Chapter 43

The Chronic POEDCs Ecotoxicological
Impact: An Aquatic Environmental Indicator
of Surface and Groundwater

Uri Zoller

Abstract The occurrence and persistence of anthropogenic pollutants in the
environment showing estrogenic-endocrine modulating effects in aquatic organisms
is a “hot” issue of major health- and environment-related concern worldwide. The
population growth and the increasing scarcity of water in many regions of the world
have led to a comprehensive reuse of treated wastewater that, ultimately, may cause a
long-term concentration buildup of many toxic persistent organic pollutants (POPs) in
the closed cycle of water supply and wastewater treatment and reuse. The endocrinic/
mutagenic potencies of the EDCs-branched chain alkylphenol ethoxylates (APEOs),
polycyclic aromatic hydrocarbons (PAHs) and their metabolites are well-documented.
From ~5.5 x 10® m*/year of sewage produced in Israel, ~70 % are reused, following a
conventional, or advanced, activated sludge or sand aquifer treatment (SAT). A major
related question is: Does this practice conform to sustainability? Our studies reveal
that (a) the concentrations of APEOs and PAHs in Israel rivers and sediments do pose
a potential health risk problem; and (b) the synergistic ecotoxicological impact of
environmentally relevant mixtures of these POPs, in WWTP effluents, constitutes an
inconsistency, health-wise, with sustainability practice.

Keywords Anthropogenic pollutants « Polycyclic aromatic hydrocarbons (PAHs)
¢ Persistent Organic Endocrine Disrupting Compounds (POEDCs) ¢ Persistent
organic pollutants (POPs) « Toxicity « Water « Health

43.1 Introduction and Background

The occurrence and persistence of anthropogenic pollutants in the environment
showing estrogenic-endocrine modulating effects in aquatic organisms is a “hot”
issue of major health and environment-related concern worldwide (Sumpter and
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Johnson 2005). The population growth and the increasing scarcity of water in many
regions of the world have led to a comprehensive reuse of treated wastewater that
ultimately may cause a long-term concentration buildup of many toxic chemicals in
ecosystems and closed cycles of water supply and wastewater treatment and reuse
(Caldas et al. 2013). Endocrine disrupting chemicals (EDCs) refer to chemicals
affecting the endocrine system. Such an effect may be at the level of receptor-
mediated hormone action, binding and activating, or not activating the estrogen
receptor (estrogenic or antiestrogenic, respectively), hormone synthesis, or clear-
ance. In the aquatic environment there are many well documented examples of
EDC-s/persistent organic endocrine disrupting chemicals (POEDC-s) impact on
wild life. As such, the EDCs-ecosystems-environmental condition-environmental
indicators-sustainability connection is apparent.

Sustainability is a key demand in our world of finite resources and endangered
ecosystems. Given the environmental imperatives, the potential ecotoxicological
risk of anthropogenic chemicals, and the limited economic feasibility of large scale
treatment and remediation technologies, the currently emerging corrective-to-pre-
ventive paradigms shift in production, development, consumption, and disposal is
unavoidable. Following their use and disposal — into either sewage systems or
natural receiving aquatic sinks — and/or the large scale reuse of wastewater for
agricultural irrigation, persistent (nonbiodegradable) EDCs/POEDCs ultimately
enter aquatic and terrestrial compartments of the environment and persist there as
such, or as their (bio-) degradation/metabolites.

43.2 Potential Hazard and Fate of Endocrine Disrupting
Chemicals in Wastewater

The occurrence and persistence of anthropogenic POEDCs in the aquatic
environment that were found to affect aquatic organisms initiated both health and
environment concerns worldwide (Pickering and Sumpter 2003; Sumpter 2008;
Ternes et al. 1999; Lee et al. 2013). EDCs refer to those chemicals with a primary
effect on the endocrine system. Such an effect may be at the level of receptor-
mediated hormone action, binding and activating, or not activating the estrogen
receptor (estrogenic or antiestrogenic, respectively), hormone synthesis or clear-
ance. In the aquatic environment there are several well documented examples of
EDCs that have been demonstrated to have an impact, such as male feminization
and reduced productivity in fish and other wild life (Pickering and Sumpter 2003).
The three classes of anthropogenic POEDCs that, ultimately, reach surface and
ground water resources, largely via the reuse or disposal of municipal wastewater,
are the nonionic alkylphenol ethoxylates (APEOs) (Naylor et al. 1992; Sarmah
et al. 2006), polycyclic aromatic hydrocarbons (PAHs) (Mahler et al. 2005),
pharmaceuticals (Ternes et al. 1999, 2004) personal care products (PPCPs), and
hormones (Esperanza et al. 2004; Huang and Sedlak 2001; Kolpin et al. 2002a, b)
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Fig. 43.2 Anthropogenic and natural hormones in Israel’s WWTP influents and effluents

(Figs. 43.1 and 43.2). Although the extent of the threat of human exposure to these
EDC:s still remains to be elucidated, they are naturally biodegradation-resistant and,
therefore, environmentally persistent organic pollutants (POPs), creating a major
ecotoxicological issue of concern. Since (a) these EDCs and other structurally-related
compounds as well as/or their metabolites and/or degradation products do reach
surface- and groundwater (Ashton et al. 2004; Bergman et al. 2013; Ying
et al. 2002), and (b) they were found to affect the endocrine system of the susceptible
animals, triggering a rather wide range of biological effects even at extremely low
concentrations (ng-pg/L level), their persistent/survival in the aquatic environment,
particularly in public water supply and treatment [activated sludge (AS), river bank
(RB), wetland (WL) and soil aquifer treatment (SAT)] systems, constitutes an issue
of importance with respect to public health (Heberer and Adam 2004; Zoller
et al. 2004; Kidd et al. 2007). Indeed, there is a POEDCs-related environmental health
risk problem (McCann 2004; Zoller 2004; Sumpter 2008).

Two major anthropogenic EDCs that, ultimately, reach surface and ground water
resources via runoff and reuse or disposal of municipal wastewater (Berryman
et al. 2004; Ying et al. 2002) are the persistent organic pollutants (POPs) PAHs
and APEOs. The extent of the threat to humans being exposed to these mutagenic/
carcinogenic (and also teratogenic) still remains to be elucidated. Thus, the fact that
PAHs are structurally biodegradation-resistant and, therefore, environmentally
persistent (Nagy et al. 2007) renders an environmental ecotoxicological issue of
concern. These EDCs and their metabolites/degradation products, oxidatively or
reductively, were found to affect the endocrine systems of the susceptible animals,
hence triggering rather large biological effects even at low concentrations. APEO
surfactants on their part, especially the branched congeners nonyl-and octylphenol
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ethoxylates and their metabolites, are known to elicit estrogenic response, i.e., they
are capable of mimicking or antagonizing the action of steroid hormones, in both
mammals and fish (Jobling et al. 1996). They were found in tissue of mature and
juvenile fish (flounder), indicating an environmental /estrogenic exposure to waste-
water discharges (Lye et al. 1999). Data on the chronic effects of actual environ-
mental and/or sublethal concentrations of APEQOs are available (Zoller 2008). The
persistence of these POEDCs in the aquatic environment, particularly in public
water supply systems and in reclaimed water where reuse for agricultural irrigation
is extensively practiced, constitutes a major environmental health risk problem
(Pickering and Sumpter 2003; Zoller 2006). Data concerning the synergistic effects
of these two groups, per se, in the presence or absence of other EDCs, particularly
as far as their synergistic ecotoxicological and health risk potential are concerned,
are just starting to emerge (Zoller 2006; Zoller and Hushan 2010). Clearly, the
increased solubility of the hydrophobic PAHs in the presence of the hydrophilic
APEOs increases the bioavailability of the former, with all the ultimate chronic
ecotoxicological impacts involved. The scope of the POEDCs problem is huge,
since in addition to the APEOs and PAHs, PPCPs and natural steroidal estrogen
hormones (Kolpin et al. 2002a, b; Ternes et al. 2002) are released to the environ-
ment after passing through conventional wastewater treatment plants (WWTPs),
which, as such, are not designed to remove these compounds from the effluents
(Kolpin et al. 2002a, b).

43.2.1 Wastewater Treatment

The continuing rise of the human population, accompanied by the increasing
demand on the limited water reservoirs worldwide necessitates seeking alternative
water resources. Domestic urban, industrial, and agricultural wastewater is consid-
ered to be one of the most important water resources and has gained much interest
during the last years. Treated wastewater in WWTPs can be readily reused in
agriculture or industry. Various conventional, e.g., active sludge-based, and
advanced oxidation processes (AOPs) have been developed and are currently
being used for wastewater treatment. However, the majority of conventional
treatment processes have been designed, primarily, for reduction of organic and
inorganic components in the WWTPs influents to a level permitting their safe
discharge into the environment. However, the potential additive and/or synergistic
chronic ecotoxicological impact (SCEI) of the POEDCs, such as pharmaceuticals,
hormones, antibiotics, and personal care products (PCPs), persists in the effluents
to be reused. Awareness of the environmental health hazard posed by such con-
taminants has resulted in increasing the related public concern and stimulated
exploration of the EDCs’ occurrence and fate in sewage influents and effluents of
WWTPs. Conventional activated sludge (AS) and river bank (RB) systems are, at
present, the most common for treatment of domestic wastewater in large cities.
In rural areas, wetland systems are also used for wastewater treatment. Anaerobic
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lagoons are used to treat animal waste, such as that of swine. Since it is highly
unrealistic to expect a reduction in the consumption of, e.g., pharmaceuticals
(hormones and antibiotics), novel technologies for improving wastewater treatment
are continuously being developed that significantly diminish the release of these
endocrinic compounds into the environment.

The scope of the problem is huge (Khanal et al. 2006; Lohmann et al. 2007), since
the anthropogenic POEDCs, APEOs, PAHs, PPCPs, natural steroidal estrogen hor-
mones (Hanselman et al. 2003; Koplin et al. 2002a, b), and inorganic EDCs are
released directly to the environment after passing through conventional WWTPs that
are not designed to remove these compounds from the effluents (Halling-Sorensen
etal. 1998; Kolpin et al. 2002a, b), and ultimately, reach surface- and groundwater. In
fact, concentrations of (10—100 ng/L) of PPCPs and structurally related compounds
were already found in wastewaters and surface water, e.g., propranolol and ibuprofen,
more than a decade ago (Kolpin et al. 2002a, b; Hanselman et al. 2003; Ternes
et al. 2004). Such concentrations of these EDCs, and >10 pg/L of APEOs have the
potential to affect adversely the reproductive biology of aquatic wildlife (Tyler
et al. 1998; Hanselman et al. 2003; Pikering and Sumpter 2003; Zoller et al. 2004).
Thus, the importance of establishing these EDCs’ environmental concentration pro-
files and their synergistic chronic ecotoxicological impact (SCEI) in soil and surface-
and groundwater, is apparent.

43.2.2 Treatment Methods
43.2.2.1 Chemically Enhanced Primary Sedimentation (CEPS)

The removal rate of organic carbon load toward secondary treatment can be
increased by chemically aided sedimentation, considering that a quite large amount
of the organic load (up to 40-50 %) present in sewage is in the colloidal form. The
expected increase in the removal efficiency of organic micro-pollutants can have a
strong impact on further treatment stages and the ultimate effluent reuse. There
have not been many data regarding the removal of POEDCs in CEPS. Some
indication could be obtained based on the study of Sharp et al. (2005), who found
that coagulation of natural organic matter (NOM) depends on the latter’s polarity
balance and the charge density. In accordance, a reduction in the CSEI of POEDs in
WWTPs’ effluents is to be expected.

43.2.2.2 Biological Treatment

It has been reported that various organic micro-pollutants have been removed in
activated sludge (AS) systems by two main mechanisms: biodegradation and
sorption to the biomass. Nevertheless, the data gathered are somehow controversial.
Joss et al. (2006) reported, based on the degradation of a heterogeneous group of
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35 compounds, that state-of-the-art biological treatment schemes for municipal
wastewater are not efficient in terms of degrading pharmaceuticals. Several distinct
categories of PPCs were surveyed along different units of a municipal WWTP, in
Spain (Carballa et al. 2004). The overall removal efficiencies within the WWTP
ranged between 70 and 90 % for the fragrances, 4065 % for the anti-inflammatories,
~ 65 % for 17p-estradiol, and 60 % for sulfamethoxazole. However, the concentration
of estrone increased along the treatment due to the partial oxidation of 17-estradiol
in the aeration tank. Conventional wastewater treatment has been found efficient in
the removal of the potent 17a-estradiol (85-99 %), whereas estrone removal was
relatively poor (25-80 %) (Khanal et al. 2006). A study in eight WWTPs in Germany
found that the removal efficiency of the hormone ethnylestradiol (birth control pill)
reached 90 % (Coors et al. 2004). Several reports depict hydrophobic interaction
between aliphatic and aromatic EDCs and the lipophilic moieties of biomass-cell
membranes (Thomas et al. 2006), indicating a significant hazard related to sludge
application in agriculture.

43.2.2.3 Advanced Oxidation Processes (AOPs)

New emerging technologies utilizing combinations of UV, Ozone, and H,0, are
currently being applied for the removal of various contaminants in water and
wastewater (Vieno et al. 2007). Ozone was reported to exhibit high removal
efficiency of various pharmaceuticals and steroids (Ternes et al. 2004). The effec-
tiveness of Ozone and UV/H,0, for the removal of six medicines was found to be
high for all six medicines tested, except clofibric acid. These processes, while being
highly efficient, are relatively costly and may result in the formation of toxic
intermediates (Thomas et al. 2006). Clearly, application of AOPs following the
process in the biological treatment stage in AS-based WWTPs significantly reduces
the “endocrinal potential” of the POEDCs SCEI in the discharged effluents.

43.2.2.4 Sorption

Activated carbon has been traditionally used for the removal of many toxic
compounds in water works. In a related study, it was found that granular activated
carbon could be used successfully for the removal of PPCPs and estrogenic flame
retardants in surface waters and WWTPs effluents (Kim et al. 2007). The effect of
the nature of the sorbents (i.e., surface charge), PPCPs (i.e., pKa, ionization,
hydrophobicity) and aqueous solution (i.e., pH) impacted the sorption of pharma-
ceuticals (Lorphensri et al. 2006). A strong association was found between
increased organic carbon content and increased sorption, or decreased mobility
of, e.g., estradiol and testosterone, indicating that hydrophobic interactions are
responsible for the sorption process (Casey et al. 2004; Das et al. 2004). As far as
the pharmaceuticals are concerned, the more of them that are sorbed on the
activated carbon, the less “endocrinic” the WWTPs effluents are expected to be.
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43.2.2.5 Membrane Separation Processes

Pressure-driven membrane separation processes comprise microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO). All these are
considered to be emerging technologies for the potential removal of EDCs from
WWTPs effluents. Membrane bioreactors (MBR) showed a limited removal of
target compounds, but were shown to be effective for eliminating some PPCPs,
e.g., acetaminophen, ibuprofen and caffeine; RO and NF showed a >95 % removal
of all target substances studied (Kim et al. 2007). However, it was demonstrated
that high molecular weight POEDC:s, such as 17p-estradiol (MW: 279 g/mol), were
still detected in the RO permeate, albeit at very low concentrations (Kimura
et al. 2004). Negatively charged compounds are expected to be significantly
rejected by NF/RO membranes due to electrostatic repulsion between the com-
pounds and membranes. A high level of rejection (>90 %) associated with negative
charge was observed even for low molecular weight compounds (e.g., 110) in
NF. For neutral, uncharged compounds, rejection will depend on their physical/
chemical properties. The relationship between the physical/chemical properties of
compounds and the latter reactions of NF/RO membranes’ systems affects the end
results and, accordingly, the endocrinal impact of the effluents.

43.3 Synergistic Chronic Ecotoxicological Impact (SCEI)
of Persistent Organic Endocrine Disrupting
Chemicals (POEDCs)

Regardless of “climate change,” the population growth, and the increasing scarcity of
water in many regions of the world, arid and semi-arid, in particular, water reuse,
mainly of municipal wastewater treatment plants effluents, has increased dramati-
cally (Sumpter and Johnston 2005; Ternes et al. 2004). Consequently, the pollutants,
mainly the POEDCs that survive the various treatments — physical, biological,
chemical and/or natural environment systems-based (e.g., bank filtration, soil-aquifer
treatment-SAT) — constitute an ever-increasing major environmental ecology- and
health-related concern. This is due to the estrogenic-endocrine modulating effects of
these POPs-EDCs, even in their surviving ng/L. concentrations in the WWTPs’
effluents, which, ultimately, reach surface- and groundwater resources. The main
issue is not the LDs of the separated EDCs in effluents mixtures, but rather the actual
combined chronic ecotoxicological impact (SCEI) of this endocrinic mixture, which,
in turn, also point at a potential toxic health risk (Fig. 43.3).

Although the extent of the threat to humans being exposed to POEDCs still
remains to be elucidated (Zoller and Hushan 2010), their nature, namely their
naturally biodegradation-resistance and environmental persistence, turn them into
a major ecotoxicological environmental issue of health concern. These EDCs and
their metabolites/degradation products were found to affect the endocrine system of
exposed animals, triggering rather large biological effects even at extremely low



774 U. Zoller

—®- Marlophen 810
River/stream
-¥- Coastal Seawater
—"7‘ Offshore seawater

Percentage

6 8 10 12 14 16 18 20
Chain length (number of EO units)

[ =]

Fig. 43.3 The homologic distribution of APEOs (% of total distribution) in Israel’s rivers,
estuaries and Mediterranean seawater (Zoller et al. 2004)

concentrations (ng-pg level). The persistence of the POEDCs in aquatic
environments, particularly WWTPs effluents reused for irrigation and public
water supply systems in semi-arid regions (where reclaimed water reuse, mainly
for agriculture irrigation is extensively practiced), constitutes an environmental
health problem (Pickering and Sumpter 2003; Zoller 2004). Recently, the focus of
the EDCs-related environmental research has been extended to PPCPs (Ternes et al.
2004; Zeng et al. 2005; Bayen et al. 2013; Lee et al. 2013) with respect to their and
as well as their recalcitrant metabolites’ persistence and estrogenic effects in
aquatic environments, particularly whenever wastewater effluents are either being
reused or discharged into surface waters (Huang and Sedlak 2001; Kolpin
et al. 2002a, b; Yang et al. 2013; Esteban et al. 2004). Consequently, the health-
related aspects, have become a major issue of concern, in particular the related
SCEI-human health risk potential relationship (Zoller and Hushan 2010).

Many anthropogenic, e.g., APEO surfactants, especially the branched congeners
nonyl- and octylphenol ethoxylates and their metabolites, are known to elicit
estrogenic responses, i.e., they are capable of mimicking or antagonizing the action
of steroid hormones in both mammals and fish (Gabriel et al. 2008; Lye et al. 1999).
They were found in tissue of mature and juvenile fish (flounder), indicating
environmental estrogenic exposure to wastewater discharges. Similarly, long term
chronic exposure of Zebra fish to a mixture of PAHs resulted in substantial
reduction in their fertility (eggs’ production) (Zoller and Hushan 2010).

43.3.1 The Synergistic Chronic Ecotoxicological Impact
(SCEI) of Selected POEDCs

Data on chronic effects of actual environmental and/or sublethal concentrations of
POEDCs, the most relevant with respect to the potential public health risk, are
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Table 43.1 AEPOs and PAHs concentrations in WWTP influents and effluents

Influent (pg/L) Effluents (pg/L) Removal (%)
STP AEPOs PAHs AEPOs PAHs AEOPs PAHs
Haifa 48.9 0.38 34.0 0.25 30.5 34.2
Netanya (Sharon) 49.9 0.38 35.0 0.24 30.0 36.8
Neve Shaanan Technion 42.1 0.36 274 0.23 349 36.1
Sakhnin 48.0 0.23 34.8 0.23 27.5 304

scarce. Clearly, more data concerning the quantitative chronic effects of each
environmentally underestimated relevant POEDC and more so the synergistic
chronic ecotoxicological impact (SCEI) of environmentally POEDCs’ particularly
are needed, targeted at the assessment of their ecotoxicological and health risk
potential.

The SCEI of real POEDCs mixtures in WWTPs’ effluents, surface- and ground-
water via appropriate tests, e.g., the ZFEPT (Zoller et al. 2004), fill all the criteria of
“environmental indicators” and can be used as “equivalents” to the latter. The
related representative results of our research study recently conducted in Israel,
based on our (experimentally) developed ZFEPT (Zebra fish Egg Production Test)
and to be published shortly, are presented in the next Sect. 43.3.2 of this chapter
(Table 43.1).

43.3.2 The SCEI of POEDCs: The Israeli Research-Based
Case Study

Israel, a country in the eastern Mediterranean basin, is located in a semi-arid region.
The country is experiencing an extreme shortage of water supplies. From the
approximately 5 x 10® m® of annually produced sewage containing ca. 9—122 mg/
L of anionic (mainly LABS) and 1-3 mg/L of nonionic (mainly APEO) surfactants, ~
90 % is treated in (mainly) activated sludge (AS)-based WWTPs, and about 70 % is
reused, mainly in agricultural irrigation. Given this, almost exclusively, secondary
activated sludge treatment (AST) practice, the importance of establishing these
EDCs’ environmental profiles and synergistic ecotoxicological environmental impact
in river sediments and water is apparent (Fig. 43.4).

43.3.3 APEOs-PAH:s in Israel (Representative) Rivers

Given that about 70 % of Israel’s ~550 x 10° m’/Y of wastewater is being reused,
following its treatment in AS-based WWTP or SAT, the remaining concentrations
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Fig. 43.4 Effect of APEOs mixtures (Marlophen 810) on zebrafish (Danio rerio) reproduction
(Zoller 2004)

of the APEOS and PAHs in the effluents that ultimately reach surface and
groundwaters, mainly via agricultural irrigation, are of particular relevance
(Table 43.2).

It is worth noting that (1) the APEOs and PAHs loads in the two urbanic
wastewater plants (Haifa and Netanya) were essentially the same, and (2) the
percentage of removal of these two POEDCs in the activated sludge (AS)-based
treatment was quite similar.

Based on our representative results presented here, the experimentally derived
research does respond to the question concerning the potential synergistic ecotox-
icological impact of APEO-PAH mixtures and their potential health risk.
Similar conclusions have already been reached in many studies focusing on
mixtures of hormones (natural and anthropogenic) and selected “representative”
PPCPs in wastewater effluents that are actually being reused. Thus, the contempo-
rary wastewater reuse practice constitutes a potential endocrine health risk. This, in
turn, requires the application of advanced treatment technologies in WWTPs to
ensure the sustainability of their effluents’ reuse. In view of recent studies that
demonstrated the potential deleterious effects of extreme abiotic factors on
chemically-based toxicities/56/, toxicokinetics and toxicodynamics modeling
studies may be needed in the future to understand the toxicologic-ecotoxicologic
pathways that are involved in environmentally-relevant mixtures of POEDCs and
relevant stressors. This would enable the usage of the related SCEI as a solid
environmental indicator.
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