removing EDCs in wastewater
treatment. Activated carbon adsorption, Fenton-like oxidation and
sonochemical degradation were found to be effective for the degradation of
estrogens and were all thermodynamically feasible.

e Chemical methods are significantly affected by the presence of natural

organic matter and can therefore be more effective when used at the tertiary
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treatment stages at the end of the conventional biological wastewater
treatment processes.
e Physical methods like filtration and physical adsorption onto solids play a

significant role in the removal of EDCs during wastewater treatment
8.2  Further Research

This research has demonstrated that biological treatment alone may be effective in
the removal of EDCs. This needs to be further investigated to ascertain the cost
implications of increasing sludge ages and nitrification rates to enhance the removal
process. Also it will be beneficial to further investigate the role played by diverse

microorganisms in EDCs with increased sludge ages.

Furthermore, the work has shown that alternative technologies like GAC adsorption,
Fenton-like oxidation and sonochemical degradation are all technically feasible.
Further investigation will be required to evaluate the commercial feasibility of these
methods in full scale treatment applications.

8.3 Claim for PhD

The author believes that this COD and the portfolio demonstrate that the required
academic standard and contribution to knowledge has been achieved for the award

of PhD. This claim is evidenced by the following:

1. The portfolio represent a significant, continuous and coherent contribution to
the subject of the removal of EDCs in wastewater treatment.

2. The Outputs in the portfolio have been cited more than 40 times by other
scholars in peer reviewed journals from around the globe (see Appendix 2).

3. The research constitutes an original and independent contribution to
knowledge on the removal of EDCs in wastewater treatment.

4. The research papers have been published in journal of international standard
and high impact factors and meet the standards of the Research Excellence
Framework of the United Kingdom.

5. The analytical methods that were chosen and used were appropriate with
adequate quality controls.

6. The portfolio demonstrates the author’s critical and thorough knowledge of
the relevant topic and associated literatures.

7. The portfolio provides significant process data that will help design engineer
to model the design of full scale treatment plants for the removal of EDCs in
water and wastewater.
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Appendix 3 — Portfolio Outputs

The full text of the portfolio outputs have been removed due to third party
copyright. The unabridged version of the thesis can be viewed at the
Lanchester Library, Coventry University.
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