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The occurrence of five endocrine-disrupting compounds (EDCs), namely 4-n-nonylphenol
(4-n-NP), nonylphenol monoethoxylate (NP1EO), nonylphenol diethoxylate (NP2EO),
triclosan (TCS) and bisphenol A (BPA), was assessed in the raw, treated wastewater and
sewage sludge of eight sewage treatment plants (STPs) in Greece. The analytes were
extracted by solid-phase extraction (dissolved phase) or sonication (solid phase).
Qualitative and quantitative analyses were performed by gas chromatography-mass
spectrometry (GC-MS). The average concentrations in the raw and treated wastewater
ranged from 0.23 (4-n-NP) to 5.76 ugL~* (NP1EO) and from 0.15 (BPA) to 1.84 ugL~" (NP2EO),
respectively. A great part of the detected EDCs was sorbed on suspended solids. In sewage
sludge, the average concentrations ranged between 0.17 (4-n-NP) and 12.3pugg ‘dw
(NP1EO). Analysis of daily mass flows in STP of Athens showed that, with the exception
of 4-n-NP, all other EDCs were significantly removed (>85%) during wastewater treatment.
Regarding the fate of these compounds, a significant part ranging from 45% (for TCS) to
more than 70% (for NP1EO, NP2EO and BPA) was transformed by abiotic or biotic
mechanisms, while the rest was accumulated in sewage sludge or disposed to the
environment via the effluents. Calculation of risk quotients showed the existence of
possible threat due to the presence of certain EDCs in treated wastewater and sludge.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

NP,EOs are an important group of non-ionic surfactants
that are widely used in many commercial and household

Several synthetic organic compounds that have been classi-
fied as endocrine disruptors (EDCs) are commonly detected in
municipal wastewater. Among these, nonylphenol (NP), NP
ethoxylates (NP,EOs, where n indicates the number of ethoxy
units), bisphenol A (BPA) and triclosan (TCS) present sig-
nificant research interest due to their extensive use and their
physicochemical and toxicological properties.

*Corresponding author. Tel.: +302251036257; fax: +302251036246.
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functions, including detergents, cosmetic products and
textiles (Birkett and Lester, 2003). It has been proved that
biotransformation of long-chain NP,EOs, which occurs in
sewer system, results in accumulation of shorter-chain meta-
bolic intermediates including NP, NP monoethoxylate (NP1EO)
and NP diethoxylate (NP2EO) (Ahel et al., 1994). These com-
pounds have been classified as EDCs by several organizations
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(Birkett and Lester, 2003), while NP has been listed as
a priority substance in the Water Framework Directive
(EU, 2001). Moreover, the European Union, in an attempt to
set some limit values for trace organic contaminants in
sludge, proposed in a Working Document a limit value
of 50ugg tdw for NPEs (sum of NP, NPIEO and NP2EO)
(EU, 2000). Regarding NP, this compound is a mixture of
different branched and linear-chain isomers (ortho-, meta- or
para-), with the most common ring isomers being the para
isomers (4-NPs). Recent studies have shown that 4-n-NP is a
strong estrogenic isomer (Vetillard and Bailhache, 2006) that
is usually used as the representative compound of this
category (Ying et al., 2003; Calafat et al., 2005).

BPA is widely used for the production of flame retardants,
polycarbonate and epoxy resins. These products are used in
food and drink packaging, as additives in thermal paper and
in dental fillings. It has been shown that BPA possesses
weakly estrogenic activity, as well as antiandrogenic activity
(Birkett and Lester, 2003). TCS is a broad-spectrum antimi-
crobial and preservative agent that is widely used in personal-
care products. In Europe, approximately 350t of TCS are
produced annually for commercial applications (Singer et al.,
2002), while in USA, more than 300 tyr*1 of TCS are estimated
to be disposed into wastewater (Halden and Paull, 2005). TCS
may act as an endocrine disruptor via activation of the
human pregnane X receptor (Jacobs et al., 2005).

So far, the occurrence of these EDCs in sewage treatment
plants (STPs) has been well documented through several
studies around the world (Mc Avoy et al., 2002; Nakada et al.,
2006; Vogelsang et al., 2006). However, there are few data for the
Mediterranean area (Gomez et al., 2007; Gonzalez et al., 2007),
while no data are available for Greek STPs. In addition to the
above, despite the existence of several studies investigating
the presence of these EDCs in wastewater, most of them have
been focused exclusively on aqueous-phase concentrations.
Particulate matter is often not included in wastewater analysis
and concentrations of these compounds in sludge are rarely
determined (Heidler and Halden, 2007), probably due to the
difficulty in accurately detecting and quantifying EDCs in this
challenging analytical matrix. As a result, systematic data
on balances of these EDCs in STPs are missing, and the
environmental load of these compounds is still not adequ-
ately documented. On the other hand, due to the relatively
high octanol-water partition coefficients of these compounds
(Birkett and Lester, 2003; Heidler and Halden, 2007), it is
reasonable to expect that a significant part of these EDCs is
sorbed on the suspended solids or accumulated in biosolids.
Moreover, based on the fact that the quantity of sludge
generated in European STPs has been greatly increased in the
recent years due to the implementation of the urban waste-
water treatment Directive 91/271/EEC, one can assume that a
substantial portion of EDCs is transferred to European soil.

To investigate the occurrence of EDCs in Greece, waste-
water (raw and treated) and sewage sludge samples were
collected during three sampling campaigns in 2006 from eight
STPs, differing with respect to their size and operational
conditions. An integrated analytical method was applied for
the simultaneous determination of 4-n-NP, NP1EO, NP2EO,
BPA and TCS in wastewater (dissolved and particulate phase)
and sewage sludge, and the detected concentration levels

were compared with those from the literature, while the
possible threat due to disposal of these compounds in the
environment was estimated and discussed. Daily mass flows
normalized to inhabitants were also calculated for each STP
and distribution of EDCs between dissolved and particulate
phase was determined. Moreover, a mass balance was
performed for the greatest STP examined in this study
(Athens, Greece) to investigate the fate of EDCs during
wastewater treatment and to estimate the role of degradation
and sorption on their removal.

2. Materials and methods
2.1.  Sampling and STPs surveyed

Wastewater samples were collected from six STPs (STP A-F) in
Greece (Figure S1). Information on the individual plants and
their operational parameters are summarized in Table 1. The
average sewage flows in the STPs included in this study varied
from 30 to 650000m>3d~?, while all STPs were equipped with
secondary treatment (activated sludge process).

Three sampling campaigns were performed in March, June
and September 2006. During these months precipitation is
low, so dilution of the sewage influent is minimal and the
concentrations of any compound found would therefore
represent a ‘worst case scenario’. Twenty-four-hour compo-
site samples of sewage influents and secondary effluents
were taken on 3 consecutive days from STP A in each
sampling campaign, while grab samples were taken from
STP B with a similar frequency. Grab influent and secondary
effluent samples were also collected once in each sampling
campaign from the other STPs. During this study, BOD
removal was higher than 95% in all STPs, except for STP E,
where operating problems had been noticed due to insuffi-
cient capacity of the mechanical aerators.

Grab sludge samples were additionally collected in the
aforementioned sampling campaigns from STPs A, B and C.
During the last sampling campaign, three samples were also
taken in consecutive days from STPs serving the cities of Nafplio
(STP G) and Herakleio (STP H) (Figure S1). All sludge samples
were either dewatered anaerobic digested sludge (STPs A, C and
H) or dewatered secondary sludge (STPs B and G) (Table 1).

Wastewater samples were collected in 2L pre-cleaned
amber glass bottles, while sludge samples were collected in
glass jars. All samples were transported to the laboratory in a
cooler. Wastewater samples were filtered through pre-ashed
glass-fiber filters (GF/F, Whatman, UK) and stored in the dark
at 4°C until solid-phase extraction (SPE) (normally 24h after
filtration). For the determination of EDCs in the particulate
phase, filters were oven dried until constant weight and
stored at —18°C until their analysis. Sewage sludge samples
were oven dried at 40 °C (Gatidou et al., 2007), grinded using a
mortar and pestle and stored at —18 °C until their analysis. All
samples were analyzed within a period of 5 days.

2.2. Chemical and standards

Analytical standards of 4-n-NP (99.5%), NP1EO (99%) and
NP2EO (99%) were supplied by Dr. Ehrenstorfer-Schafers
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SRTP
(d)

HRT®
(h)

Average sludge production

(kg DS/day)

Contribution from
industry (%)

Average flow
(m>/day)

Treatment processes Population
served

STP
ID

Plant

180000
1100
2500

20
<5

650000
4500

3500000
24000
50000
1000

600

S+G+Sed+AS(BNR)+Sed+AD+Dew
S+G+AS(BNR)+Sed+Chl+Dew

A
B
C

Athens

18

23

Mytilene

10

10000

30
120
50

S+G+Sed+AS(BNR)+Sed+UVdis+AD+Dew

S+AS(N)+Sed+Chl

Chalkida

23

35

D
B
F

University
Hospital
Airport

22

S+AS(N)+Sed+Chl
S+AS(N)+Sed

25

32

1200

1800
5000

10000 <5

25000

40000

S+G+AS(BNR)+Sed+Chl+Dew

G
H

Nafplion

<5

100000

S+G+Sed+AS(BNR)+Sed+AD+Dew

Herakleion

nitrification, Chl = chlorination, UVdis = UV disinfection,

biological nutrient removal, N

grit removal, Sed = sedimentation, AS = activated sludge, BNR

mechanical dewatering.

Abbreviations: S = screening, G

AD = anaerobic digestion, Dew

& Hydraulic retention time in aeration tank.

b Sludge residence time in activated sludge process.

€ Not known.

(Germany). BPA (>97%) was purchased from Buchs (Switzer-
land), whereas TCS (>97%) and deuterated BPA (BPA-16), used
as internal standard, were purchased from Fluka (Germany).
Stock solutions of individual compounds were prepared in
methanol at 1000mgL~' and kept at —18°C. The stock
solutions were used to prepare regularly working standard
solutions for calibration.

2.3. Sample preparation and analysis

Analytical methods for the determination of EDCs in waste-
water (dissolved and particulate phase) and sewage sludge
samples were developed and optimized by the authors
(Gatidou et al., 2007) and they are briefly illustrated in Fig. 1.
The developed procedure included either SPE (liquid samples)
or sonication (solid samples), while for the qualitative and
quantitative analyses a Hewlett Packard Gas Chromatograph
5890 Series II connected to a Hewlett Packard Mass Spectro-
meter HP5971 MSD was used (USA). The separation of EDCs
was achieved using a DBSMS capillary column (60m) with a
film thickness of 0.25 um and an internal diameter of 0.32 mm
(Supelco, USA).

Detailed information about the quality parameters of the
analytical methods have been reported by Gatidou et al.
(2007). In brief, these analytical methods presented satisfac-
tory precision, with relative standard deviations less than 12%
for all the tested compounds. Satisfactory recoveries were
obtained for all the compounds, ranging from 57% to 89%
for aqueous phase and from 78% to 104% for solid phase,

’ Wastewater Sample: 100 ml ‘ ’ Sewage Sludge Sample: 20 mg ‘

l l

’ Filtration: pre-ashed GF/F filters Filter Sonication: 50 °C for 30 min
(5 ml MeOH + 3 ml H,0)

Filtrate l

A,
Solid phase extraction: C18 Supernatant dilution to 100 ml ‘
Conditioning: 2 x 3.5 ml MeOH and

2 x 3 ml of H,O
Elution: 4 x 2 ml DCM-Hexane

l

’ Evaporation to dryness with N, gas

l

’ Internal standard addition: BPA 46

l

’ Evaporation to dryness with N, gas

l

’ Derivitization: BSTFA + pyridine ‘

l

’ GC-MS analysis ‘

Fig. 1 - Schematic diagram of the applied analytical method
for the determination of the target EDCs in wastewater and
sludge samples.
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except for 4-n-NP, where recoveries of 33% and 55% in water
and sludge samples were obtained, respectively (Gatidou
et al., 2007). For this reason, recovery correction was made for
4-n-NP (Nakada et al., 2006), by dividing the observed
concentrations by recovery rates. Limits of detection (LODs)
of the target compounds varied from 0.03 (4-n-NP) to
0.41pgL~"! (NP2EO) and from 0.04 (4-n-NP) to 0.96ugg *dw
(NP2EO) for liquid and solid samples, respectively (Gatidou
et al., 2007). Whenever the influent or effluent concentrations
were below the LOD, a concentration equal to half of the
detection limit was used for the calculations (Chandrinou
et al., 2007). On the basis of the volume of the samples
filtered, the volume-basis concentrations (i.e., pgL™") were
calculated for particulate EDCs. For the determination of total
EDC concentrations in wastewater, the sum of dissolved and
particulate concentration was used.

2.4. Calculations

For sewage treatment plant A, the degree of removal obtained
was calculated from the total (sum of dissolved and
particulate) analyte concentration in raw sewage water (Cing)
and final effluent (Ceg) according to Eq. 1:

Cinf — Cefr

Removal (%) = x 100. (1)

inf
Moreover, the mass load of EDCs that was lost due to the
sum of all transformation processes (Wost) Was calculated
according to Eq. 2 (Heidler and Halden, 2007):

Wiost = (Qinf X Cinf) — (Qefr X Ceff) — Wiludges 2

where Qinr and Q¢ are the flow rates of influents (m3d =) and
effluents (m*d™"), respectively, while Wyage is the mass
output of EDCs in dewatered digested sludge (mgd~?).

Mass flows, in milligrams per day, as well as mass flows
normalized to inhabitants served at each STP, in milligrams
per 1000 inhabitants per day, of individual EDCs were
calculated from concentrations of each sampling occasion
in each matrix, using the corresponding mean daily sewage
volume and the corresponding mean daily sludge production
(Table 1).

3. Results and discussion
3.1. EDCs occurrence in the influent and effluent
wastewater

During the three sampling campaigns, altogether 30 samples
were collected from the influents and effluents of six different
STPs. The data obtained from all the analyzed samples are
presented in Table 2 and Table S1. Regarding the untreated
sewage, TCS, NP1EO and NP2EO were detected in all samples,
whereas 4-n-NP and BPA were found in 25 and 23 samples,
respectively (Table 2). The highest value of the means and the
maximum concentration were 16.4 (in STP E) and 23.9ugL~?
(in STP A), respectively, and these were due to TCS (Table S1).
Contrary to TCS, BPA mean concentrations did not exceed
1.25ugL™" (STP C). Regarding NPs, the maximum mean
concentrations were 13.5 (STP A) and 9.34pgL~! (STP C) for
NP1EO and NP2EO, respectively. On the other hand, concen-
trations of 4-n-NP were significantly lower (Table 2, Table S1),
probably due to the fact that this compound is one of the
isomers that constitute NP. Based on daily loading and
population served by each plant, the population-corrected
loads were calculated (Table S2). STPs A, C and E presented the
highest average loads for most of the EDCs (NP1EO, TCS and
NP2EO), possibly due to the fact that STPs A and B co-treat
industrial wastewater, while STP E treats hospital’s waste-
water (Table 1). In these STPs, influent average daily loads
ranging up to 2504, 3285 and 1869mg per 1000 inhab-
itants were calculated for NP1EO, TCS and NP2EO, respectively
(Table S2). In the literature, there are few data available
regarding EDCs loading in STPs. In a previous study, Mc Avoy
et al. (2002) reported a TCS usage rate of 3000-5000mg per
1000 inhabitants per day. Moreover, Heidler and Halden (2007)
reported a TCS per-capita loading ranging from 390 to
1430mgyr*, which amounts to 1068-3918 mgTCS per 1000
inhabitants per day.

EDCs were not totally eliminated by the applied treatment
processes and, as a result, were detected in most effluent
samples (Table 2). In treated wastewater, TCS was the
dominating compound and was found in 25 samples, possibly
due to its high concentrations in untreated sewage and its low

Table 2 - Occurrence of the target EDCs in the influents and effluents (in ngl~?) of Greek sewage treatment plants included

in this study (six plants, n = 30)

Substance Influent Effluent

LOD [N]>LOD* Mean  Median Min Max [N[>LOD Mean Median Min Max
4-n-NP 0.03 25 0.23 0.17 <0.03 1.04 24 0.18 0.11 <0.03 0.90
NP1EO 0.34 30 5.76 3.30 0.35 20.8 15 0.89 0.17 <0.34 6.89
TCS 0.13 30 4.90 1.37 0.17 23.9 25 1.10 0.43 <0.13 6.88
BPA 0.14 23 0.73 0.68 <0.14 2.14 12 0.15 0.07 <0.14 1.10
NP2EO 0.41 30 3.99 2.38 0.71 134 15 1.84 0.20 <0.41 17.4

# [N]>LOD: number of samples with concentrations higher than the limit of detection (LOD) of the method.
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LOD. However, among the target compounds, the highest
mean and maximum concentrations were found for NP2EO in
STP E (12.9 and 17.4ugL™", respectively), while lower NP2EO
concentrations were detected in other STPs (Table S1).
Regarding the other target compounds, maximum concentra-
tions up to 0.90, 6.89, 6.88 and 1.10ugL~" were detected for
4-n-NP, NP1EO, TCS and BPA, respectively (Table 2, Table S1).

Investigation of EDCs’ distribution between particulate and
dissolved phase showed that a significant part of these
compounds accumulated on the suspended solids. In influent
wastewater, almost 45-50% of the target compounds were
found in the particulate phase, while in treated wastewater
this fraction ranged between 18% and 35% (Fig. 2). The lower
percent of particle-bound EDCs obtained in effluent waste-
water was probably due to the fact that most of the
particulate matter had been removed during secondary
sedimentation and as a result low suspended solids concen-
trations were determined in the effluents (2-22 mgL ™). So far,
few studies have focused on EDCs’ partitioning between the
dissolved and particulate phase. Isobe et al. (2001) found that
33+21% of NP was in the particulate phase in secondary
effluents. Moreover, similar percentages of distribution in
particulate matter have been reported for NP, NP1EO, NP2EO
and BPA in river water (Patrolecco et al., 2006). These
observations indicate that employing advanced treatment
processes for suspended total removal (e.g. filtration) could
probably result in a further decrease in EDCs’ loading to
recipient water bodies.

For most of the cases, the concentrations of EDCs detected
in this study fall into the range reported in the literature. An
exception was noticed for TCS in effluent wastewater, where
in few cases (Table S1, STP A, C and E) its concentration was
higher than those previously reported in the literature.
Specifically, TCS concentrations ranging from 0.39 to
26.8ugL~! and up to 2.7 ugL~! have been detected in influent
and effluent wastewater, respectively (Mc Avoy et al., 2002;
Waltman et al., 2006; Gomez et al., 2007). Monitoring studies

in STPs of Austria and Spain have shown BPA concentration
levels ranging up to 3.4 and 1.53 pgL ™' in influent and effluent
wastewater, respectively (Clara et al., 2005; Gomez et al,
2007). Regarding NPs, concentrations of NP, NP1EO and NP2EO
up to 58, 150 and 230 ugL~?, respectively, have been reported
for influent wastewater (Planas et al.,, 2002; Fauser et al.,
2003; Gonzalez et al., 2007), while concentrations up to 4, 53
and 29ugl~! have been detected in effluent wastewater
(Vogelsang et al., 2006; Gonzalez et al., 2007).

Concentrations of EDCs detected in influent wastewater
were significantly lower than those reported in the literature
for inhibiting activated sludge process. Federle et al. (2002)
reported no adverse effects on the activated sludge process
when TCS was incrementally increased from 0.04 to 2mgL™*
in a lab-scale activated sludge system. Moreover, in a recent
study, Stasinakis et al. (2007) reported that TCS concentra-
tions as low as 500pgL~"' slightly inhibited nitrification
capacity, while there was no effect on COD removal. Finally,
toxicity experiments with ammonia-uptake rate and specific
oxygen-uptake rate showed that 50mgL~" 4-n-NP slightly
inhibited autotrophic activated sludge microorganisms, while
there was no effect on heterotrophic microorganisms (Stasi-
nakis et al., 2006).

Regarding the effects of target EDCs in the aquatic
environment, concentrations
(MECs) of EDCs in influent and effluent wastewater were
used together with predicted no observed effect concentra-
tions (PNECs) obtained from peer-reviewed literature,
to calculate risk quotients expressed as MEC/PNEC ratios
(Lindberg et al., 2007). According to the literature, if the
exposure concentration exceeds the effect concentration
(MEC>PNEC), then an ecological risk is suspected (Lindberg
et al.,, 2007; Ying and Kookana, 2007). However, it should be
mentioned that the actual ecological risk should be lower
than the one estimated due to effects such as dilution of
effluent wastewater in the recipient water bodies. In influent
wastewater, ratios above 1 were obtained for all the target

measured environmental

100 7

Particle bound EDCs
(% of total EDCs concentration)

4-n-NP

NP1EO

TCS BPA NP2EO

Target Compounds

Fig. 2 - Fraction of EDCs bound to particulate matter in influent and effluent wastewater (n = 30).
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effluent wastewater throughout Greece

MEC/PNEC

PNEC (ngL™)

Substance

STPAgy  STPBiy STPBoy:  STPGiy,  STPCou  STPDi,  STPDow  STPEi, STPE,y:  STPFy,  STPFou:

STPA;,

1.3
22
30

0.2

1.5
76
66
1.1
10

0.2
63

0.2 0.6

0.9

1.9
28
121
1.1
1.9

0.9

2.7
5.9

1.2
47

1.3
7.0
92
0.3

3.2
189
478
1.3
99

0.33

4-n-NP
NP1EO
mes
BPA

40

15
8.8

17
20
1.7
24

113
390
2.1

0.11°

138
0.2
158

344

1.0
101

23
0.3

46

0.05¢

0.1

2.1

1.0¢
0.11°

1.9

9.2

66 18 122

8.5

NP2EO

Maximum concentrations detected in each STP were used, whereas when MECs were not available, values equal to half LOD were used.

& European Commission (2002).

® Fenner et al. (2002).

€ Ying and Kookana (2007).
4 Fromme et al. (2002).

compounds in most STPs, indicating the risk for environ-
mental threat in case the raw wastewater is directly
discharged into the environment (Table 3). After wastewater
treatment, risk quotient values higher than 1 were still
obtained for NP1EO, TCS and NP2EO in all STP effluents,
while values higher than 100 were obtained for TCS in STPs C
and E and for NP2EO in STP E. On the other hand, a lower risk
for the aquatic environment was estimated for 4-n-NP and
BPA, whereas sporadically measured concentrations were
higher than PNEC.

3.2.  EDCs occurrence in sewage sludge

During this study, altogether 27 sludge samples were col-
lected from five STPs of different size and operating
principles. The data obtained from all the analyzed samples
are presented in Table 4 and Figure S2. In all samples, NP1EO
and TCS were detected above their LOD, whereas 4-n-NP,
NP2EO and BPA were found in 26, 13 and 25 samples,
respectively.

Concentrations of TCS as high as 9.85ugg 'dw were
detected (STP H), while, so far, concentrations ranging
between 0.09 and 55ugg 'dw have been reported in the
literature (Heidler and Halden, 2007; Ying and Kookana, 2007).
In the present study, the highest TCS concentrations were
detected in STPs A, C and H (Figure S2). These concentrations
could be attributed to the high TCS input load observed in
these STPs (see Table S1), as well as to the presence of primary
sedimentation in these treatment plants (Table 1). Previous
studies have shown that a significant part of TCS is removed
by primary sludge, being unavailable for microbial degrada-
tion in activated sludge process. Specifically, Mc Avoy et al.
(2002) reported a TCS removal by primary treatment up to 48%
in STPs in USA.

So far, few terrestrial toxicity data are available in the
literature for TCS. In a recent study, Ying and Kookana (2007)
calculated a PNEC value of 0.096ugTCSkg " soil. Assuming
that sludge with the highest TCS concentration detected in
the present study (9.85ugg *dw) was applied to soil (bulk
density of 1.3kgL™") at a typical rate of 10tha™" and tilled to
10cm, a predicted effective concentration (PEC) of 0.08pgg™*
(dilution factor: 130) would be approximately calculated in a
well-mixed soil. Based on the aforementioned PEC and PNEC
values, the risk quotient is calculated to be 830, which is
considerably more than 1. According to the above, a possible
threat due to sludge disposal in soil is expected. This threat
could be more severe keeping in mind that incomplete soil
and sludge mixing could cause higher TCS-localized concen-
trations. However, more information on TCS toxicity to
terrestrial microorganisms and its fate in the soil environ-
ment is needed in order to conduct a more realistic environ-
mental risk assessment.

Contrary to TCS, BPA concentrations in sewage sludge did
not exceed 1.75 ug g~ dw (Table 4) and there was no difference
between different STPs (Figure S2). To the best of our
knowledge, almost similar BPA concentration levels have
been reported in the literature (Bolz et al., 2001). So far, there
are no studies investigating BPA toxicity in soil. However, in a
previous study investigating its fate in soil, Fent et al. (2003)
estimated a half-life of less than 3 days and concluded that
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Table 4 - Occurrence of the target EDCs in the sewage sludge (in ng g~ dw) of Greek sewage treatment plants included in

this study (five STPs, n = 27)

Substance LOD ludge

[N]>LOD? Mean Median Min Max
4-n-NP 0.04 26 0.17 0.15 <0.04 0.45
NP1EO 0.49 27 12.3 4.88 1.01 41.3
TCS 0.15 27 3.21 271 0.19 9.85
BPA 0.56 13 0.53 0.28 <0.56 1.75
NP2EO 0.96 25 6.14 3.70 <0.96 24.7

@ [N]>LOD: Number of samples with concentrations higher than the limit of detection (LOD) of the method.

this compound is not expected to be stable and bioavailable
after disposal to soil.

Regarding NPs, concentrations of 4-n-NP, NP1EO and NP2EO
up to 0.45, 41.3 and 24.7 ugg~ ' dw were detected, respectively
(Table 4). Concentrations of 4-n-NP were similar in all STPs,
whereas the highest mean concentrations of NP1EO were
detected in STPs A, C and H (Figure S2). Moreover, the highest
mean NP2EO concentration was detected in STP H (Figure S2).
It should be mentioned that the aforementioned STPs include
primary sedimentation and anaerobic digestion. The highest
NPs concentrations detected in these STPs could be explained
by the sorption of these compounds in primary sludge (Planas
et al,, 2002), as well as their further formation as metabolites
from other nonylphenolic precursors during anaerobic dige-
stion (Ahel et al., 1994). In all cases, NPE concentrations
detected in the present study were lower than the limit fixed
in the third draft of the EU Sludge Directive (50uggdw)
(EU, 2000). The highest concentrations of NPEs were detected
in STP C (49.2pgg ' dw) and STP H (49.2 ug g~ * dw). However, it
should be mentioned that in this study 4-n-NP was used
during analysis. It is possible that if technical mixture of NP
had been used, NPEs concentrations exceeding the European
limit could have been calculated in a few cases.

So far, little research has been done to examine NPs’ effects
on terrestrial biota and most of the reported data are
controversial. In a recent study, Roberts et al. (2006) reported
that NP had no negative effect on soil respiration or plant
growth unless present at extremely high concentrations
(>10000ugNPg 'soil). On the other hand, Environment
Canada (2000) recommended a PNEC for terrestrial risk of
0.34pgg™'. Due to the limited toxicological data available for
the other nonylphenolic compounds, a similar value for
terrestrial risk was also assumed for NP1EO and NP2EO in
the present study. Using a sludge disposal rate equal to that
reported above (dilution factor of 130), PEC values of 0.003,
0.32 and 0.19ug g were approximately estimated for 4-n-NP,
NP1EO and NP2EO, respectively, in a well-mixed soil. Accor-
ding to the aforementioned values, a risk quotient lower than
1 was calculated for NPs, and as a result no significant threat
due to sludge application in soil is expected.

3.3.  EDCs’ removal efficiency and fate in STP A

To determine percentage EDCs removal and to investigate
their fate during wastewater treatment, Egs. (1) and (2) were

used and daily masses of EDCs in influents, effluents and
biosolids were calculated for STP A, where composite samples
were taken during this study.

With the exception of 4-n-NP, where in several sampling
occasions effluent concentrations were higher than influent
concentrations, resulting in negative mean percentage re-
moval (—9%), apparent removal efficiency was noticed for the
other EDCs. The highest removal efficiency was calculated for
NP1EO (98 +1%), whereas slightly lower removal efficiencies
were observed for TCS (91+6%), BPA (87+7%) and NP2EO
(91+7%). So far, similar percentages of TCS and BPA removal
have been reported in the literature (Nakada et al., 2006;
Gomez et al., 2007; Ying and Kookana, 2007). Regarding NPs
removal, contradictory results have been reported, possibly
due to their formation from alkylphenol ethoxylates during
the activated sludge process (Langford et al., 2005). In an early
study, Ahel et al. (1994) reported that elimination of the sum
of NP1EO and NP2EO ranged from —19% (net formation) to
80%, while NP had an elimination efficiency ranging from 9%
to 94%. Gonzalez et al. (2007) reported an average elimination
for NP1EO, NP2EO and NP of 46%, 54% and 96%, respectively.
On the other hand, Planas et al. (2002) reported NP, NP1EO
and NP2EO removal higher than 98% during wastewater
treatment.

The fate of EDCs in wastewater treatment process is shown
in Fig. 3. Regarding TCS, all loss mechanisms combined
(transformation to other metabolites, mineralization to CO,)
accounted for 46+25% of the total TCS mass input. An
equivalent part of TCS (45+27%) was accumulated in sewage
sludge, whereas a minor part (9+6%) was removed via the
effluents. The findings of this study were almost identical to a
previous study of Heidler and Halden (2007), confirming the
fate of TCS in STPs using similar treatment processes.
Moreover, Bester (2003), investigating the fate of TCS in a
German STP, reported that 22-43% of initial TCS was sorbed to
the sludge, while about 5% was emitted via the effluents.
Regarding the other EDCs, almost 70% of their mass entering
the plant was transformed, while fractions of EDCs that were
detected in the effluents or sewage sludge were significantly
lower (Fig. 3). Similarly, Fauser et al. (2003) reported that 80%
of NP2EO was biodegraded, while 2% was found in the treated
water and 18% was found in the sludge. The aforementioned
results indicate that a significant part of target EDCs is
removed during sewage treatment. However, further research
is needed to determine the factors that enhance EDCs
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Fig. 3 - EDCs’ mass balance in sewage treatment plant A (standard deviations are given in parentheses).

elimination, as well as to investigate possible metabolites
formed during biological treatment.

4, Conclusions

Concentrations of EDCs in Greek STPs were generally similar
to those that have been previously reported. The highest
detected concentrations in influent, treated wastewater and
sewage sludge were 23.9 (TCS), 17.4 (NP2EO) and 41.3ugg ' dw
(NP1EO), respectively. In influent wastewater, almost half of
these compounds were accumulated in the particulate phase,
while a lower fraction (18-35%) was determined in effluents.
Concentrations in influent wastewater were significantly
lower than those that seem to affect the activated sludge
process. However, the results of a preliminary risk assess-
ment showed that potentially adverse effects on aquatic and
terrestrial environment should not be excluded. Primary and
secondary treatment resulted in a substantial removal of
NP1EO, NP2EO, TCS and BPA (removal efficiency >85%).
Calculation of mass fluxes showed that degradation and
sorption in sewage sludge (especially for TCS) are the main
mechanisms affecting EDCs’ fate in STPs.
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