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Abstract: Influent and effluent samples originating from two wastewater treatment plants �WWTPs� �treating hospital wastewater and
domestic wastewater, Belgium� have been analyzed in order to estimate their steroid hormone content. The natural estrogens estrone �E1�,
17�-estradiol �E2�, and the synthetic 17�-ethinylestradiol �EE2� together with other steroid hormones progesterone �P� and testosterone
�T� metabolites were detected in these samples. The hormone concentrations in both the hospital and the domestic WWTP samples were
not significantly different and ranged from �0.2 ng EE2/L to 114 ng EE2/L, from �0.2 ng E1/L to 58 ng E1/L and from �0.2 ng P/L to
�100 ng P/L. E2 was detected once at a concentration of 17 ng /L. In the domestic WWTP which comprises a conventional activated
sludge treatment in parallel with a membrane bioreactor, no differences in estrogen removal efficiency could be observed for both
treatments. In comparison to chemical analysis data, the Yeast Estrogen Screen �YES� appears to underestimate the influent estrogen
concentrations, probably due to influent toxicity for the YES. Effluent estrogen concentrations, on the other hand, were overestimated by
the YES test, probably due to the presence of other estrogenic compounds in the effluent.
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Introduction

The natural estrogens estrone �E1�, 17�-estradiol �E2�, and estriol
�E3� and the synthetic 17�-ethinylestradiol �EE2� are steroid hor-
mones which enter wastewater treatment plants �WWTPs� after
their excretion in urine. E2 and EE2 are considered as the main
contributors to estrogenic activity in environmental samples due
to their estrogenic potency, i.e., the relative binding to the human
estrogen receptor �Johnson and Williams 2004�. In WWTPs these
estrogens are removed with variable success.

E2 has been detected in domestic wastewater at a maximum
level of 150 ng /L �Vethaak et al. 2002� and in domestic WWTP
effluent 64 ng /L was detected �Ternes et al. 1999a�. It has been
documented that E2 is oxidized to E1 by activated sludge �Ternes
et al. 1999b�. Maximum levels of E1 detected in WWTP influent
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and effluent are 115 ng /L �Petrovic et al. 2002� and 76 ng /L
�Desbrow et al. 1998�, respectively. The highest levels of EE2
that were measured are 7 ng /L in domestic WWTP influent �Car-
gouët et al. 2004� and 42 ng /L in domestic WWTP effluent
�Ternes et al. 1999a�. Progesterone �P� has been detected by Es-
peranza et al. �2007� at WWTP influent and effluent concentra-
tions of 74 and below 2 ng /L, respectively. These authors state
that no data are available on the fate of progesterone in wastewa-
ter treatment, but their data suggest �80% removal.

Some WWTPs remove estrogens very well ��90% �, whereas
others do not remove estrogens �EE2 in particular� at all �Clara
et al. 2004�. Removal of estrogens in WWTPs is based on sorp-
tion to the activated sludge and solids and on biodegradation.
Andersen et al. �2005� concluded that sorption is not important
for the fate of steroid estrogens in WWTPs compared to biodeg-
radation. It is generally accepted that E2 is transformed to E1 by
activated sludge �Ternes et al. 1999b�. Estrogen removal seems to
be positively correlated with the presence of nutrient removal in
the WWTP and higher sludge age �sludge retention time, SRT
12–15 days� �Holbrook et al. 2002; Andersen et al. 2003; Joss
et al. 2004�. As E1 is a biodegradation product of E2, a prolonged
hydraulic residence time is needed to remove both the E1 present
in the influent and the E1 resulting from E2 biodegradation.

In this study, a method developed to detect steroid hormones
in aqueous matrices �Noppe et al. 2005� was applied on samples
originating from domestic and hospital WWTPs, in order to re-
veal possible differences due to the origin of the wastewaters and
the influence on the receiving water bodies. The measurements in
hospital wastewater are regarded as a first risk assessment of this
wastewater type. Three different time points were examined for
the two treatment plants. At one time point, chemical analysis
data were compared to those of the Yeast Estrogen Screen �YES�
test. As EE2 is regarded as the most important contributor to
estrogenic activity in environmental samples, we especially fo-

cused on this compound.
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Materials and Methods

Site Description and Sampling Procedure

The domestic WWTP �Belgium� has been upgraded in 2001 by
installing a membrane bioreactor �MBR� to meet stringent efflu-
ent quality standards, because it is surrounded by a nature reserve.
This MBR contains an activated sludge basin and Zeeweed mem-
branes �Zenon Environmental Inc., Oakville, Ontario, Canada� in
an external loop which separate the MBR effluent and the con-
centrated sludge. Subsequently, this sludge is fed back to the ac-
tivated sludge basin. This process train treats a constant flow of
230 m3 /h. The remainder of the incoming wastewater flow
�500–1,000+m3 /h� is treated in a conventional activated sludge
�CAS� system. This WWTP discharges in a canal in a residential
area. It was not possible to have composite samplers on all loca-
tions. Therefore, grab samples of �1� the influent after primary
sedimentation; �2� the CAS effluent; �3� the MBR effluent; �4� the
combined WWTP effluent and the receiving canal upstream �5�;
and downstream �6� the WWTP discharge were taken.

The hospital WWTP �Gent, Belgium� is the only WWTP in
Belgium that exclusively treats hospital wastewater. It is operated
by the hospital itself and it consists of a CAS system. The flow
amounts to 300 m3 /days. Samples of the influent and effluent of
the hospital WWTP were collected.

Extraction and Analysis

Grab samples of 2 L were extracted and analyzed with GC-
MS-MS detection according to Noppe et al. �2005�. We refer to
this paper for more detailed information on quality assurance of
the data. In brief, 2 L samples were extracted with Bakerbond
C18 Speedisks �1 g sorbent, Bakerbond, Deventer, The Nether-
lands�. Elution was performed with acetone and methanol. After
evaporation of these extracts to dryness, the extracts were recon-
stituted in chloroform. Hexane was added and these samples were

Table 1. Measured Concentrations of EE2, E1, P �n=3�, and Estrogenic
Different Time Points �EE: Estrogen Equivalents; ND: Not Detected; Da

Date Sample EE2 �ng/L�

March 7, 2005 Influent 18.4�3.0

MBR effluent 114.0�6.4

CAS effluent 5.7�1.6

WWTP effluent 22.6�7.9

Canal upstream 6.0�1.2

Canal downstream 10.9�15

April 25, 2005 Influent 4.2�1.6

MBR effluent 2.4�1.2

CAS effluent 1.7�0.6

WWTP effluent ND

Canal upstream 1.6�0.1

Canal downstream ND

May 18, 2005 Influent 86.3�22.0

MBR effluent 11.1�2.2

CAS effluent 6.9�1.1

WWTP effluent 83.4�9.6

Canal upstream 9.3�1.2

Canal downstream 6.0�1.5

Note: ND=not detected �below 0.2 ng /L�.
cleaned up with a combination of Si and NH2 cartridges
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�Sopachem, Ochten, The Netherlands�. After evaporating these
samples to dryness, they were derivatized with a mixture of
MSTFA �N-methyl-N-�trimethylsilyl� trifluoro-acetamide�, NH4I,
and ethanethiol prior to GC-EI-MS-MS analysis with a Ther-
mofinnigan Trace GC 2000 with a Polaris ion trap mass spectrom-
eter �Impens et al. 2002�. Deuterated estrone �E1-D4� and
equilinin �EQ� were used as internal standards �100 ng /2 L
sample� to account for losses during extraction and sample han-
dling. Standard curves ranging from 0.2 to 100 ng /L were ana-
lyzed for E1, E2, estriol �E3�, EE2, and P �R2�0.98; data not
shown�.

YES was performed according to a modified version of the
protocol of De Boever et al. �2001�. The modifications in the
protocol were as follows: the exposure period of the recombinant
Saccharomyces cerevisiae yeast to the sample extract for 48 h
instead of 24 h in order to obtain a high signal to noise ratio and
the wavelengths of the absorbance measurements were 540 and
610 nm instead of 575 and 620 nm. Extraction �without the
Si-NH2 clean up� was performed as described earlier. Methanol/
acetone extracts were analyzed in quadruplicate with the YES
test. The fitting of the data points to the four parameter logistic
curve was performed with Sigmaplot 8.0.

Results and Discussion

The measured concentrations in samples of the domestic WWTP
are presented in Table 1. Only the natural estrogen estrone �E1�
and the synthetic ethinylestradiol �EE2� were detected, together
with the progestagen progesterone �P�. The estrogenic activity as
measured by the YES is expressed as an EE2 equivalent concen-
tration. In all influent samples testosterone metabolites were iden-
tified but not quantified. Testosterone as such was not detected.

The EE2 concentrations measured on the three different time
points at the domestic WWTP as presented in Table 1 show a

y �YES; n=4� in Different Samples from the Domestic WWTP on Three
t Measured�

g/L� P �ng/L�
YES

�ng EE2eq/L�
Calculated EE
�ng EE2 eq/L�

5.7 18.5�5.0 15.8�1.0 31�7

D ND —

D ND —

D ND 36.0�3.9 23�8

D ND —

D ND —

2.7 4.8�2.3 —

0.5 ND —

0.5 ND —

0.6 2.5�0.7 —

0.1 0.9�0.3 —

D ND —

4.0 33.0�6.9 —

D ND —

3.7 ND —

0.6 ND —

D ND —

D ND —
Activit
sh: No

E1 �n

25.6�

N

N

N

N

N

10.1�

1.6�

1.4�

1.8�

1.2�

N

24.0�

N

15.1�

3.8�

N

N

large between-day variation of the EE2 concentration in the in-
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fluent and the MBR effluent. The fact that the incoming EE2
concentration in the WWTP has a strong variability can be attrib-
uted to dilution by rain water. The lower concentrations encoun-
tered on April 25, 2005 can be explained by the weather, the days
before were rainy. The CAS effluent shows a relatively stable
EE2 concentration. Yet, due to the mixing of MBR and CAS
effluent to make up the final WWTP effluent, the EE2 concentra-
tion in the effluent reaching the discharge varies with a factor of
100.

A remarkable finding is the presence of a background EE2
concentration in the receiving water, a small canal flowing
through a residential area. Most likely some sewers in this resi-
dential area discharge in this little canal, or stormwater is dis-
charged via a stormwater overflow. It was not possible to discern
an influence of the WWTP effluent on the EE2 concentration in
the receiving water.

In the hospital WWTP �Table 2�, the natural estrogen E2 was
detected once, but also the natural E1, the synthetic EE2, and P.
Testosterone metabolites were identified in all influent samples.

These data are to the best of our knowledge the first reports on
estrogens and other steroid hormone concentrations in hospital
wastewater. It is clear from these data that E1 and P are removed
to a high extent, whereas there is only a minor removal of EE2.
On April 4, 2005, two sampling campaigns were undertaken, at
9:30 am and at 2:30 pm. The concentrations measured at the two
time points do not differ significantly, indicating a good within-
day correlation.

EE2-equivalent concentrations of EE2 �estrogenic potency=1�
and E1 �estrogenic potency=0.5� were calculated �Johnson and
Sumpter 2001� following the principle of estrogenic activity ad-
ditivity �Tables 1 and 2�. If these calculated estrogenic equivalent
�EE� concentrations are compared to the YES data, a discrepancy
can be seen between influent concentrations of both WWTPs. The
YES seems to underestimate the real estrogen equivalent concen-
tration with a factor of about 2, probably due to influent toxicity
for the yeast strain applied. The testosterone metabolites present
in the influent samples can exert an antiestrogenic effect, which
could explain this observation as well. The opposite phenomenon
is observed when comparing the effluent concentrations. An over-
estimation by the YES with a factor of about 1.6 is the case,
probably due to the presence of other estrogenic compounds
which were present in the effluent.

The estrogen concentrations observed in both WWTPs are
consistent with literature data �Stumpf et al. 1996; Sattelberger
et al. 1998; Adler et al. 2001; Schullerer et al. 2002; Cargouët

Table 2. Measured Concentrations of EE2, E1, E2, P �n=3�, and Estrogen
Different Time Points �EE: Estrogenic Equivalents; ND: Not Detected; D

Date Sample EE2 �ng/L� E1 �

February 25, 2005 Influent ND 0.5

Effluent 27.8�8.4 5.2

April 4, 2005 Influent 9:30 am 15.5�1.9 58.3

Effluent 9:30 am 9.6�4.1 4.0

April 4, 2005 Influent 2:30 pm 18.3�2.5 45.5

Effluent 2:30 pm 15.3�6.6 3.1

May 2, 2005 Influent ND 8.1

Effluent ND N

Note ND=not detected �below 0.2 ng /L�.
et al. 2004�. For progesterone, our data �4− �100 ng P/L� are in
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concordance with those described by Esperanza et al. �2007� for
domestic WWTP samples.

For E1, E2, and P, much lower concentrations were measured
in the effluents than in the influents at all times, which suggests
that sorption and biodegradation take place in the WWTPs. For
EE2, however, the removal is poor. Whereas the MBR produces
an effluent of superior quality in terms of the generally measured
physicochemical parameters such as chemical oxygen demand or
suspended solids �data not shown�, the observed MBR effluent
concentrations are in the same range as the CAS effluent concen-
trations. This is in concordance with the findings of Clara et al.
�2005�, who found that the EE2 removal in MBRs is not better
than in CAS systems. It indicates the need for a further EE2
removal treatment of WWTP effluent to warrant safe discharge
into the receiving water bodies. Possible technologies such as
ozonation �Huber et al. 2005� or activated carbon adsorption �Fu-
erhacker et al. 2001� have been suggested, but they might entail
high costs and/or the production of potentially harmful side prod-
ucts �Jones et al. 2007�.

It is generally accepted in the literature that E2 is converted
into E1 in wastewater, be it chemically �at lower redox potentials�
or microbiologically by activated sludge bacteria �Ternes et al.
1999a; Andersen et al. 2003�. If the wastewater has a long resi-
dence time in the sewer, or if the wastewater is stored in a buffer
tank prior to treatment, this conversion might take place. The data
of both the domestic WWTP and the hospital WWTP suggest that
the E2 to E1 conversion takes place before the wastewater
reaches the WWTPs, as previously suggested by Ternes et al.
�1999b�. The wastewater of the hospital is stored in 100 m3 sub-
merged buffer tanks prior to treatment, which could explain the
observed phenomena. The sewers leading to the domestic WWTP
however, are short and account for a retention time of only a few
hours. E2 has been detected once in the hospital WWTP influent
at a concentration of 17�9 ng /L. This E2 occurrence coincided
with a low E1 influent concentration �0.47�0.02 ng /L�, which
further corroborates the hypothesis that the greatest part of the
measured E1 in wastewater is a conversion product of E2, and
that only if this conversion does not take place in the sewer, then
E2 will be measured in the wastewater.

Conclusions

This measuring campaign allowed assessing the concentrations of

ivity �YES; n=4� in Different Samples from the Hospital WWTP on Four
ot Measured�

E2 �ng/L� P �ng/L�
YES

�ng EE2eq/L�

Calculated
EE

�ng EE2/L�

16.9�9.1 4.3�1.2 —

2.5�0.4 0.1�0.2 —

ND 15.3�8.1 25.2�0.4 45�13

ND 3.2�0.8 18.8�7.6 12�4

ND 18.5�3.9 —

ND 1.6�0.9 —

ND �100 —

ND ND —
ic Act
ash: N

ng/L�

�0.0

�1.8

�25.9

�2.1

�14.3

�0.3

�1.0

D

steroid hormones in both a domestic WWTP and a hospital
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WWTP. Natural steroid hormones were detected in the effluents
at nanograms per liter concentrations and are not considered as an
environmental threat. These natural estrogens are removed in both
a MBR and a CAS system, and no significant difference could be
observed between household wastewater and hospital wastewater.
The principal steroid hormone detected in the WWTP effluents
and hence entering the environment is EE2. It can be regarded as
an anthropogenic marker in the environment. Further treatment
options should be examined and implemented to warrant a safe
discharge of these WWTP effluents.
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