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Summary
The goal of the FOEN project “Strategy Micropoll“ was to develop a strategy regarding
micropollutants originating from wastewater. Besides an analysis of water quality in
Switzerland and other aspects, this included the evaluation of the efficiency of
complementary wastewater treatments such as ozonation followed by sand filtration
(ozonation-SF) and different processes including powdered activated carbon addition (PAC)
in eliminating micropollutants from wastewater treatment effluent. Two large-scale pilot
studies were conducted at the wastewater treatment plants (WWTP) Wüeri in Regensdorf
(ozonation followed by sand-filtration) and Vidy in Lausanne (ozonation followed by sandfiltration and PAC followed by ultrafiltration). The studies were done in close collaboration
with experts from research, practice and with personnel and financial support of cantonal
water protection agencies (Gewässerschutzfachstellen) and the operators of the WWTPs.
In both studies, samples before and after various treatment steps were analysed for
micropollutants and ecotoxicological effects, in order to get insight into the efficiency of the
different treatment steps. The focus laid on studying the effects of the advanced treatment
technologies, ozonation and PAC, on the removal efficiency for polar, persistent and
bioactive substances as well as possible side products and their biological effects.
This report focuses on the study performed at the WWTP Vidy in Lausanne from April 2009
to July 2010 with four major measurement campaigns being conducted. Detailed information
on the Regensdorf study can be found in Abegglen et al. (2009). The Lausanne study is
described in Margot et al. (2011).
Results at the WWTP Vidy showed that both ozonation-SF and PAC-UF treatments are
useful measures to reduce the concentration and biological effects of micropollutants in
treated wastewater and therefore in surface water bodies. Total elimination efficiency with
regard to the measured specific effects was generally above 80 %. Similarly, advanced
treatment led to lowered risk quotients, i.e. the relationship between measured
concentrations and environmental quality standards, as well as reduced toxicity in
bioassays, and thus lowered risk of adverse effects. There was no evidence of toxic effects
due to the formation of stable by-products during ozonation (i.e. by-products still present
after the final filtration step). A final filtration step with biological activity (such as a sand filter)
after ozonation is recommended, in order to minimize the risk of reactive and potentially toxic
ozonation by-products being released in waterbodies.
Overall, the application of bioassays for comparing the performance of advanced
wastewater treatment methods has proven to be relevant and useful. In general, in vitro
bioassays were deemed most promising for the routine monitoring of the performance of
advanced treatment in WWTPs, however only specific cellular effects are assessed in those
tests. Certain in vivo bioassays also showed the beneficial effects of ozonation-SF and PACUF treatment such as the fish early life stage test with Oncorhynchus mykiss.
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Main conclusions
 A broad range of micropollutants and their effects were
eliminated by more than 80% after the advanced treatments.
 There was no evidence for a toxicity increase due to a constant
formation of stable toxic ozonation by-products.
 An ozonation should be followed by a final filtration step with
biological activity.
 Quality of treated effluent was significantly improved, leading to
improved surface water quality.
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1.

Introduction

1.1.

Project Strategy Micropoll

The aim of the project “Strategy Micropoll” of the Swiss Federal Office for the Environment
(FOEN) was to develop a strategy regarding micropollutants originating from municipal
wastewater.
In the frame of this project, a situation analysis was conducted in order to assess the
contamination of Swiss surface waters with micropollutants (Gälli et al., 2009), and an evaluation
concept for Swiss specific micropollutants was developed (Götz et al., 2010; Götz et al., 2011). A
further step of the project consisted of a performance review aiming to define suitable indicators
and methods to detect organic micropollutants in surface water and wastewater, which should be
used to assess the efficiency of the applied advanced treatment methods. Additionally,
possibilities for financing measures for advanced wastewater treatment were evaluated.
In order to evaluate possible technical treatments to reduce the concentrations and effects of
organic micropollutants in Swiss surface waters, two large-scale pilot studies were conducted,
one at the WWTP Wüeri in Regensdorf and the other at the WWTP Vidy in Lausanne. In both
studies the efficiency of complementary wastewater treatment for the elimination of
micropollutants from wastewater treatment effluent was assessed, such as ozonation followed by
sand filtration (ozonation-SF) and different processes including powdered activated carbon
addition (PAC). Technical aspects as well as a performance review regarding the elimination of
micropollutants using chemical measurements and ecotoxicological test systems were included.
Regarding the ecotoxicological methods, the Federal Office for the Environment was advised by
a board of international experts within the project “Strategy Micropoll”.
The present report is focused on the bioassay results of the pilot study at the WWTP Vidy in
Lausanne. The results for the pilot study at the WWTP Wüeri in Regensdorf are reported in
Abegglen et al. (2009).

1.2.

Aims of the performance review at the WWTP Vidy, Lausanne

The aim of the performance review on the WWTP Vidy in Lausanne was to gain knowledge from
trace analytics and ecotoxicological test systems regarding the effects of complementary
treatments on the contamination of wastewater with organic micropollutants.
The first part of the performance review focused on the effects of the advanced treatment
technologies ozonation followed by sand filtration (ozonation-SF) and powdered activated carbon
treatment followed by ultrafiltration (PAC-UF) on the removal efficiency of polar, persistent and
bioactive substances as well as possible by-products. In a second part, the wastewater quality
was investigated regarding micropollutants and their effects, followed by a discussion on the
relevance of the observed reduction in micropollutant concentrations and effects.
As shown in earlier studies, micropollutants can seriously affect the aquatic ecosystem, e.g.
influence the macrozoobenthos community (Ashauer, in preparation; Bundschuh et al., 2011a) or
influence the reproduction of fish (e.g. estrogens) (Jobling et al., 2006; Kidd et al., 2007;
Sumpter, 1998).
Swiss Centre for Applied Ecotoxicology, Eawag/EPFL · Überlandstrasse 133 · CH-8600 Dübendorf
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1.3.

Questions to be addressed by the performance review

The following central questions were to be answered through the evaluation and comparison of
bioassays in the performance review:


How effective is ozonation-SF or PAC-UF treatment for the removal of micropollutants
and their biological effects? What is the expected effect on aquatic organisms?



What is the significance/informative power of the tests regarding elimination efficiency?
Are the tests able to detect differences between the different treatment steps?



If a test shows no effect of WWTP influent, does that mean that the wastewater is
unproblematic?



How reproducible are the bioassay results? If a test shows variable effects, can this
variability be explained? Do similarly treated or untreated samples cause similar effects
(e.g. WWTP influent samples, ozonated samples etc.)?



How relevant are the various assays for a monitoring programme (performance
assessment of advanced treatment steps)? Can bioassays be applied for this purpose?

Swiss Centre for Applied Ecotoxicology, Eawag/EPFL · Überlandstrasse 133 · CH-8600 Dübendorf
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2.

Executive Summary

In the pilot study at the WWTP Vidy, Lausanne, a variety of parameters were measured,
including classical water quality parameters (DOC, COD, BOD, pH, conductivity, nutrients etc.),
aqueous concentrations of 58 micropollutants (EPF Lausanne) and 120 other micropollutants, as
well the formation of the by-products nitrosamines and bromates (Eawag, Dübendorf).
Additionally a biological effect assessment of the different treatment steps was made with 16 in
vitro- and 9 in vivo-assays to cover a broad range of ecotoxicological effects.

2.1.

Research Questions Addressed

In the following section, the questions addressed in chapter 1.3 are answered based on the
results obtained during the pilot study. Details on the used approach and the results can be
found in the chapters 3 to 5.
How effective is ozonation-SF or PAC-UF treatment for the removal of micropollutants
and their biological effects? What is the expected effect on aquatic organisms?
Various studies showed that a considerable number of micropollutants are not or incompletely
removed during biological treatment (e.g. Abegglen et al., 2009; Gälli et al., 2009; Götz et al.,
2010; Schärer et al., 2010). Additional treatment by ozonation-SF or PAC-UF increased the
removal efficiency of most of those substances significantly. These techniques were able to
eliminate the majority of the specifically acting substance classes (see chapter 4.4) as well as
most of the toxicity observed in in vivo assays (see chapter 4.3.2 and 4.3.3).
Ozonation-SF and PAC-UF treatments proved to be very effective in the removal of
micropollutants. Chemical analyses showed improved elimination efficiency for most of the
micropollutants compared to the biological treatment. For both advanced treatments the overall
elimination efficiency of micropollutants ranged from ~75 to 90 % (Margot et al., 2011).
Most mechanism-oriented, cellular in vitro bioassays and one integrative in vivo bioassay (Fish
Early Life Stage Test) showed a significant reduction in toxicity through ozonation-SF and PACUF treatment. Importantly, there was no consistent increase in toxicity due to the additional
treatments.
What is the significance/informative power of the tests with regard to elimination
efficiency? Are the tests able to detect differences between the different treatment steps?
The evaluation of the elimination efficiency of different substance classes is only possible with
mechanism-oriented cellular in vitro bioassays with sample enrichment, as they refer to toxic
equivalent concentrations (see chapters 4.1 and 4.4).
Generally, it has to be kept in mind that the enrichment of samples eliminates matrix components
such as salts (e.g. nutrients, which might mask the toxicity of the samples) as well as metals
(Macova et al., 2010). Enrichment of water samples also enables a detection of low
concentrations of substances using short-term bioassays. However, the sample composition
may be altered and substances might be lost during the enrichment procedure. Such issues
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have to be assessed thoroughly before an extraction procedure is selected, and for more
information on this topic refer to Escher et al. (2005), Escher et al. (2008b). In native wastewater
samples the undisturbed sample is measured, however toxic effects might be masked by
positive effects of nutrients, e.g. growth promotion due to nutrients in algae assays.
In the Lausanne pilot study, the in vitro bioassays with sample enrichment showed a decrease of
specific substance classes both after ozonation-SF and PAC-UF treatment. The overall reduction
of specific activities was above 80% in most cases. One in vivo bioassay was able to detect the
decrease in micropollutant concentrations as well (by indicating decreasing effects after
ozonation-SF and PAC-UF treatments compared to the biological treatment), the Fish Early Life
Stage Test with rainbow trout, Oncorhynchus mykiss. This assay is especially relevant as O.
mykiss is a representative of sensitive cold water fish species, and therefore relevant for Swiss
surface waters. Also a decrease in trout catches of more than 60% since the early 80s indicates
its sensitivity for multiple stressors which are not yet identified (Burkhardt-Holm et al., 2005).
A decrease in toxicity following biological treatment was observed in most of the applied in vivo
bioassays when the WWTP influent was toxic. However, most in vivo assays were unable to
detect any additional reduction in toxicity following the ozonation-SF or PAC-UF treatment steps.
This could be due to the lack of sensitivity of the respective bioassay endpoints (e.g. mortality,
growth) for micropollutants (for details see chapter 4.3).
If a test shows no effect of WWTP influent, does that mean that the wastewater is
unproblematic?
This question can clearly be answered: No.
There is evidence in the literature that there are effects in ecosystems (e.g. Ashauer, in
preparation; Bundschuh et al., 2011a), even when some tests show no toxicity. There are
several factors which may play a role for the toxicity of a wastewater sample, such as:
-

Test duration (e.g. acute, chronic, whole-life-cycle)

-

Test organism

-

Sensitivity of the test regarding the specific type of wastewater

-

Sensitivity and selectivity of the chosen endpoint

Many standard test organisms are not the most sensitive species of the respective taxonomic
group, due to e.g. difficulties with lab cultivation or longer life cycles. At the same time, some
standard test organisms are sensitive to other types of wastewater e.g. landfill leachate, industrial
waste water, but are apparently not that suitable to detect effects of micropollutants in urban
wastewater. However, as organisms integrate the effects of all potentially toxic substances in an
environmental sample it cannot be concluded for sure that the observed effects result from
micropollutants.
How reproducible are the bioassay results? If a test shows variable effects, can this
variability be explained? Do similarly treated or untreated samples cause similar effects
(e.g. WWTP influent samples, ozonated samples etc.)?
Differences in the results of the different measurement campaigns were observed. Due to
differences in wastewater composition and in changes of process parameters like dosage of
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ozone or PAC, it is difficult to assess the reproducibility of the assays from the Lausanne pilot
study. Indeed this variability was reflected in the chemical analyses as well (Margot et al., 2011).
Variability in the bioassays performed in this study might reflect differences in the wastewater
composition during different sampling campaigns, changes of process parameters during
treatment, differences in sample handling between measurement campaigns and in the
laboratories, and the variability of the respective test procedure itself.
Nevertheless a reduction in toxicity for the different treatment steps was detected by:
-

mechanism-oriented cellular in vitro bioassays after sample enrichment for all
measurement campaigns,

-

integrative in vivo bioassays for selected measurement campaigns.

Additionally, the sampling procedure and the sample handling are important factors which might
cause differences in the test results. Therefore these procedures must be determined in advance
considering the analyses to be made (e.g. what sampling devices and material to use, which
filtration technique, how should the samples be stored etc.), and integrated in the study design in
order to enable good comparability of the results and to eliminate the possibility that measured
effects may be based on different sample handling and storage conditions.

2.2.

Summary

In the pilot study at the WWTP Vidy, Lausanne, it was demonstrated that ozonation-SF and
PAC-UF treatment are both useful measures to reduce the concentrations and biological effects
of micropollutants in waterbodies. The overall elimination efficiency regarding specific effects was
generally above 80% (see chapters 4.3 and 4.4).
There was no evidence for a toxicity increase due to a constant formation of stable toxic byproducts in the ozonation, i.e. by-products still present after the final filtration step (see chapters
4.3 and 4.6).
In order to reduce the risk of reactive and potentially toxic ozonation by-products being released
in waterbodies, a final filtration step with biological activity after ozonation is recommended (for
example sand filtration).
Overall the advanced treatments led to strongly lowered risk quotients (between 6 and 13 times)
as well as to a reduction in toxicity in bioassays compared to the effluent of the biological
treatment, and thus a lowered risk of adverse effects for aquatic organisms in receiving
waterbodies (see chapter 5).
The application of bioassays for the performance review of advanced wastewater treatment has
proven to be relevant and useful. In general, mechanism-oriented, cellular in vitro bioassays
were deemed most promising for a routine monitoring of the performance of advanced treatment
in WWTPs, however only specific effects are assessed in these tests. Certain in vivo bioassays
could also show the beneficial effect of ozonation and PAC-UF treatment, such as the Fish Early
Life Stage Test with rainbow trout (Oncorhynchus mykiss).
It can be concluded that the quality of the treated effluent was significantly improved, leading to
improved surface water quality.
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3.

Approach

3.1.

Bioassays

A broad range of biotests for the evaluation of water and wastewater quality is available. An
important goal of this project was to identify appropriate bioassays sensitive enough to detect the
effects of micropollutants. The selection of ecotoxicological test systems was based on
preliminary studies conducted before the first pilot study at the WWTP Wüeri Regensdorf, and on
surveys performed during the Regensdorf pilot study with 17 bioassays, including tests for
measuring specific cellular effects, as well as integrative tests with whole organisms (Abegglen et
al., 2009). Based on the results of these studies, and on the input from an international expert
group on ecotoxicology, the most suitable tests as well as several additional mechanism-oriented
in vitro assays were chosen for the Lausanne pilot study. A set of 16 in vitro and 9 in vivo
bioassays was selected based on one or more of the following selection criteria (Abegglen et al.,
2009):
 Test sensitivity is high enough to detect contaminant effects in treated wastewater

(WWTP effluent) in the preliminary studies
 Standardised test methods are available (OECD-, DIN or ISO certification)
 Consideration of different trophic levels (bacteria, algae, macrophytes, invertebrates,

vertebrates)
 Application of different types of sample processing and test systems:
a) assessment of enriched wastewater samples
b) assessment of wastewater samples without sample enrichment
c) effect measurements with organisms in flow-through systems (channels,

microcosms)
Two types of bioassays were used:


In vitro bioassays based on specific cellular mechanisms measure cellular effects specific
to groups of toxicants with similar modes of action. These assays use cell cultures or
transgenic bacteria or yeast to detect changes in receptor activation or enzyme function,
e.g. endocrine, genotoxic or mutagenic effects; or inhibition of signal transduction.



For a better evaluation of integrative effects on whole organisms, validated and
standardised in vivo assays with test species from different trophic levels (algae,
macrophytes, invertebrates and fish) are applied. These assays measure effects on
parameters such as growth, reproduction, feeding activity and mortality, as well as effects
based on more specific biochemical endpoints, e.g. vitellogenin concentration in the fish
early life stage assay.

In this report, the following assays were referred to as in vitro bioassays based on the specific
endpoints measured: Ames, micronucleus and umuC assay, YES and CALUX assays, H295R
assay and combined algae assay, similar to Ratte and Ratte (2009). The term in vivo bioassays
was used for assays with bacteria, algae, duckweed, aquatic crustaceans, oligochaetes, snails
and fish.
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It is important to note that both test types, in vitro and in vivo bioassays, answer qualitatively
different questions. In vitro bioassays based on specific cellular mechanisms, often combined
with sample enrichment, enable a highly sensitive detection of certain chemical substance
classes such as estrogens or herbicides, which are also relevant as micropollutants. However,
interpretation of the results in an ecological context and extrapolation to potential consequences
for whole organisms is difficult.
On the other hand, integrative in vivo bioassays without the need for sample enrichment provide
conclusive information about biological and potentially ecological effects such as growth,
reproduction, and mortality. They integrate the effects of all substances in a wastewater sample
such as chemicals, nutrients etc., but, depending on the used assays they give none or only
limited information about the causative substance classes or relevant molecular processes.
Another important point is that, depending on the endpoints used in the assay, the sensitivity of
the frequently applied test systems is often too low for the evaluation of the contamination with
micropollutants. This may be due in part to the limited exposure time or the lower sensitivity of
the standard bioassay species when compared to native species, as well as to the lack of
sensitivity of the investigated endpoints.
Figure 1 and Table 1 provide an overview of the tests performed in this study. The appropriate
bioassays selection aimed to cover relevant modes of action, such as mutagenicity, genotoxicity,
endocrine disruption (e.g. androgen, estrogen, and glucocorticoid receptor activation, modulation
of steroidogenesis), and herbicidal effects. Integrative in vivo bioassays were chosen to detect
general toxicity of the wastewater to whole organisms from different trophic levels, as well as
effects based on more specific endpoints, such as vitellogenin induction and number of offspring.

Figure 1: Overview of test organisms and test systems used in the two pilot studies Regensdorf and
Lausanne
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Table 1: Overview of the applied test systems, test organisms and detectable effects.
Test

Organism

Detectable Effect
(endpoint, test duration)

Performing Laboratory

Test systems based on specific cellular mechanisms (without sample enrichment) / in vitro – assays
Ames test according to ISO
16240
(International Organization for
Standardization, 2005b)

Salmonella
typhimurium

mutagenicity (number of
revertant/mutated
colonies)

Hydrotox (D)

Micronucleus assay according to
ISO 21427-2
(International Organization for
Standardization, 2006)

cell line VC79 of the
Chinese hamster

genotoxicity (formation of
micronuclei as indication
of DNA damage)

Hydrotox (D)

Test systems based on specific cellular mechanisms (with sample enrichment) / in vitro – assays
UmuC assay according to ISO
13829
(International Organization for
Standardization, 2000)

Salmonella
typhimurium

genotoxicity (induction of
the SOS response of the
cell)

Ecotox Centre,(CH),
Hydrotox (D)

Yeast Estrogen Screen (YES)
(Routledge and Sumpter, 1996)

Saccharomyces
cerevisiae

estrogenic effects
(receptor binding)

Ecotox Centre (CH)

effects on various
hormone receptors
(receptor binding)

BDS (Biodetection
Systems) (NL)

CALUX10-Panel (ERα- + Antihuman cell line
ERα- CALUX, AR- + Anti-ARCALUX, GR- + Anti-GR- CALUX,
PR- + Anti-PR- CALUX,
PPARg1-+ Anti-PPARg1-CALUX,
TRβ- CALUX)
(Van der Linden et al., 2008)
H295R Steroidogenesis Assay
(Gracia et al., 2006)

human cell line of
effects on the genesis of
adenocarcinoma cells steroidal hormones
(production of estradiol
and testosterone)

Combined algae assay
(Chlorophyll fluorescence/ algae
growth)
(Quayle et al., 2008)

Pseudokirchneriella
subcapitata

RWTH Aachen (D)
Entrix Inc. (CA)

a) Inhibition of
Ecotox centre (CH)
photosynthesis after 2h
(herbicide action)
(chlorophyll fluorescence)
b) unspecific growth
inhibition after 24 h (OD)

Standardised test systems without enrichment of the wastewater samples / in vivo – assays conducted in the
laboratory
Bacteria luminescence inhibition
assay according to ISO 11348-3
(International Organization for
Standardization, 2007b)

Vibrio fischeri

disturbance of ATP
synthesis, (inhibition of
bioluminescence after 30
min)

Soluval Santiago (CH)

Green algae growth assay
according to ISO 8692
(International Organization for
Standardization, 2004)

Pseudokirchneriella
subcapitata

growth (cell number after
72 h)

Soluval Santiago (CH)
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Lemna minor growth assay
according to ISO 20079
(International Organization for
Standardization, 2005c)

Lemna minor

growth (frond number and Soluval Santiago (CH)
biomass after 7 d)

Chronic daphnia reproduction
assay according to ISO 20665
(International Organization for
Standardization, 2005a)

Ceriodaphnia dubia

reproduction, mortality
(after 7/8 d)

Investigations on amphipods
(Bundschuh et al., 2011b)

Gammarus fossarum feeding activity, mortality
(after 7 d)

Snail reproduction assay
(Duft et al., 2002)

Potamopyrgus
antipodarum

reproduction, mortality
(after 28 and 56 d)
endocrine disruption

Fish egg assay according to DIN
38415-6/ ISO 15088:2007
(Deutsches Institut für Normung,
2003; International Organization
for Standardization, 2007a)

Danio rerio

mortality, lethal endpoints ECT (D)
(48 h)

Soluval Santiago (CH)

Institute for
Environmental
Sciences, University of
Landau (D)
RWTH Aachen (D)

Standardised test systems without enrichment of the wastewater samples / in vivo – assays conducted in flow
through systems at the WWTP Vidy
Lumbriculus-Reproduction assay Lumbriculus
according to OECD Guideline
variegatus
225
(OECD, 2007)

reproduction, biomass
(28 d)

Fish Early Life Stage Test
(FELST) according to OECD
Guideline 210
(OECD, 1992)

hatching rate, mortality,
ECT (D)
deformations, behavioural
disturbances (swim up of
larvae), growth (length
and weight), vitellogenin
concentration (endpoint
for endocrine disruption)
(69 d)

Oncorhynchus
mykiss

ECT (D)

Background information on effects and respective bioassays used in this study is provided
below.
Test systems based on specific cellular mechanisms, in vitro – assays
DNA Damage: In order to address the possible formation of reactive ozonation by-products,
which are known to damage DNA (for review see Victorin, 1992, 1996), in this study, genotoxicity
as well as mutagenicity were measured using the micronucleus and umuC assay (genotoxicity)
and the Ames assay (mutagenicity).
Genotoxicity describes any damage to the genome (Williams, 1989), and when genotoxic
substances act on the cell, they can elicit DNA strand breaks, the insertion or deletion of bases,
and shifts of the DNA reading frame. The majority of those changes is detected and reversed by
the cellular repair system, however if repair is not possible the changes are passed on during cell
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division. This event is referred to as mutagenicity, the heritable, irreparable consequences of
genotoxicity.
Hormonal Effects: WWTPs are the main source of hormonally active chemicals, and discharge
their effluent directly into surface waters. Estrogenic substances have a high risk potential in
susceptible waterbodies (NFP 50, 2008), being especially important as they have a wide range
of implications on organisms and ecosystems (e.g. Kidd et al., 2007) and may affect the health
and reproduction of wildlife in very low concentrations (e.g. Burkhardt-Holm et al., 2005; NFP 50,
2008). Therefore, special attention to those substances was paid in the performance
assessment.
Estrogenicity was measured using receptor-based in vitro systems. The binding of estrogenic
substances to the human estrogen receptor (hER) was assessed using the YES (Routledge and
Sumpter, 1996) and the ER CALUX assays (Van der Linden et al., 2008).
Apart from estrogenic substances, various other hormonally active substances can be present in
the water which may exert effects on organisms. To test if those substances can also be
removed by advanced wastewater treatment, the effects on various hormone receptors (such as
the androgen, glucocorticoid, progesterone and thyroid hormone receptor) were assessed with
several CALUX assays (Van der Linden et al., 2008).
The cellular effects of hormonally active substances on hormone production and metabolism was
measured by quantifying cellular hormone levels through the H295R steroidogenesis assay,
which uses a human cell line of adenocarcinoma cells able to produce steroid hormones (such
as testosterone or estradiol) and integrates effects on all relevant metabolism pathways leading
to the production of those hormones (Gracia et al., 2006).
Herbicidal Effects: To assess specific effects of herbicides, in particular inhibitors of the
photosystem II, the combined algae assay with the green algae Pseudokirchneriella subcapitata
was performed. It detects specific effects on the photosynthesis of unicellular green algae as well
as unspecific effects on cell growth (Schreiber et al., 2002).
Most samples used for the bioassays described above were tested in enriched form, except for
the micronucleus and the Ames assay, where native wastewater samples were assessed. In
both variations different dilution steps were tested.
Standardised whole organism tests at different trophic levels, in vivo –assays
Primary Producers: To assess effects of municipal wastewater on primary producers, growth
tests were performed with the single-celled green algae P. subcapitata (using native wastewater
samples, and growth as sole endpoint), and with the duckweed Lemna minor as representatives
of higher water plants or macrophytes. Both organisms play a central role in the aquatic
ecosystem. They serve as food source for organisms of higher trophic levels, such as
crustaceans, mussels and other filtering and detritus feeding invertebrates or vertebrates.
Additionally, macrophytes play an important role for the structure of a waterbody and serve as
habitat for numerous species.
Primary Consumers: The water flea Ceriodaphnia dubia was chosen as primary consumer and
filter feeder. They are amongst others feeding on green algae, and serve as an important food
source for larval fish and other aquatic species. Standardised tests with C. dubia are one of the
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most widespread bioassays used for evaluating the quality of surface water and effluent samples
(e.g. U.S. Environmental Protection Agency, 2002).
Among sediment feeders, aquatic oligochaetes, such as Lumbriculus variegatus play an
important ecological role and serve as food source for benthivorous fish. Sediment feeding and
inhabiting (endobenthic) organisms are directly exposed to toxic substances. They can alter the
bioavailability of substances bound to the sediment to other organisms (OECD, 2007; Phipps et
al., 1993) as they mix sediments (bioturbation) and bioaccumulate chemicals.
The New Zealand mud snail Potamopyrgus antipodarum belongs to the group of detritus
feeders, living as grazer on stones and water plants. Original from New Zealand, the species is
now abundant in Switzerland as well. P. antipodarum reproduces parthenogenetically and is
viviparous, its fecundity being a sensitive indicator for exposure to estrogenic or androgenic
active substances (Duft et al., 2002). Therefore, this test organism was included in the set of
biotests.
The freshwater amphipod Gammarus fossarum is a key species in stream ecosystems. It shreds
organic material, thus assisting in the recycling of nutrients and organic carbon, and is an
important prey organism e.g. for fish (Karaman and Pinkster, 1977; Kunz et al., 2010).
Laboratory and in situ tests with these organisms can provide valuable information on the effects
of pollutants on important ecological functions in aquatic ecosystems (e.g. Bundschuh and
Schulz, 2011; Kunz et al., 2010).
Secondary Consumers: Fish are the most important secondary consumers in aquatic
ecosystems. As embryos and larvae are considered especially sensitive to pollutants (e.g.
Pascoe and Shazili, 1986); effects of wastewater were assessed using two standardized early
life stage tests:


the zebrafish (Danio rerio) embryo assay was used to assess mortality and lethal
endpoints in fish embryos. It is a test which is often used for the toxicity assessment of
wastewater samples and replaces the acute fish test with adults in the German
wastewater regulation (Deutsches Institut für Normung, 2003; Nagel, 2002).



the fish early life stage test (FELST) with rainbow trout (Oncorhynchus mykiss), a cold
water fish species and therefore especially relevant for Swiss waterbodies. In previous
studies, effects of estrogenic substances (vitellogenin induction) on this fish species were
detected (e.g. Pawlowski et al., 2003; Stalter et al., 2010b). Vitellogenin is a precursor
protein of egg yolk normally only found in female fish. Induction of vitellogenin
concentration in fish was used as an indicator for estrogenic activity elicited by the test
medium (Weil, 2010). In addition, hatching rate, mortality, deformations, behavioural
disturbances (swim up of larvae) and growth (length and weight) were assessed.

A number of in vivo bioassays were found not to be sensitive enough to assess the elimination
efficiency of the complementary wastewater treatments studied here: the bioassays based on
ISO 11348-3 (V. fischeri), ISO 8692 (P. subcapitata), ISO 20079 (L. minor), ISO 20665 (C.
dubia) and DIN 38415-6 (D. rerio) (see Abegglen et al., 2009). Nevertheless, these assays as
well as the bioassays measuring genotoxicity and mutagenicity were used in this study in order
to detect potential adverse effects of ozonation by-products. Additionally, they are capable of
detecting toxicity of untreated wastewater samples (without enrichment) and more polluted
effluents, e.g. industrial wastewater (e.g. Cordova Rosa et al., 2001; Tchounwou et al., 2001).
Swiss Centre for Applied Ecotoxicology, Eawag/EPFL · Überlandstrasse 133 · CH-8600 Dübendorf
www.oekotoxzentrum.ch

11

Samples used for in vivo bioassays, were tested in different dilution steps, except for the assays
with P. antipodarum, L. variegatus, G. fossarum and O. mykiss, which were exposed only to
undiluted wastewater samples.

3.2.

Sample Collection and Preparation

Four large and several small measurement campaigns (MC) were carried out to assess the
performance of the complementary treatments, ozonation and PAC-UF on the WWTP Vidy in
Lausanne, which is built to treat municipal wastewater of 220’000 person equivalents. More
specific information on technical details of the WWTP and the sampling campaigns can be found
in the final report on the pilot study (Margot et al., 2011). The technical procedures were
optimized in the 4th measurement campaign.
Table 2 lists the sampling dates and technical information on the respective ozone and powdered
activated carbon treatments.
Table 2: Ozone concentrations and powdered activated carbon types and concentrations
applied in the four measurement campaigns (according to Margot et al., 2011).
Ozone dose (mg O3/g DOC)

Powdered activated carbon dose
(mg PAC/L wastewater)

20.-27.07.09

0.5

No PAC treatment

30.10.-05.11.09

0.7

10 (Norit)

10.-17.03.10

0.8

12 (Sorbopor)

26.05.-02.06.10

1.1

20 (Sorbopor)

Sampling date

Samples were collected time-proportionaly using automated sampling devices for chemical
analysis of micropollutants, and ecotoxicological tests described in chapter 3.1 and Table 1.
Additionally classical water quality parameters were assessed: dissolved organic carbon (DOC),
biological oxygen demand (BOD), chemical oxygen demand (COD), pH, nutrients. Details
regarding the selection and analysis of micropollutants can be found in Margot et al. (2011).
The samples were collected at the following points (see Figure 2):
 WWTP influent (Entrée STEP, EN)
 Effluent biological treatment (”old“ biology, sortie biologie, SB) (1st measurement campaign)
 Effluent moving bed biology (Sortie lit fluidisé, LF) (2nd - 4th measurement campaign)
 Effluent ozonation (Sortie O3, OZ)
 Effluent carbon filter (Sortie charbon actif granulé, CAG) (1st and 2nd measurement campaign)
 Effluent sand filter (Sortie filtre à sable, SF) (3rd and 4th measurement campaign)
 Effluent powdered activated carbon treatment followed by ultrafiltration (Sortie charbon actif
en poudre - UF, PAC-UF) (2nd - 4th measurement campaign)
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Figure 2 gives an overview of the different treatment steps and sampling points.
Advanced treatment of
micropollutants

Secondary and
tertiary treatment

Primary
treatment

Pretreatment

„old“ biology
(Sortie biologie, SB)
Biological
treatment

Secondary
clarifier

SB

PAC-UF treatment

PAC-UF (2.-4. MC)

(1. MC)
Mechanical treatme nt

Primary clarifier

Moving Bed
biology

EN

Secondary
clarifie r

LF

Wastewater
WWTP Influent
(Entrée, EN)

Moving bed
biology
(Lit fluidise, LF)

Powdered activated carbon with
Ultra filtration
(Charbon active en poudre, PAC-UF)

Ozonation

Carbo n filter
or
Sand filtration

OZ

CAG (1.-2.MC)
SF (3.-4 .MC)

MC = Measurement campaign

Ozonation
(OZ)
Carbon filter
(CAG) or s and
filter (SF)

Figure 2: Overview of the sewage treatment plant Lausanne and the different sampling points.

The classical water quality parameters were assessed in the daily composite samples as soon
as possible after collecting, usually on the same day. For bioassays, daily composite samples
were collected during one week, filled in conditioned glass bottles, filtered through a glass fibre
filter (1 µm, Millipore, type APFD 09050) and stored at 4°C. These samples were then
proportionally combined to obtain 2, 3 or 7-day-composite samples, which were submitted to
analytical chemistry and used in bioassays. Samples were transported to the responsible
laboratories cooled on ice or frozen.
For most in vitro bioassays focusing on specific cellular mechanisms, 7-day composite samples
were enriched using solid phase extraction (SPE) at the Swiss Centre for Applied Ecotoxicology,
Dübendorf, CH (see Table 1). Following standard operating procedures (Eawag, 2007), 250 ml
(influent samples) or 500 mL (all others) were filtered using C18/EN cartridges (Supelco, SigmaAldrich, USA) (Escher et al., 2008b); 500 mL of Millipore water served as a blank. After extraction
using 4*1 mL of Acetone and 1 mL of Methanol, 250 times (influent) or 500 times (all other
sampling points) enriched samples were stored in 1 mL of a solvent mixture (~50% ethanol,
~50% acetone and methanol) at -20°C until being transported on dry ice for analysis.
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4.

Performance Analysis of Advanced Wastewater Treatment

4.1.

Toxicity Parameters

Biological parameters measured in bioassays, such as mortality, number of offspring, cell
number, weight, and cellular receptor activity, are commonly referred to as ‘endpoints’. The term
‘toxicity parameter’ refers to effect values, which are calculated using statistical or mathematical
methods (see also Figure 3). They are defined as follows:
ECx

The ECx is the effective concentration (or % test/effluent sample) at which x % (e.g.
10, 20 or 50 %) of its maximal effect is reached, e.g. 50 % of the test organisms show
a defined effect. The calculation is done by regression analysis and gives,
additionally to the respective derived toxicity parameter, a confidence interval (usually
95% confidence interval), which stands for the concentration range in which the ‘real’
value lays with a probability of 95 %.
The lower the ECx-value, the more toxic the evaluated substance or sample is.

NOEC

The no observed effect concentration (NOEC) is the highest tested concentration that
does not yet cause a statistically significant effect compared to the control.

LOEC

The lowest observed effect concentration (LOEC) is the lowest tested concentration
that elicits a statistically significant effect compared to the control.

TEQ

The toxic equivalent concentration (TEQ) is defined as the concentration of a
reference substance, which would have the same effect as the environmental sample
(see e.g. Escher et al., 2008a). The reference substances vary depending on the
type of the measured specific endpoint. The TEQ allows to express toxic potency (or
toxic quantity) of a mixture as concentration of a reference chemical and integrates
the effects of all substances with the same mode of action.
The higher the TEQ value, the more toxic the evaluated sample is.
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* * *

cumulative response

100 %

*
*

80 %
60 %
50 %
40 %

*
*

LOEC

20 % NOEC

*
*

EC50/LC50

log (concentration)
cumulative response

100 %

Reference substance

Environmental Sample

80 %
60 %
40 %
20 %
TEQ

log (concentration)

log (dilution/enrichment factor)

Figure 3: Example for a dose response curve with the toxicity parameters NOEC, LOEC and EC50.
◊ control, ◊ treatment, * significant difference to the control (top graph). The graphs below show the
derivation of TEQs by comparing the effect concentration of an environmental sample with the effect
concentration of a reference substance.

4.2.

Change Index

For the efficiency evaluation of the different sewage treatment steps, the bioassay results and
calculated toxicity parameters provided a broad database. For better comparison between
toxicity detected using different bioassays and native wastewater samples or enriched samples,
a common parameter was used, the ‘Change Index (CI)’. The CI describes the relative change in
toxicity after individual sewage treatment steps (Ratte and Ratte, 2009). It allows a direct
comparison of tests with and without sample enrichment and therefore also of in vitro and in vivo
bioassays.
Use of the CI provides the following advantages:
1) The CI enables a conclusion if and to which extent the toxicity is changed by the observed
treatment step independent of the respective absolute value of a toxicity parameter.
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2) The CI enables a direct comparison between mechanism-oriented cellular in vitro bioassays
and integrative in vivo bioassays, as it is independent of the definition/calculation of the
respective toxicity parameter.
The CI is analogous to elimination efficiency, and is calculated as follows:
Toxicity value after treatment
(1) CI = Toxicity value before treatment

(2) CITEQ =

Toxicity value after treatment
Toxicity value before treatment

-1

Equation 1 is used for EC- and NOEC / LOEC values: Here the higher the ECx or NOEC / LOEC
values, the more the toxicity of the sample is decreasing (and CI increases).
Equation 2 is used for toxic equivalent concentrations (TEQs). The TEQ is the concentration of a
reference substance that would have the same effect as the environmental sample. The higher
the TEQ, the more toxic is the substance or environmental sample. With decreasing toxicity the
TEQ decreases. Therefore the CITEQ is the inverse of equation 1.
In summary, the CIs for the toxicity parameters ECx, TEQ and for values significantly different to
the control indicate:
Change Index CI > 1 decreased toxicity
Change Index CI ~1 equal toxicity (range: 0.75 < CI < 1.25)
Change Index CI < 1 increased toxicity
A deviation of equal to or more than 25 % from CI = 1, i.e. CI ≥1.25 or CI≤1.25, was considered
respectively a significant reduction or increase of toxicity due to a specific treatment step. This
rather high tolerance level was set arbitrarily in order to address the variability of bioassay data in
a common way.
The following CIs were calculated for comparing the results of the bioassays:
CILF/EN or CISB/EN

Effect biological treatment

CIOZ/LF or CIOZ/SB

Effect ozonation

CISF/OZ Effect sand filtration (3rd + 4th MC)
CISF/LF Effect ozonation + sand filtration (3rd + 4th MC)
CIPAC/LF Effect PAC-UF treatment (2nd to 4th MC)
For four bioassays (L. variegatus, O. mykiss, P. antipodarum, G. fossarum) it was not possible to
calculate toxicity parameters, because the water samples were not tested as dilution series. For
these, the CI was derived by statistical comparison of effect data (e.g. number of hatched fish)
for organisms exposed to undiluted water samples before and after each treatment step.
Students t-test (GraphPad Prism 5, GraphPad Software Inc., CA, USA) followed by a BonferroniSwiss Centre for Applied Ecotoxicology, Eawag/EPFL · Überlandstrasse 133 · CH-8600 Dübendorf
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Holm correction (Holm, 1979) to account for multiple comparisons was used to determine
significant differences.
In the subsequent chapter, the indicator value of the different bioassays will be compared using
the CI.

4.3.

Comparison of Bioassay Results

The following tables (Table 3 and Table 4) give an overview of the bioassay results using the CI
to display the changes in toxicity following each wastewater treatment step. A quantitative
analysis for the different steps is presented in chapter 4.4. More detailed results for each toxicity
parameter, the CIs and elimination efficiencies can be found in the appendix (Table 7 to Table
26).
4.3.1. In vitro Bioassays
Table 3 shows the changes in specific effects based on change indices (CITEQ) resulting from in
vitro bioassays.
Table 3: Change indices (CITEQ) for bioassays, based on specific cellular mechanisms / in vitro bioassays with sample
enrichment.
Red arrows pointing up (↑, in red) mean CITEQ < 1 = increasing effects, a tilde (~, in grey) means CITEQ ~ 1 = equal effects and a
green arrow pointing down (↓, in green) means CITEQ > 1 = decreasing effects in most of the measurement campaigns (≥ 3). Var.
marks varying results between different measurement campaigns (in grey). Crossed out fields mean that no influent samples have
been measured and therefore no effect of the biological treatment could be assessed.
Bioassay

Substance classes (effect
parameter)

YES assay Estrogens (Estradiol equivalents,

ng/L)
ER CALUX Estrogens (Estradiol equivalents,

ng/L)
AR CALUX Androgens (Dihydrotestosterone

equivalents, ng/L)
GR CALUX Glucocorticoids (Dexmethason

equivalents, ng/L)
PR CALUX Progesterones (Org-2058

equivalents, ng/L)

Effect
Biological
treatment
(CILF/EN)

Effect
Effect
Effect Sand
Ozonation
filtration
Ozonation +
(CIOZ/LF)
(3.+4. MC) Sand filtration
(3.+4. MC)
(CISF/OZ)
(CISF/LF)

Effect
Powdered
activated
carbon – UF
(CIPAC/LF)

↓

↓

var.

↓

↓

↓

↓

var.

var.

↓

↓

↓

var.

↓

↓

~

↓

↓

↓

↓

↑

↓

↑

↓

↓

↓

↓

var.

var.

↓

PPARg1
CALUX

Peroxisome proliferator like
acting substances (Rosiglitasone
equivalents, ng/L)

H295R
Assay

Estradiol induction

↓

~

↓

↓

Testosterone induction

~

~

~

~

Green
algae

Herbicides (Diuron equivalents,
µg/L) (Photosynthesis inhibition)

var.

↓

~

↓

↓

General Toxicity (baseline toxic
equivalent conc., mg/L) (Growth
inhibition)

↓

↓

↓

↓

↓
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Biological wastewater treatment presented decreased effects as indicated by most in vitro
bioassays measuring effects on specific cellular mechanisms. Exceptions were progesterone-like
activity, which increased. An explanation might be that this substance class was insufficiently
removed during biological treatment, or that breakdown products contributed to this effect. In
general, the measured concentrations of progesterone-like acting substances (e.g. progesterone,
a steroid hormone involved in the menstruation cycle, pregnancy and embryogenesis of humans
and other species, and medroxyprogesterone or levonorgestrel, synthetic progestogens similar
to progesterone) were low and ranged from 0.11 ng/L (EN, 2nd MC) to 2.6 ng/L (SB, 1st MC) (see
Table 13, Appendix). Those concentrations were in the same range as data from earlier studies
on effluent samples and surface waters (Kolodziej and Sedlak, 2007; Van der Linden et al.,
2008). Known effect concentration data of these substances for aquatic organisms are rare, and
ranged from 156 ng/L for the western clawed frog (Xenopus tropicalis) (Kvarnryd et al., 2011) up
to 5000 μg/L for adult rainbow trout (Billard et al., 1981). Therefore, these data are difficult to
interpret, and further investigation is needed before the environmental relevance of this finding
can be established. The influent samples were cytotoxic to cell cultures used in the H295R
steroidogenesis assay .
Glucocorticoid like acting substances (i.e. steroid hormones affecting the metabolism of glucose
and reducing immune activity, e.g. cortisol, corticosterone) were unaffected by biological
treatment. Concentrations of those substances (expressed as dexmethasone equivalent
concentrations) ranged from < 4 ng/L (PAC-UF, 2nd-4th MC) to 140 ng/L (LF, 2nd MC) (see Table
12, Appendix). The lowest effect concentration for aquatic organisms found in the literature was
3.46 µg/L for the African clawed frog (Xenopus laevis) exposed to corticosterone (Lorenz et al.,
2009), which is 24 times higher than the highest measured value in the pilot study. However as
toxicity data regarding this substance class are still rare no final conclusion on the environmental
relevance of the measured concentrations can be drawn.
The effect of biological treatment on photosystem II inhibiting herbicides showed variable results.
Ozonation and PAC-UF decreased effects as indicated by all in vitro bioassays used, with one
exception. In the H295R steroidogenesis assay, the advanced treatment processes were not
able to reduce the slight inhibition of testosterone production, which was present in biologically
treated wastewater.
Sand filtration by itself showed variable results. These results are discussed in more detail in
chapter 4.3.4.
The net effect of ozonation plus sand filtration was a decrease in toxicity for most in vitro
bioassays.
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4.3.2. Laboratory In Vivo Bioassays
Based on the results of the laboratory in vivo bioassays, it can be summarized that no consistent
toxicity increase due to ozonation by-products was found.
Table 4 shows the changes in toxicity determined by in vivo bioassays performed in the
laboratory.
Table 4: Change indices (CI) for in vivo bioassays performed in the laboratory with wastewater in a dilution series.
Red arrows pointing up (↑, in red) mean CI < 1 = increasing toxicity, a tilde (~, in grey) means CI ~ 1 = equal toxicity and a
green arrow pointing down (↓, in green) means CI > 1 = decreasing toxicity in most of the measurement campaigns (≥ 3). Var.
marks varying results between different measurement campaigns (in grey) and n.t. means not toxic (in white). Crossed out
fields mean that no influent samples have been measured and therefore no effect of the biological treatment could be
assessed. For Gammarus fossarum only the effect of ozonation + sand filtration and of PAC-UF was measured.
Test organism

Endpoint (Toxicity
parameter)

Effect
Biological
treatment
(CILF/EN)

Effect
Ozonation
(CIOZ/LF)

Effect
Sand
filtration
(3.+4. MC)
(CISF/OZ)

Effect
Ozonation +
Sand
filtration
(3.+4. MC)
(CISF/LF)

Effect
Powdered
activated
carbon –
UF
(CIPAC/LF)

Vibrio fischeri

Inhibition of
Luminescence (EC20)

↓

n.t.

n.t.

n.t.

n.t.

Pseudokirchneriella Cell number (EC20)
subcapitata (without
nutrient addition)
(EC50)

~

~

var.

var.

~

~

~

~

~

~

Pseudokirchneriella Cell number (EC20)
subcapitata (with
nutrient addition)
(EC50)

↓

n.t.

var.

var.

n.t.

↓

n.t.

n.t.

n.t.

n.t.

Lemna minor

Frond number (EC20)

↓

var.

var.

var.

n.t.

(EC50)

var.

n.t.

~

~

n.t.

Number of offspring
(EC20)

↓

var.

var.

↑

n.t.

(EC50)

↓

n.t.

var.

var.

n.t.

var.

n.t.

~

~

n.t.

~

~

Ceriodaphnia dubia

Mortality (EC50)
Gammarus
fossarum

Feeding rate

Potamopyrgus
antipodarum

Mortality

Danio rerio

Mortality

↓

~

~

~

↓

n.t.

n.t.

n.t.

n.t.

Biological Treatment: Most in vivo bioassays performed in the lab showed a decrease in toxicity
after biological treatment compared to influent samples. The resulting toxicity level was mostly
non-toxic or slightly toxic.
Ozonation and PAC-UF: If toxicity was still present after biological treatment, there was no
additional reduction by advanced treatment. No increase or decrease in toxicity was evident after
ozonation and PAC-UF. The toxicity remained on a mostly low level showing rather varying
results or no changes at all. The chronic bioassay with C. dubia indicated an increase in toxicity
(EC20 and fecundity) after ozonation plus sand filtration treatments. A possible explanation for
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that might be toxic substances originating from the pilot sand filter. As the 3rd measurement
campaign took place soon after the installation of the pilot sand filter, it is possible that the effects
were caused by this filter. However, such effects have not been observed in common sand
filters. In the other in vivo bioassays no such effects were observed.
The snail reproduction test with P. antipodarum did not yield reliable results due to high mortality
in some samples (Maletz and Hollert, 2010). No mortality was observed in wastewater samples
after PAC-UF treatment. Increased mortality after biological treatment, ozonation and sand
filtration may have been due to increased growth of green and brown algae during the test,
and/or toxic substances still present there, which were removed by PAC-UF treatment only. No
parasites were detected. At this point, no definite explanation for the increased mortality of P.
antipodarum can be provided. In a similar study at the WWTP Neuss, Germany, no mortality of
P. antipodarum in wastewater from the different cleaning steps was reported (Stalter et al.,
2010a).
The feeding assay with G. fossarum did not indicate a change in wastewater toxicity due to
ozonation (Schulz and Bundschuh, 2010). However, if wastewater was treated with slightly
higher ozone concentrations in the laboratory the feeding rates increased, suggesting that the
ozone concentrations applied at the WWTP were too low to cause a shift in toxicity detectable for
these organisms. Similarly, on-site PAC treatment did not alter feeding activity This may be due
to the PAC-mediated removal of trace elements (Filby et al., 2010) and a subsequent decline in
activity and health of the test organisms.
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4.3.3. In Situ Bioassays
Table 5 shows the changes in toxicity resulting from in vivo bioassays performed at the WWTP
Vidy in flow-through systems under in situ conditions.
Table 5: Change indices (CI) for in vivo bioassays performed at the WWTP Vidy with undiluted wastewater
Red arrows pointing up (↑, in red) mean CI < 1 = increasing toxicity, a tilde (~, in grey) means CI ~ 1 = equal toxicity and
a green arrow pointing down (↓, in green) means CI > 1 = decreasing toxicity. No influent samples have been measured
and therefore no effect of the biological treatment could be assessed.
Effect
Ozonation
(CIOZ/LF)

Effect
Sand
filtration
(CISF/OZ)

Effect
Ozonation +
Sand filtration
(CISF/LF)

Effect
Powdered
activated
carbon – UF
(CIPAC/LF)

Reproduction

~

~

~

~

Biomass

↑

~

~

↑

Overall Survival

↓

~

↓

↓

Survival of embryos

~

~

~

↓

Survival of larvae and
juveniles

↓

~

↓

↓

Hatching rate

~

~

~

↓

Swim-up of hatched larvae

↓

~

↓

↓

Fresh weight of larvae at
end of test

↓

~

↓

↓

Length of larvae at end of
test

~

Vitellogenin concentration

↓

Test organism

Endpoint

Lumbriculus
variegatus
Oncorhynchus
mykiss

↓
~

↓

↓

Biological treatment: In vivo bioassays performed in flow through systems showed an increase in
L. variegatus biomass after biological treatment compared to the control treatment (water of Lake
Geneva) (Weil, 2010), suggesting better than normal conditions for this species.
The effluent from the biological treatment step negatively affected all developmental stages of
trout, i.e. delayed hatching of more than 6 days, 40-50 % of overall mortality, diminished
swimming ability and a significantly elevated vitellogenin concentration compared to the controls
(63.1 ng/mL, measured in 69 days old larvae via ELISA (Knacker et al., 2010)). Results indicate
that toxic amounts of substances that cause deleterious developmental effects and endocrine
disruptors were present in biologically treated effluent.
Ozonation and PAC-UF: Biomass of L. variegatus was significantly decreased after both
ozonation and PAC-UF suggesting increased toxicity. For PAC-UF treatment, it is possible that
the effect was caused by the reduced availability of food and nutrients in the treated wastewater.
Negative effects of ozonation may be caused by reactive toxic ozonation by-products that were
eliminated in the sand filtration. Similar observations were made by Stalter et al. (2010a), which
prompted the recommendation to include a final filtration step with biological/bacterial activity
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such as a sand filter after ozonation. In Lausanne however a tendency for a decrease was
observed in the reproduction of L. variegatus exposed to the sand filtered water as well as to
water from PAC-UF, but results were not significant with Bonferroni-Holm adjustment. This effect
could be due to a reduced availability of nutrients and suspended matter in the effluent of those
treatments compared to the biological treatment and ozonation (Weil, 2010). Similar results have
been obtained in other studies (Stalter et al., 2010a).
The Fish Early Life Stage test with O. mykiss showed decreased toxic effects for 5 out of 8
observed endpoints after ozonation. After ozonation and sand filtration treatment however weight
and length of the fish were significantly reduced compared to the controls, as was also observed
by Stalter et al. (2010b). Treatment with PAC-UF led to decreased toxicity compared to
biologically treated wastewater for all the observed endpoints. Overall, organism performance
after exposure to PAC-UF treated effluent was similar to controls. Both advanced treatment
systems were able to decrease vitellogenin concentration in fish to control levels (10.6 ng/mL),
indicating good elimination of estrogenic active substances. These effects were also observed in
the YES and ER CALUX assays, where the EEQs ranged from 0.9 - 3 ng/L in the effluent of
biological treatment and around 0.3 ng/L in the effluent of the advanced treatments. These
values are in the same range as measurements at the WWTP Wüeri (effluent ozonation-SF:
0.05 - 0.33 ng/L EEQ), and up to 5 ng/L EEQ have been measured in Swiss rivers downstream
of WWTPs (e.g. Burkhardt-Holm et al., 2005).
It has also to be kept in mind that early life stages of salmonids are very sensitive to ammonia
(e.g. U.S. Environmental Protection Agency, 2009). The measured values of 5 mg/L NH4-N (at
9°C) in the test correspond to approximately 0.005 to 0.04 mg/L NH3-N for pH values between
7.0 and 8.0 (Weil, 2010). In rainbow trout ammonia concentrations higher than 0.04 mg/L elicited
histopathological effects after long term exposure of 5 years (Thurston et al., 1984) and the EC20
for effects on growth of rainbow trout larvae and fish during a 90 day exposure was 7.72 mg/L
NH3-N (Brinkman et al., 2009). Derived from all available toxicity data for aquatic freshwater
organisms, the US EPA recommends a chronic quality criterion for ammonium in freshwater at
pH 8 and 14°C of either 0.521 or 3.74 mg NH4-N/L, depending on whether freshwater mussels
and early life stages of fish are present or absent respectively (U.S. Environmental Protection
Agency, 2009). Overall, based on these data, it is unlikely that direct effects of periodically
elevated ammonium concentrations on the survival and development of the fish are occurring.
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4.3.4.

Assessment of different filter types

Based on the results obtained from bioassays, a final filtration step with biological/microbial
activity after ozone treatment was recommended to prevent effects of reactive and possibly toxic
by-products resulting from ozonation. At WWTP Vidy, two different filter types were assessed for
this purpose: a carbon filter and a sand filter.
Carbon filter (1st and 2nd MC)
With the carbon filter, which has already been used in the WWTP for several years, increased
toxicity was observed in most bioassays, in agreement with the results of the chemical analyses,
which showed higher concentrations of micropollutants after passage through the filter. This was
probably due to desorption of substances from this filter. Desorption results from both backwash
with physico-chemically treated wastewater (not suited for micropollutant removal) and long-term
operation of this filter. Therefore the continued use of this carbon filter after complementary
treatment was not recommended.
Sand filter (3rd and 4th MC)
After passage through the sand filter (mobile sand filter device for pilot studies) in the 3rd MC, an
increase in estrogenic and progesterone-like activity was detected. In the 4th MC no increased
effects could be observed in most in vitro bioassays, but a slightly increased toxicity was
observed in some laboratory in vivo bioassays.
In the 3rd measurement campaign, a slight increase in concentrations of bisphenol A and estrone
was detected by the chemical analysis, which might have been washed out from the plastics
around the sand filter and may have played a role in the toxicity increase. In the 4th measurement
campaign no obvious reason for the slight toxicity increase in some laboratory in vivo bioassays
was found by comparison with the results of the chemical analysis as well as with the physicochemical parameters measured. The toxicity increase might be related to differences in
wastewater composition, which might not necessarily be due to micropollutants.
Overall no evidence for a toxicity increase after sand filtration was observed.
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4.4.

Elimination efficiency of treatment steps

The following figures (Figures 4 and 5) show the mean elimination efficiencies for the different
treatment steps as well as the mean overall elimination efficiencies. Separate elimination
efficiencies for the four measurement campaigns as well as a comparison of elimination
efficiencies for the “old” biology and the moving bed biology can be found in the appendix (Figure
11 - 18).
Biological treatment, ozonation and sand filtration
The mean elimination efficiencies for biological treatment, ozonation and sand filtration are
displayed in Figure 4. Only the elimination efficiencies for the 2nd to 4th MCs are displayed, as in
the 1st MC another biological treatment was applied (see Figure 2, “old” biology, SB).

Green algae: photosynthesis inhibition
Green algae: grow th inhibition
YES assay: estrogenic effects
ER CALUX: estrogenic effects
AR CALUX: androgenic effects
GR CALUX: glucocorticoid like effects
-385 ± 196 %

PR CALUX: progesterone like effects

X

PPARg1 CALUX

-20%

0%

20% 40% 60% 80% 100% 0%
Elimination Biological Treatment

Green algae: photosynthesis inhibition

on

Green algae: grow th inhibition
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YES assay: estrogenic effects

ts

ER CALUX: estrogenic effects

ts
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20% 40% 60% 80%
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Elimination Biological Treatment
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+ Ozonation + Sand filtration
Biological Treatment + Ozonation

20%

Figure 4: Mean elimination efficiency for specific effects measured in in vitro bioassays in the different
treatment steps: biological treatment, ozonation, biological treatment + ozonation (mean ± SD of 2nd to 4th
measurement campaign, 1st MC excluded due to differences in biological treatment, see chapter 3.2) and
biological treatment plus ozonation followed by sand filtration (elimination efficiency of 4th measurement
campaign, only this MC used as here technical procedures were optimized).

In the biological treatment, only 3 to 4 out of 8 specifically acting substance classes were
eliminated by more than 80%. Herbicides, glucocorticoid and progesterone-like acting
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substances were not removed at all or only to a small extent. General toxic substances were
eliminated by less than 80%.
Ozonation additionally removed 14 to 87 % of the remaining specifically acting substances.
Elimination efficiency of ozonation varied depending on the biological treatment, ozone
concentration and substance classes.
Biological treatment combined with ozonation removed 82 to 99 % (mean of 3 MCs) of most of
the specifically acting substances with exception of progesterone and glucocorticoid like acting
substances. Removal of those substances was less efficient (59 ± 18 % and -24 ± 68 %
respectively) with biological treatment and ozonation. For progesterone, a good degradation due
to ozonation was shown in other studies (Barron et al., 2006; Labadie and Budzinski, 2005),
however this was strongly dependent on the respective ozone concentrations (Barron et al.,
2006). For glucocorticoid-like acting substances, no information regarding ozonation was
available.
For the 4th MC the elimination efficiencies of the combination of biological treatment, ozonation
and sand filtration was evaluated. The presentation of results including the sand filter is restricted
to the 4th MC as the technical procedures were optimized at this point.
The overall elimination efficiencies for the 4th measurement campaign ranged from 86 to 99 % for
most specific effects. Elimination efficiency with the sand filter was slightly improved compared to
the efficiency after ozonation. Only progesterone-like effects could not be reduced with the
overall treatment, however as mentioned in chapter 4.3.1 the values were generally low, i.e. in
the range of 0.11 to 2.6 ng/L.
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Biological and powdered activated carbon –UF treatment
Treatment of the wastewater with PAC-UF led to an additional 61 to 100 % elimination of the
remaining specifically-acting substances when compared to the removal in the biological
treatment (Figure 5).

Green algae: photosynthesis inhibition

n

Green algae: grow th inhibition
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YES assay: estrogenic effects
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s
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GR CALUX: glucocorticoid like effects
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Biological + PAC-UF Treatment

Figure 5: Mean elimination efficiency for specific effects measured in in vitro bioassays in the different
treatment steps: biological, PAC-UF and biological + PAC-UF treatment (mean ± SD of 2nd to 4th measurement
campaign).

The combination of biological and PAC-UF treatments removed all of the specifically-acting
substances to more than 80 % (elimination efficiencies ranged from 92 to 100 %).
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4.5.

Comparison of bioassays with chemical measurements

To compare the results of the chemical measurements with the bioassay results, the mean
elimination efficiencies, calculated from the combined algae assay for all measured herbicides,
were compared between the different sampling campaigns (Figure 6).
A
Elimination Biology

Elimination
Ozonation
20.-27.07.09
30.10.-05.11.09

Elimination PAC

10.-17.03.10
25.05.-02.06.10

Total Elimination
Biology, Ozonation
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Total Elimination
Biology + PAC

0%

20%

40%
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100%
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B
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Biology, Ozonation +
SF
Total Elimination
Biology + PAC
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-20%
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Figure 6: Mean elimination efficiencies in the different treatment steps for each of the four measurement
campaigns for A: based on concentrations of herbicides from chemical analysis (mean ± SD of four 1-2
day composite samples over 7 days) and B: based on diuron equivalent concentrations (DEQs) (μg/L) in
the algae assay focusing on inhibition of photosynthesis (mean elimination efficiency from one composite
sample over 7 days based on the mean TEQ value of three replicates in the experiment). In the 4th
measurement campaign (25.05.-02.06.10) the technical procedures were optimised.
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Compared with chemical analytics, results from the combined algae assay indicated higher
elimination efficiency for herbicides acting as photosystem II inhibitors. This may be explained by
the presence of additional herbicides with this mode of action, which were not included in the
analytical measurements.

4.6.

Mutagenicity and genotoxicity

No mutagenicity (Ames assay, strains TA98 and TA100) (Ames et al., 1975) (ISO 16240, 2005)
and no genotoxicity (micronucleus assay, with and without S9 activation) (Reifferscheid et al.,
2008) (ISO 21427-2, 2006) were detected. In the umuC assay (ISO 13829, 2000, with S9
activation), genotoxic effects in the influent and after biological treatment have been detected
only in highly enriched samples (EN ≥14.8 fold, LF ≥ 37 fold). In one MC slight genotoxic effects
in PAC-UF (≥ 74 fold enrichment) were detected.
Overall no change in genotoxicity and mutagenicity was measured following advanced
treatments. This was observed in other studies as well for PAC treatment (e.g. Stalter et al.,
2010a) and ozonation (e.g. Mišík et al., 2011; Petala et al., 2006; Reungoat et al., 2010;
Takanashi et al., 2002). In selected studies genotoxic effects were detected after ozonation (e.g.
Stalter et al., 2010a); however they were eliminated by subsequent sand filtration.
We conclude that there is no evidence of higher toxicity due to the formation of stable ozonation
by-products. It is, however, possible that the tests used were not sufficiently sensitive to these
compounds. Because formation of reactive ozonation by-products cannot be excluded based on
our results, the installation of a final filtration step with biological activity is recommended.

4.7.

Conclusions from the performance review

A clear reduction of wastewater toxicity due to ozonation and powdered activated carbon
treatment followed by ultrafiltration was demonstrated with most in vitro bioassays and with one
in vivo bioassay (Fish Early Life Stage test with O. mykiss). The other applied bioassays showed
either no toxicity or no change in toxicity in the course of wastewater treatment. The overall
elimination efficiency for most of the assessed specific substance classes was more than 80%.
However, there were differences in toxicity for different sampling time points, which presumably
resulted from differences in wastewater composition. There was no evidence of increased
toxicity due to a constant formation of ozonation by-products. Using in vivo bioassays performed
in the lab, a slight toxicity of raw wastewater was detected. This was mostly eliminated after
biological treatment. The toxicity of the wastewater observed in those in vivo assays was
generally low.
In general, the application of bioassays for a performance assessment of advanced wastewater
treatment technologies proved to be relevant and useful, as shown in this pilot study as well as in
the previous pilot study at the WWTP Wüeri in Regensdorf (Abegglen et al., 2009).
However, it is important to note, that a single general bioassay for the overall assessment of the
toxicity of a wastewater sample does not exist. No single bioassay covers the whole range of
different toxic effects in wastewater. Therefore, a set of bioassays has to be used to evaluate the
performance of wastewater treatment plants.
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To evaluate the efficiency of advanced treatment steps in reducing the biological effects of
micropollutants with specific modes of action, the use of in vitro bioassays with sample
enrichment is highly promising. However, some of the available test protocols are not certified.
Therefore it should be aimed for a standardization and certification of those tests. Additionally, a
cost efficiency analysis should be performed.
For an effect assessment for whole organisms, chronic in vivo bioassays are desirable. Here is a
need for the development of tests especially with sensitive test organisms. For those assays the
costs are often much higher than for small-scale / in vitro bioassays. Furthermore, the
interpretation of observed effects in in vivo bioassays generally is more difficult, especially with
regard to micropollutants. Regarding bioassays with vertebrates there is also a need to reduce
the use of animals in experimentation.
Overall the performance review with bioassays has shown that ozonation-SF and PAC-UF
treatment are useful measures to reduce the effects of micropollutants in waterbodies. A broad
range of micropollutants and their effects were eliminated by more than 80%, and there was no
evidence for a toxicity increase due to a constant formation of stable toxic ozonation by-products.
In vitro bioassays based on specific effects with sample enrichment were generally deemed
more suitable for the performance assessment of advanced wastewater treatments than
integrative in vivo bioassays without sample enrichment.

Swiss Centre for Applied Ecotoxicology, Eawag/EPFL · Überlandstrasse 133 · CH-8600 Dübendorf
www.oekotoxzentrum.ch

29

5.

Evaluation of wastewater quality regarding micropollutants and
their effects

In environmental risk assessment, risk quotients are used to evaluate whether measured
concentrations of environmental chemicals pose a risk to the environment. Those quotients are
calculated by dividing the MEC (measured environmental concentration) by the respective quality
criterion (QC) (usually the annual average environmental quality standard, AA-EQS or the MACEQS), which takes into account ecotoxicological effect data for the respective substance (see
below).

Risk quotient (RQ) 

MEC
?
QC

<1 tolerable risk
>1 intolerable risk

A risk quotient lower than 1 indicates a tolerable risk, whereas a risk quotient higher than 1
indicates an intolerable risk. The Annual Average-EQS (AA-EQS) is derived as a protection
against the effects of long-term exposure, and the Maximum Acceptable Concentration EQS
(MAC-EQS) against the effects of short-term exposure.
For an assessment of the wastewater quality, risk quotients were calculated for the three priority
substances diclofenac, carbamazepin and clarithromycin using the MECs (usually the 90th
percentile) and the derived EQS (Götz et al., 2010). More detailed information on the derivation
of water quality criteria as well as on the classification of risk quotients for this purpose according
to Götz et al. (2010) can be found in the appendix.
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5.1.

Risk quotients of three relevant micropollutants during wastewater
treatment

Figure 7 shows results of the pilot study at the WWTP Vidy Lausanne for the three priority
substances. The change of the risk quotients and quality classes during wastewater treatment for
the 3rd MC is shown. The respective quality criterion (AA-EQS) for the pain killer diclofenac is
50 ng/L, for the anticonvulsant carbamazepin 500 ng/L and for the antibiotic clarithromycin
60 ng/L (Götz et al., 2010).

Figure 7: Evolution of risk quotients during wastewater treatment: measured environmental
concentrations (MECs) from the screening of 120 substances at the Eawag and risk quotients (RQs) of
three selected micropollutants during wastewater treatment in the 3rd measurement campaign (MC).

During wastewater treatment, the water quality regarding the three substances increased
significantly, from poor water quality up to good quality for diclofenac; from good to very good
water quality for carbamazepin; and from insufficient to good water quality for clarithromycin in
undiluted wastewater. During biological treatment the respective substance concentrations
decreased between 0.9 and 1.2 fold compared to the influent, and during PAC-UF or ozonationSF treatment the concentrations decreased additionally 7 to 46 fold compared to the biological
treatment. At the Regensdorf pilot study a similar improvement of water quality was observed.
In the adjacent watercourses, those values will be even lower due to the additional dilution. For
rivers usually a dilution factor of 10 is assumed, and for lake Geneva an estimated 50 fold
dilution showed the best correlation with the actually measured concentrations (Morasch et al.,
2010).
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5.2.

Estrogenicity during wastewater treatment

When looking at the improvement of wastewater quality regarding estrogenic substances (Figure
8), a strong decrease in estrogenicity could be detected with the Yeast Estrogen Screen (YES)
and the ER-CALUX assay at the Lausanne pilot study based on 17β-estradiol-equivalents
(EEQ).

Figure 8: Evolution of estrogenicity during wastewater treatment steps: Estradiol equivalent
concentrations [ng/L] and change indices (CITEQ) from the YES and the ER-CALUX assay for the 4th MC.
CILF/EN Effect biological treatment, CIPAC/EN Overall effect biological treatment and PAC-UF treatment,
CIOZ/EN Overall effect biological treatment and ozonation, CIOZ+SF/EN Overall effect biological treatment and
ozonation+ sand filtration.

During biological treatment, estrogenicity decreased between 11 and 12 fold compared to the
influent, and during PAC-UF treatment or ozonation the concentrations decreased additionally
6 to 13 fold compared to the biological treatment.

5.3.

Conclusions for the evaluation
micropollutants and their effects

of

wastewater

quality

regarding

The advanced treatment steps PAC-UF and ozonation led to a substantially lowered risk
potential for diclofenac, carbamazepin and clarithromycin. Additionally both treatments lowered
the estrogenicity between two or three orders of magnitude in comparison to the influent. PACUF treatment and ozonation led to a 6 to 13 times lower estrogenicity compared to the biological
treatment.
In combination with the results of the performance analysis (chapter 4), for micropollutants and
estrogenic substances a significant reduction of risks can be expected with advanced
wastewater treatment.
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6.

Main conclusions

From the results of the performance review (chapter 4) and the investigation of wastewater
quality (chapter 5) several main conclusions were drawn and approved by the international
expert group on ecotoxicology accompanying the pilot studies.
Main conclusions from the pilot studies in the project “Strategy Micropoll” are:


Due to the advanced treatments in the pilot studies a broad range of micropollutants and
their effects were eliminated by more than 80%, as detectable in most in vitro bioassays and
with chemical analytics.



There was no evidence for a toxicity increase due to a constant formation of stable toxic
ozonation by-products (i.e. by-products still present after sand filtration) in any test.



Ozonation should be followed by a final filtration step with biological activity in order to
reduce the risk of potentially toxic, reactive transformation products being released in
waterbodies. The occurrence of such products and their potential to elicit effects was shown
in both pilot studies in selected in vivo bioassays (Lumbriculus reproduction assay in both
pilot studies, Fish Early Life Stage assay in Regensdorf).



Overall, the quality of treated effluent was significantly improved, leading to improved
surface water quality.
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9.

Appendix

Appendix for chapter 5
Derivation of water quality criteria
The quality criteria for the prioritized substances were derived from ecotoxicological effect data
as shown in Figure 9.

Figure 9: Steps of the development of an EQS-proposal at the Swiss Centre for Applied
Ecotoxicology (Kase et al., 2011).

For substances for which EQS exist or existed in EU countries, only an assessment of the
appropriateness of the EQS is made with respect to current ecotoxicity data. For substances for
which EQS are developed at the same time in the EU and in Switzerland, the EQS are derived in
close collaboration with the appropriate experts. All effect data which were not assessed for their
quality by other institutions before are assessed for their validity (Klimisch et al., 1997;
Matthiessen et al., 2009) and relevance. The proposals put forward are still provisional and will
undergo a further phase before they are finalized.
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Classification of risk quotients for the evaluation of water quality regarding priority
substances
In the pilot study at the WWTP Vidy Lausanne the risk quotients were classified according to a
classification system proposed by Götz et al. (2010) (Table 6).
Table 6: Proposed classification system for risk assessment to assess the water quality regarding
selected chemical substances (adapted from Götz et al., 2010; Kase et al., 2011). EC environmental
concentration, AA-EQS Annual Average EQS, RQ risk quotient.
Evaluation

Compliance
with quality
criterion

Condition/description
The environmental concentration (EC) is
100 times smaller than the quality
criterion (AA-EQS)

RQ < 0.01

The environmental concentration (EC) is
10 times smaller than the quality criterion
(AA-EQS)

0.01 ≤ RQ < 0.1

good

The environmental concentration (EC) is
smaller than the quality criterion (AAEQS)

0.1 ≤ RQ < 1

moderate

The environmental concentration (EC) is
smaller than the double quality criterion
(AA-EQS)

1 ≤ RQ < 2

insufficient

The environmental concentration (EC) is
smaller than the tenfold quality criterion
(AA-EQS)

2 ≤ RQ < 10

poor

The environmental concentration (EC) is
the same or greater than the tenfold
quality criterion (AA-EQS)

RQ > 10

very good

AA-EQS
passed

AA-EQS
exceeded

The evaluation of the water quality regarding micropollutants originating from municipal
wastewater was adapted according to the module ‘Physicochemical Water Quality’ (Liechti,
2010) of the modular stepwise procedure for Switzerland (www.modul-stufen-konzept.ch). This
classification system reflects the water quality and not the ecological quality. However, in the
European Union (EU) a connection between the ecological status and the chemical status is
made in the context of the Water Framework Directive (WFD): an exceedance of the AA-EQS for
one substance leads to the surpass of a good ecological status in the context of the EU-WFD
(EU, 2010), as very sensitive species are possibly impacted.
During the evaluation of micropollutants according to the classification based on single
substances described above, it was noticed that the detection and quantification limit for the
respective substances could influence the outcome. When the analytical limit of quantification for
a substance is above a category limit (see Table 6), the classification results as a minimum
category. For example if a substance is not detectable and if the limit of quantification is between
the AA-EQS/10 and the AA-EQS, then the minimum category can be designated “good+” since
the actual exposure concentration can be classified as “good” or “very good”.
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Götz et al. (2010) have evaluated effects on the concentrations of selected micropollutants in
Swiss rivers due to wastewater effluents. The water quality regarding those substances was
assessed using the predicted environmental concentrations (PEC) from the exposure model of
(Ort et al., 2007) assuming low flow conditions (Q347) and compared with the respective AA-EQS
(Figure 10).
Based on this assessment scheme a moderate to poor water quality regarding three of the six
selected micropollutants (diclofenac, carbamazepin and clarithromycin) was detected in 14 % of
the assessed 543 water courses.

Figure 10: Comparison of predicted environmental concentrations (PEC) with annual average EQS of
543 river courses (%) (from (Götz et al., 2010).

For diclofenac, carbamazepin and clarithromycin risk quotients were derived using the quality
criteria as well as the 90th percentile of the measured concentrations (see chapter 5.1).
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Figures
Biological treatment
Green algae: photosynthesis inhibition
Green algae: growth inhibition
YES assay: estrogenic effects
ER CALUX: estrogenic effects
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Figure 11: Elimination efficiencies (%) for the “old” biology (SB) (1st MC) and mean elimination
efficiencies (%) for the moving bed biology (LF) (2nd to 4th MC, mean ± SD) for specific effects
measured in in vitro bioassays.

Green algae: photosynthesis inhibition
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YES assay: estrogenic effects
20.-27.07.09
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30.10.-5.11.09
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Figure 12: Elimination efficiencies (%) in the biological treatments for each of the four
measurement campaigns regarding specific effects measured in in vitro bioassays.
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Biological treatment combined with ozonation
Green algae: photosynthesis inhibition
Green algae: growth inhibition
YES assay: estrogenic effects
ER CALUX: estrogenic effects
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Elimination Ozonation

Figure 13: Elimination efficiencies (%) in the ozonation treatment with wastewater from the “old” biology
(SB) (1st MC) and from the moving bed biology (LF) (2nd to 4th MC, mean ± SD) for specific effects
measured in in vitro bioassays.

Green algae: photosynthesis inhibition
Green algae: growth inhibition
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Figure 14: Elimination efficiencies (%) in the ozonation treatments for each of the four measurement
campaigns regarding specific effects measured in in vitro bioassays.
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Green algae: photosynthesis inhibition
Green algae: growth inhibition
YES assay: estrogenic effects
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GR CALUX: glucocorticoid like effects
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Figure 15: Elimination efficiencies (%) in the biological treatment with ozonation with wastewater from the
“old” biology (SB) (1st MC) and wastewater from the moving bed biology (LF) (2nd to 4th MC, mean ± SD)
for specific effects measured in in vitro bioassays.

Green algae: photosynthesis inhibition
Green algae: growth inhibition
YES assay: estrogenic effects
0.5 g O3/g DOC

ER CALUX: estrogenic effects

0.7 g O3/g DOC
0.8 g O3/g DOC

AR CALUX: androgenic effects

1.1 g O3/g DOC

GR CALUX: glucocorticoid like effects
PR CALUX: progesterone like effects
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Figure 16: Elimination efficiencies (%) in the biological treatment + ozonation for each of the four
measurement campaigns regarding specific effects measured in in vitro bioassays.
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Biological treatment combined with powdered activated carbon –UF treatment
Green algae: photosynthesis inhibition
Green algae: growth inhibition
YES assay: estrogenic effects
10 mg/L (Norit)

ER CALUX: estrogenic effects

12 mg/L (Sorbopor)
AR CALUX: androgenic effects

20 mg/L (Sorbopor)

GR CALUX: glucocorticoid like effects
PR CALUX: progesterone like effects
PPARg1 CALUX
0%

20%

40%

60%

80%

100%

Elimination PAC-UF Treatment

Figure 17: Elimination efficiencies (%) in the PAC-UF treatment for each of the four measurement
campaigns regarding specific effects measured in in vitro bioassays.

Green algae: photosynthesis inhibition
Green algae: growth inhibition
YES assay: estrogenic effects
10 mg/L (Norit)

ER CALUX: estrogenic effects

12 mg/L (Sorbopor)
AR CALUX: androgenic effects

20 mg/L (Sorbopor)

GR CALUX: glucocorticoid like effects
PR CALUX: progesterone like effects
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Figure 18: Elimination efficiencies (%) in the biological and PAC-UF treatment for each of the four
measurement campaigns regarding specific effects measured in in vitro bioassays.
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Tables
Table 7: Pseudokirchneriella subcapitata, photosynthesis inhibition after 2h: Diuron equivalent concentrations, DEQ [μg/L] (SD in brackets), elimination efficiency [%] and
change index for the respective treatment steps. EN Entrée STEP, SB Sortie biologie (1st MC), LF Lit fluidisé (2nd- 4th MC), OZ Sortie O3, CAG Sortie charbon actif granulé
(1st- 2nd MC), SF Sortie filtre à sable (3rd- 4th MC), PAC-UF Sortie charbon actif en poudre - Ultrafiltration (2nd- 4th MC). n.m. not measured.

Date
20.-27.07.09

30.10.-05.11.09

10.-17.03.10

25.05.-02.06.10

Ozone
dosage
(mgO3
gDOC -1)
0.5

0.7

0.8

0.11

SB
LF

Elimination
Biology
(%)

Effect
Biology

0.193

0.250

-29%

0.77

(0.031)

(0.002)

PAC conc.
(mg PAC/L
wastewater)

EN

No PAC

10 (Norit)

0.306

0.189

(0.007)

(0.005)

12 (Sorbopor)

0.148

0.096

(0.002)

(0.004)

0.305

0.398

(0.006)

(0.027)

20 (Sorbopor)

OZ

Elimination
OZ (%)

Effect
OZ

0.020

92%

12.67

(0.004)
38%

1.62

0.040

1.54

0.022

79%

4.70

0.77

0.032

Effect
OZ +
SF

PACUF

Elimination
PAC-UF
(%)

Effect
PACUF

Overall
Elimination
Ozonation

Overall
Elimination
PAC-UF

0.029

88%

8.53

n.m.

-

-

90%

-

53%

2.14

0.026

86%

7.22

87%

91%

77%

4.43

85%

85%

99%

77.23

89%

98%

0.088
(0.011)

77%

4.30

(0)
-30%

Elimination
OZ + SF
(%)

(0.004)

(0)
35%

CAG
SF

0.024

(0.001)
75%

4.06

0.022

(0)
92%

12.31

(0)

0.031

(0)
92%

12.73

(0.001)

0.005
(0.001)

Table 8: Pseudokirchneriella subcapitata, growth inhibition after 24h: Toxicity equivalent concentrations, TEQ [mg/L] (SD in brackets), elimination efficiency [%] and change
index (CITEQ) for the respective treatment steps. EN Entrée STEP, SB Sortie biologie (1st MC), LF Lit fluidisé (2nd- 4th MC), OZ Sortie O3, CAG Sortie charbon actif granulé
(1st- 2nd MC), SF Sortie filtre à sable (3rd- 4th MC), PAC-UF Sortie charbon actif en poudre - Ultrafiltration (2nd- 4th MC). n.m. not measured.

Date
20.-27.07.09

30.10.-05.11.09

10.-17.03.10

25.05.-02.06.10

Ozone
dosage
(mgO3
-1
g DO C )

PAC conc.
(mg PAC/L
wastewater)

0.5

No PAC

0.7

0.8

0.11

10 (Norit)
12
(Sorbopor)
20
(Sorbopor)

SB
LF

Elimination
Biology
(%)

Effect
Biology

16.72

4.12

75%

4.06

(3.78)

(0.56)

EN

18.09

6.05

(6.84)

(1.55)

31.43

6.55

(1.10)

(0.30)

29.88

8.06

(2.06)

(0.21)

OZ

Elimination
OZ (%)

Effect
OZ

0.19

95%

21.63

(0.27)
67%

2.99

1.30

4.80

2.17

78%

4.64

3.71

1.54

Effect
OZ +
SF

PACUF

Elimination
PAC-UF
(%)

Effect
PACUF

Overall
Elimination
Ozonation

Overall
Elimination
PAC-UF

1.06

74%

3.88

n.m.

-

-

99%

-

32%

1.46

1.26

79%

4.81

93%

93%

84%

6.37

93%

97%

88%

8.63

95%

97%

4.14
(0.89)

67%

3.02

(0.05)
73%

Elimination
OZ + SF
(%)

(0.14)

(0.15)
79%

CAG
SF

1.17

(0.06)
82%

5.58

(0.13)
81%

5.23

(0.09)
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Table 9: Saccharomyces cerevisiae, estrogen receptor binding: Estradiol equivalent concentration, EEQ [ng/L] (SD in brackets), elimination efficiency [%] and change index
(CITEQ) for the respective treatment steps. EN Entrée STEP, SB Sortie biologie (1st MC), LF Lit fluidisé (2rd- 4th MC), OZ Sortie O3, CAG Sortie charbon actif granulé (1st- 2nd
MC), SF Sortie filtre à sable (3rd- 4th MC), PAC-UF Sortie charbon actif en poudre - Ultrafiltration (2nd- 4th MC). n.m. not measured.

Date

Ozone
dosage
(mgO3
-1
g DO C )

PAC conc.
(mg PAC/L
wastewater)

EN

SB
LF

Elimination
Biology
(%)

Effect
Biology

OZ

Elimination
OZ (%)

Effect
OZ

CAG
SF

Elimination
OZ + SF
(%)

Effect
OZ +
SF

PACUF

Elimination
PAC-UF
(%)

Effect
PACUF

Overall
Elimination
Ozonation

Overall
Elimination
PAC-UF

75%

4.06

0.27

98%

44.87

3.08

74%

3.89

n.m.

-

-

99%

-

99%

147.04

85%

6.53

-1571%

0.06

0.29

58%

2.35

100%

100%

84%

6.31

99%

98%

90%

10.32

99%

99%

20.-27.07.09

0.5

No PAC

48.68

12.00

(4.25)

(0.88)

30.10.-05.11.09

0.7

10 (Norit)

100.55

0.68

(12.03)

(0.12)

10.-17.03.10

25.05.-02.06.10

0.8

0.11

12 (Sorbopor)

20 (Sorbopor)

61.68

8.34

(6.82)

(0.47)

37.15

3.03

(2.42)

(0.51)

(0.09)
0.10

(0.59)

(0.05)
86%

7.39

0.65

(0.56)
92%

12.77

(0.12)
92%

12.25

0.27

11.43

3.26

(0.09)
61%

2.56

(0.33)
91%

11.34

(0.01)

0.23

1.32
(0.28)

92%

13.04

(0.08)

0.29
(0.08)

Table 10: ER CALUX, estrogen receptor binding: Estradiol equivalent concentration, EEQ [ng/L] (SD in brackets), elimination efficiency [%] and change index (CITEQ) for the
respective treatment steps. LOD agonism = 0.03 ng 17ß-estradiol equivalents/l water. EN Entrée STEP, SB Sortie biologie (1st MC), LF Lit fluidisé (2nd- 4th MC), OZ Sortie
O3, CAG Sortie charbon actif granulé (1st- 2nd MC), SF Sortie filtre à sable (3rd- 4th MC), PAC-UF Sortie charbon actif en poudre - Ultrafiltration (2nd- 4th MC). n.m. not
measured.

Date
20.-27.07.09

Ozone
dosage
(mgO3
-1
gDOC )
0.5

PAC conc.
(mg PAC/L
wastewater)
No PAC

EN

SB
LF

Elimination
Biology
(%)

Effect
Biology

OZ

Eliminatio
n OZ (%)

Effect
OZ

24.50

6.70

73%

3.66

0.14

98%

47.86

(4.95)

CAG
SF

Eliminatio
n OZ +
SF (%)

Effect
OZ +
SF

PAC
-UF

Elimination
PAC-UF
(%)

Effect
PACUF

Overall
Elimination
Ozonation

Overall
Elimination
PAC-UF

Blank

1.45

78%

4.62

n.m.

-

-

99%

-

<LOD

(0.07)

30.10.-05.11.09

0.7

10 (Norit)

81.00

1.40

98%

57.86

0.13

91%

10.77

5.60

-300%

0.25

0.16

89%

8.75

100%

100%

<LOD

10.-17.03.10

0.8

12 (Sorbopor)

22.00

3.00

86%

7.33

0.29

90%

10.34

2.60

13%

1.15

0.78

74%

3.85

99%

96%

<LOD

25.05.-02.06.10

0.11

20 (Sorbopor)

9.80

0.90

91%

10.89

0.49

46%

1.84

0.15

83%

6.00

0.16

82%

5.63

95%

98%

<LOD
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Table 11: AR CALUX, androgen receptor binding: dihydrotestosterone (DHT) equivalent concentration [ng/L] (SD in brackets), elimination efficiency [%] and change index
(CITEQ) for the respective treatment steps. LOD agonism = 0.1 ng DHT equivalents/l water. EN Entrée STEP, SB Sortie biologie (1st MC), LF Lit fluidisé (2nd- 4th MC), OZ Sortie
O3, CAG Sortie charbon actif granulé (1st- 2nd MC), SF Sortie filtre à sable (3rd- 4th MC), PAC-UF Sortie charbon actif en poudre - Ultrafiltration (2nd- 4th MC). n.m. not measured.

Date
20.-27.07.09

Ozone
dosage
(mgO3
-1
gDOC )
0.5

PAC conc.
(mg PAC/L
wastewater)
No PAC

EN

SB
LF

Elimination
Biology
(%)

Effect
Biology

OZ

Elimination
OZ (%)

Effect
OZ

CAG
SF

Elimination
OZ + SF
(%)

Effect
OZ +
SF

PACUF

Elimination
PAC-UF
(%)

Effect
PACUF

Overall
Elimination
Ozonation

Overall
Elimination
PAC-UF

Blank

11.00

0.67

94%

16.42

<
LOD

-

-

<
LOD

-

-

n.m.

-

-

-

-

<LOD

(1.41)
30.10.-05.11.09

0.7

10 (Norit)

4.50

0.22

95%

20.45

0.15

32%

1.47

0.67

-205%

0.33

<
LOD

100%

-

97%

100%

<LOD

10.-17.03.10

0.8

12 (Sorbopor)

28.00

0.48

98%

58.33

0.27

44%

1.78

0.17

65%

2.82

<
LOD

100%

-

99%

100%

<LOD

25.05.-02.06.10

0.11

20 (Sorbopor)

18.00

0.20

99%

90.00

0.10

50%

2.00

0.13

35%

1.54

<
LOD

100%

-

99%

100%

<LOD

Table 12: GR CALUX, glucocorticoid receptor binding: dexmethasone (dex) equivalent concentrations [ng/L] (SD in brackets), elimination efficiency [%] and change index
(CITEQ) for the respective treatment steps. LOD agonism = 4.0 ng dex equivalents/l water. EN Entrée STEP, SB Sortie biologie (1st MC), LF Lit fluidisé (2nd- 4th MC), OZ Sortie
O3, CAG Sortie charbon actif granulé (1st- 2nd MC), SF Sortie filtre à sable (3rd- 4th MC), PAC-UF Sortie charbon actif en poudre - Ultrafiltration (2nd- 4th MC). n.m. not measured.

Date
20.-27.07.09

Ozone
dosage
(mgO3
-1
gDOC )

PAC conc. (mg
PAC/L
wastewater)

0.5

No PAC

EN

SB
LF

Eliminatio
n Biology
(%)

Effect
Biology

OZ

Eliminatio
n OZ (%)

Effect
OZ

70.50

57.00

19%

1.24

16.00

72%

3.56

(7.78)

CAG
SF

Eliminatio
n OZ +
SF (%)

Effect
OZ +
SF

PAC
-UF

Elimination
PAC-UF
(%)

Effect
PACUF

Overall
Elimination
Ozonation

Overall
Elimination
PAC-UF

Blank

12.50

78%

4.56

n.m.

-

-

77%

-

<LOD

(0.71)

30.10.-05.11.09

0.7

10 (Norit)

84.00

140.00

-67%

0.60

48.00

66%

2.92

66.00

53%

2.12

<
LOD

100%

-

43%

100%

<LOD

10.-17.03.10

0.8

12 (Sorbopor)

74.00

60.00

19%

1.23

32.00

47%

1.88

22.00

63%

2.73

<
LOD

100%

-

57%

100%

<LOD

25.05.-02.06.10

0.11

20 (Sorbopor)

72.00

62.00

14%

1.16

16.00

74%

3.88

10.00

84%

6.20

<
LOD

100%

-

78%

100%

<LOD
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Table 13: PR CALUX, progesterone receptor binding: Org-2058 equivalent concentration [ng/L] (SD in brackets), elimination efficiency [%] and change index (CITEQ) for the
respective treatment steps. LOD agonism = 0.10 ng Org-2058 equivalents/l water. EN Entrée STEP, SB Sortie biologie (1st MC), LF Lit fluidisé (2nd- 4th MC), OZ Sortie O3, CAG
Sortie charbon actif granulé (1st- 2nd MC), SF Sortie filtre à sable (3rd- 4th MC), PAC-UF Sortie charbon actif en poudre - Ultrafiltration (2nd- 4th MC). n.m. not measured.

Date
20.-27.07.09

Ozone
dosage
(mgO3
-1
gDOC )
0.5

PAC conc. (mg
PAC/L
wastewater)
No PAC

EN

SB
LF

Elimination
Biology
(%)

Effect
Biology

OZ

Elimination
OZ (%)

Effect
OZ

1.34

2.60

-95%

0.51

0.34

87%

7.65

(0.66)

CAG
SF

Elimination
OZ + SF
(%)

Effect
OZ +
SF

PACUF

Elimination
PAC-UF
(%)

Effect
PACUF

Overall
Elimination
Ozonation

Overall
Elimination
PAC-UF

Blank

0.37

86%

7.03

n.m.

-

-

75%

-

<LOD

(0.01)

30.10.-05.11.09

0.7

10 (Norit)

0.11

0.44

-300%

0.25

0.17

61%

2.59

0.14

68%

3.14

<
LOD

100%

-

-55%

100%

<LOD

10.-17.03.10

0.8

12 (Sorbopor)

0.21

1.49

-610%

0.14

0.36

76%

4.14

0.72

52%

2.07

<
LOD

100%

-

-71%

100%

<LOD

25.05.-02.06.10

0.11

20 (Sorbopor)

0.26

0.90

-246%

0.29

0.12

87%

7.50

0.27

70%

3.33

<
LOD

100%

-

54%

100%

<LOD

Table 14: PPARg1 CALUX, peroxisome proliferator like receptor binding: Rosiglitasone equivalents [ng/L], elimination efficiency [%] and change index (CITEQ) for the respective
treatment steps. LOD agonism = 0.10 ng Org-2058 equivalents/l water PPARg1 CALUX, LOD agonism = 25 ng Rosiglitasone equivalents/l water. EN Entrée STEP, SB Sortie
biologie (1st MC), LF Lit fluidisé (2nd- 4th MC), OZ Sortie O3, CAG Sortie charbon actif granulé (1st- 2nd MC), SF Sortie filtre à sable (3rd- 4th MC), PAC-UF Sortie charbon actif en
poudre - Ultrafiltration (2nd- 4th MC). n.m. not measured.
Ozone
dosage
(mgO3
-1
gDOC )

PAC conc. (mg
PAC/L
wastewater)

EN

SB
LF

Eliminatio
n Biology
(%)

Effect
Biology

OZ

Elimination
OZ (%)

Effect
OZ

CAG
SF

Elimination
OZ + SF
(%)

Effect
OZ +
SF

PACUF

Eliminatio
n
PAC-UF
(%)

Effect
PACUF

Overall
Elimination
Ozonation

Overall
Elimination
PAC-UF

Blank

20.-27.07.09

0.5

No PAC

< LOD

< LOD

-

-

< LOD

-

-

< LOD

-

-

n.m.

-

-

-

-

<LOD

30.10.-05.11.09

0.7

10 (Norit)

1010

212

79%

4.76

151

29%

1.40

214

-1%

0.99

< LOD

-

-

85%

-

<LOD

10.-17.03.10

0.8

12 (Sorbopor)

368

100

73%

3.68

58

42%

1.72

67

33%

1.49

47

53%

2.13

84%

87%

<LOD

25.05.-02.06.10

0.11

20 (Sorbopor)

491

84

83%

5.85

108

-29%

0.78

69

18%

1.22

58

31%

1.45

78%

88%

<LOD

Date
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Table 15: Vibrio fischeri luminescence inhibition after 30 min: EC20 [%] after 30 minutes (95% confidence interval in brackets) and change index (CI) for the
respective treatment steps.
EN Entrée STEP, SB Sortie biologie, LF Lit fluidisé, OZ Sortie O3, CAG Sortie charbon actif granulé, SF Sortie filtre à sable, PAC-UF Sortie charbon actif
en poudre - Ultrafiltration. n.t. not toxic, n.m. not measured. If e.g. only the influent sample was toxic, a surrogate EC20 of 110% (as the “real” value is
>100%) was used for the not toxic samples in order to be able to calculate a change index.

Date
20.-27.07.09

Ozone dosage
-1
(gO3 gDOC )
0.5

PAC conc.
(mg PAC/L
wastewater)

EN

SB (1 MC)
nd
th
LF (2 - 4 MC)

Effect
Biology

OZ

Effect
OZ

CAG (1 , 2 MC)
rd th
SF (3 ,4 MC

Effect
OZ + SF

PAC-UF

Effect
PACUF

42

n.t.

2.62

n.t.

-

n.t.

-

n.m.

-

100

n.t.

1.10

n.t.

-

n.t.

-

n.t.

-

75.4

n.t.

1.46

n.t.

-

n.t.

-

n.t.

-

n.t.

1.47

n.t.

-

n.t.

-

n.t.

-

st

No PAC

st

nd

(30.3-58.2)
30.10.-05.11.09

0.7

10 (Norit)

10.-17.03.10

0.8

12 (Sorbopor)

(60.8-93.5)
26.05.-02.06.10

0.11

20 (Sorbopor)

74.9
(50.7-93.4)

Table 16: Pseudokirchneriella subcapitata growth inhibition without nutrient addition after 3 d: EC20 [%] (95% confidence interval in brackets) and change
index (CI) for the respective treatment steps.
EN Entrée STEP, SB Sortie biologie, LF Lit fluidisé, OZ Sortie O3, CAG Sortie charbon actif granulé, SF Sortie filtre à sable, PAC-UF Sortie charbon actif
en poudre - Ultrafiltration. n.t. not toxic, n.m. not measured. If e.g. only the influent sample was toxic, a surrogate EC20 of 110% (as the “real” value is
>100%) was used for the not toxic samples in order to be able to calculate a change index.

Date
20.-27.07.09
30.10.-05.11.09
10.-17.03.10
26.05.-02.06.10

Ozone
dosage
-1
(gO3 gDOC )
0.5
0.7
0.8
0.11

PAC conc.
(mg PAC/L
wastewater)
No PAC
10 (Norit)
12 (Sorbopor)
20 (Sorbopor)

st

SB (1 MC)
nd
th
LF (2 - 4 MC)

Effect
Biology

71.1

67.1

0.94

(43.4-85.2)

(59.2-74.3)

EN

39.7

32.3

(25.5-51.4)

(29.2-36.2)

56.38

54.57

(42.2-59.9)

(51.8-57.0)

35.23

84.23

(16.5-79.8)

(70.5-93.6)

OZ

Effect
OZ

63

0.94

(56.6-69.4)
0.81

38.9

1.20

52.21

0.96

67.82
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PAC-UF

Effect
PAC-UF

58.6

0.87

n.m.

-

32.4

1.00

47.9

1.48

57.16

(27.2-39.6)
1.05

(54.4-59.7)
0.81

(59.6-75.9)

Effect
OZ + SF

(43.5-53.1)

(50.1-57.7)
2.39

nd

(54.2-62.8)

(34.4-41.9)
0.97

st

CAG (1 , 2 MC)
rd th
SF (3 ,4 MC

32.38
(23.1-77.6)

53.7

0.98

(52.0-55.1)
0.38

33.23

0.39

(26.7-47.2)
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Table 17: Pseudokirchneriella subcapitata growth inhibition without nutrient addition after 3 d: EC50 [%] (95% confidence interval in brackets) and change
index (CI) for the respective treatment steps.
EN Entrée STEP, SB Sortie biologie, LF Lit fluidisé, OZ Sortie O3, CAG Sortie charbon actif granulé, SF Sortie filtre à sable, PAC-UF Sortie charbon actif en
poudre - Ultrafiltration. n.t. not toxic, n.m. not measured. If e.g. only the influent sample was toxic, a surrogate EC50 of 110% (as the “real” value is >100%)
was used for the not toxic samples in order to be able to calculate a change index.

Date
20.-27.07.09

Ozone
dosage
-1
(gO3 gDOC )
0.5

PAC conc.
(mg PAC/L
wastewater)
No PAC

30.10.-05.11.09

0.7

10 (Norit)

10.-17.03.10

0.8

12 (Sorbopor)

26.05.-02.06.10

0.11

20 (Sorbopor)

st

EN

SB (1 MC)
nd
th
LF (2 - 4 MC)

Effect
Biology
1.02

84

85.4

(71.8-142)

(81-92.3)

73.9

57.6

(61.2-81.5)

(54.3-60)

72.47

79.96

(65.0-75.9)

(79.0-80.9)

82.62

91.5

(62.6->125)

(87.3-163)

OZ

Effect
OZ

79.3

0.93

(75.2-83.8)
0.78

57.8
77.63

1.00

86.77

Effect
OZ + SF

PAC-UF

Effect
PAC-UF

77.7

0.91

n.m.

-

1.11

53.7

0.93

63.9
(61.8-65.9)

0.97

(73.9-79.5)
1.11

nd

(74.5-81.4)

(54.6-60.2)
1.10

st

CAG (1 , 2 MC)
rd th
SF (3 ,4 MC

78.43

(51.7-55.4)
0.98

(76.8-79.9)
0.95

(80.8-96.1)

81.6345

72.19

0.90

(70.8-73.6)
0.89

(74.1-84.6)

69.87

0.76

(64.6-74.0)

Table 18: Pseudokirchneriella subcapitata growth inhibition with nutrient addition after 3 d: EC20 [%] (95% confidence interval in brackets) and change index
(CI) for the respective treatment steps.
EN Entrée STEP, SB Sortie biologie, LF Lit fluidisé, OZ Sortie O3, CAG Sortie charbon actif granulé, SF Sortie filtre à sable, PAC-UF Sortie charbon actif en
poudre - Ultrafiltration. n.t. not toxic, n.m. not measured. If e.g. only the influent sample was toxic, a surrogate EC20 of 110% (as the “real” value is >100%) was
used for the not toxic samples in order to be able to calculate a change index.

Date

Ozone
dosage
-1
(gO3 gDOC )

st

EN

SB (1 MC)
nd
th
LF (2 - 4 MC)

Effect
Biology

OZ

Effect
OZ

CAG (1 , 2
MC)
rd th
SF (3 ,4 MC

Effect
OZ + SF

PAC-UF

Effect
PAC-UF

76.7

n.t.

1.43

n.t.

-

89.5

0.81

n.m.

-

52.7

71.7

1.36

n.t.

1.53

n.t.

1.53

100

1.39

(26.3-59.3)

(61-83)

48.06

n.t.

2.29

n.t.

-

n.t.

-

n.t.

-

n.t.

1.75

n.t.

-

87.93

0.80

n.t.

-

20.-27.07.09

0.5

No PAC

30.10.-05.11.09

0.7

10 (Norit)

st

(71.2-83.7)

10.-17.03.10

0.8

nd

PAC conc.
(mg PAC/L
wastewater)

12 (Sorbopor)

(85.9-115)

(18.9-60.4)
26.05.-02.06.10

0.11

20 (Sorbopor)

62.98
(47.5-76.7)
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Table 19: Pseudokirchneriella subcapitata growth inhibition with nutrient addition after 3 d: EC50 [%] (95% confidence interval in brackets) and change index
(CI) for the respective treatment steps.
EN Entrée STEP, SB Sortie biologie, LF Lit fluidisé, OZ Sortie O3, CAG Sortie charbon actif granulé, SF Sortie filtre à sable, PAC-UF Sortie charbon actif en
poudre - Ultrafiltration. n.t. not toxic, n.m. not measured. If e.g. only the influent sample was toxic, a surrogate EC50 of 110% (as the “real” value is >100%) was
used for the not toxic samples in order to be able to calculate a change index.

Date
20.-27.07.09

Ozone
dosage
-1
(gO3 gDOC )
0.5

PAC conc.
(mg PAC/L
wastewater)
No PAC

st

st

nd

EN

SB (1 MC)
nd
th
LF (2 - 4 MC)

Effect
Biology

OZ

Effect
OZ

CAG (1 , 2 MC)
rd th
SF (3 ,4 MC

Effect
OZ + SF

PAC-UF

Effect
PAC-UF

86.3

n.t.

1.27

n.t.

-

n.t.

-

n.m.

-

n.t.

1.40

n.t.

-

n.t.

-

n.t.

-

n.t.

1.77

n.t.

-

n.t.

-

n.t.

-

n.t.

1.37

n.t.

-

n.t.

-

n.t.

-

(84.2-89.6)
30.10.-05.11.09

0.7

10 (Norit)

10.-17.03.10

0.8

12 (Sorbopor)

78.8
(75.2-83.1)
62.23
(65.3-72.3)

26.05.-02.06.10

0.11

20 (Sorbopor)

80.19
(70.8-99.8)

Table 20: Lemna minor growth rate fronds after 7 d: EC20 [%] (95% confidence interval in brackets) and change index (CI) for the respective treatment steps.
EN Entrée STEP, SB Sortie biologie, LF Lit fluidisé, OZ Sortie O3, CAG Sortie charbon actif granulé, SF Sortie filtre à sable, PAC-UF Sortie charbon actif en
poudre - Ultrafiltration. n.t. not toxic, n.m. not measured. If e.g. only the influent sample was toxic, a surrogate EC20 of 110% (as the “real” value is >100%) was
used for the not toxic samples in order to be able to calculate a change index.

Date

Ozone
dosage
-1
(gO3 gDOC )

PAC conc.
(mg PAC/L
wastewater)

EN

SB (1 MC)
nd
th
LF (2 - 4 MC)

Effect
Biology

OZ

Effect
OZ

CAG (1 , 2 MC)
rd th
SF (3 ,4 MC

Effect
OZ + SF

PAC-UF

Effect
PAC-UF

20.5

36.1

1.76

53.5

1.48

64.7

1.79

n.m.

-

(6.7-35)

(11.8-50.4)

100

n.t.

1.10

n.t.

1.00

n.t.

-

47.9

95

1.98

72.42

0.76

100

1.1

0.66

n.t.

-

20.-27.07.09

0.5

No PAC

30.10.-05.11.09

0.7

10 (Norit)

10.-17.03.10

0.8

12 (Sorbopor)

st

(40.9-63.8)

(24.7-67.7)
26.05.-02.06.10

0.11

20 (Sorbopor)

74.94

-

86.92

0.91

(52.1-151)
n.t.

1.47
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n.t.

nd

(55.2-73.4)

n.t.

(50.7-93.4)

st

(42.8-95.4)
-
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(61.7-80.5)
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Table 21: Lemna minor growth rate fronds after 7 d: EC50 [%] (95% confidence interval in brackets) and change index (CI) for the respective treatment steps.
EN Entrée STEP, SB Sortie biologie, LF Lit fluidisé, OZ Sortie O3, CAG Sortie charbon actif granulé, SF Sortie filtre à sable, PAC-UF Sortie charbon actif en
poudre - Ultrafiltration. n.t. not toxic, n.m. not measured. If e.g. only the influent sample was toxic, a surrogate EC50 of 110% (as the “real” value is >100%) was
used for the not toxic samples in order to be able to calculate a change index.
Date
20.-27.07.09

Ozone dosage
-1
(gO3 gDOC )
0.5

PAC conc.
(mg PAC/L
wastewater)
No PAC

30.10.-05.11.09

0.7

10 (Norit)

10.-17.03.10

0.8

12 (Sorbopor)

st

EN

SB (1 MC)
nd
th
LF (2 - 4 MC)

Effect
Biology
0.80

OZ

Effect
OZ

80.3

1.08

92.7

74.4

(68-170)

(60.6-95.9)

n.t.

n.t.

-

n.t.

-

77.22

n.t.

1.42

n.t.

-

(71.7-90.7)

0.11

20 (Sorbopor)

100

nd

Effect
OZ + SF

PAC-UF

Effect
PAC-UF

83.1

1.12

n.m.

-

n.t.

-

n.t.

-

94.27

0.86

n.t.

-

0.84

n.t.

-

(76.1-90.4)

(61.7-100)
26.05.-02.06.10

st

CAG (1 , 2 MC)
rd th
SF (3 ,4 MC

(81.9-123)
n.t.

1.10

n.t.

-

(92-133)

92.16
(85.8-98.09

Table 22: Ceriodaphnia dubia mortality after 7 d: LC50 [%] for number of offspring (95% confidence interval in brackets) and change index (CI) for the
respective treatment steps.
EN Entrée STEP, SB Sortie biologie, LF Lit fluidisé, OZ Sortie O3, CAG Sortie charbon actif granulé, SF Sortie filtre à sable, PAC-UF Sortie charbon actif en
poudre - Ultrafiltration. n.t. not toxic, n.m. not measured. If e.g. only the influent sample was toxic, a surrogate EC50 of 110% (as the “real” value is >100%) was
used for the not toxic samples in order to be able to calculate a change index.

Date
20.-27.07.09

Ozone dosage
-1
(gO3 gDOC )
0.5

PAC conc.
(mg PAC/L
wastewater)

EN

No PAC

90

st

SB (1 MC)
nd
th
LF (2 - 4 MC)

Effect
Biology

54.6

0.61

(41.9-73.6)
30.10.-05.11.09

0.7

10 (Norit)

10.-17.03.10

0.8

12 (Sorbopor)

OZ

Effect
OZ

83.1

1.52

(60-100)

0.11

20 (Sorbopor)

90

n.t.

1.22

90

0.82

70.8

n.t.

1.55

n.t.

-

95.8

Effect
OZ +
SF

PAC-UF

Effect
PAC-UF

73.5

1.35

n.m.

-

n.t.

-

n.t

-

90

0.82

n.t.

-

0.88

n.t.

-

st

nd

(60-90)

(60-90)
26.05.-02.06.10

CAG (1 , 2 MC)
rd th
SF (3 ,4 MC

(45->100)
n.t.

1.15

(95.1-97)
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-
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Table 23: Ceriodaphnia dubia reproduction after 7 d: EC20 [%] for number of offspring (95% confidence interval in brackets) and change index (CI) for the
respective treatment steps.
EN Entrée STEP, SB Sortie biologie, LF Lit fluidisé, OZ Sortie O3, CAG Sortie charbon actif granulé, SF Sortie filtre à sable, PAC-UF Sortie charbon actif en
poudre - Ultrafiltration. n.t. not toxic, n.m. not measured. If e.g. only the influent sample was toxic, a surrogate EC20 of 110% (as the “real” value is >100%) was
used for the not toxic samples in order to be able to calculate a change index.

Date
20.-27.07.09

Ozone dosage
-1
(gO3 gDOC )
0.5

PAC conc.
(mg PAC/L
wastewater)

EN

No PAC

54.6

st

SB (1 MC)
nd
th
LF (2 - 4 MC)

Effect
Biology

50.1

0.92

(44.8-56.1)
30.10.-05.11.09

0.7

10 (Norit)

10.-17.03.10

0.8

12 (Sorbopor)

26.05.-02.06.10

0.11

20 (Sorbopor)

OZ

Effect
OZ

62.8

1.25

(56.2-79.5)

st

nd

CAG (1 , 2 MC)
rd th
SF (3 ,4 MC

Effect
OZ + SF

PACUF

Effect
PAC-UF

58.9

1.18

n.m.

-

(54.9-60.8)

55.4

n.t.

1.99

n.t.

-

n.t.

-

n.t.

-

50.246

n.t.

2.19

n.t.

-

71.699

0.65

n.t.

-

n.t.

1.89

30

0.27

0.44

n.t.

-

(44.7-58.31)
58.199

(31.6-88.1)

(49.6-59.4)

48.01
(42.9-54.6)

Table 24: Ceriodaphnia dubia reproduction after 7 d: EC50 [%] for number of offspring (95% confidence interval in brackets) and change index (CI) for the
respective treatment steps.
EN Entrée STEP, SB Sortie biologie, LF Lit fluidisé, OZ Sortie O3, CAG Sortie charbon actif granulé, SF Sortie filtre à sable, PAC-UF Sortie charbon actif en
poudre - Ultrafiltration. n.t. not toxic, n.m. not measured. If e.g. only the influent sample was toxic, a surrogate EC50 of 110% (as the “real” value is >100%) was
used for the not toxic samples in order to be able to calculate a change index.

Date
20.-27.07.09
30.10.-05.11.09

Ozone dosage
-1
(gO3 gDOC )
0.5
0.7

PAC conc.
(mg PAC/L
wastewater)
No PAC
10 (Norit)

st

EN

SB (1 MC)
nd
th
LF (2 - 4 MC)

Effect
Biology
0.94

OZ

Effect
OZ

71.1

1.12

67.2

63.5

(60.2-76.2)

(59.2-68.3)

67.3

n.t.

1.63

n.t.

-

n.t.

1.88

n.t.

-

(63.1-82.5)

st

nd

CAG (1 , 2 MC)
rd th
SF (3 ,4 MC

Effect
OZ + SF

PACUF

Effect
PAC-UF

62.6

0.99

n.m.

-

n.t.

-

n.t.

-

90.97

0.83

n.t.

-

0.55

n.t.

-

(61.0-66.2)

(58.6-78.2)
10.-17.03.10

0.8

12 (Sorbopor)

58.38
(54.62-61.76)

26.05.-02.06.10

0.11

20 (Sorbopor)

60.37

(75.2->125)
n.t.

1.82

(58.6-62.4)
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Table 25: Lumbriculus variegatus reproduction and biomass after 28 d: Mean (SD in brackets) and change index (CI) for the respective treatment steps.
LF Lit fluidisé, OZ Sortie O3, CAG Sortie charbon actif granulé, SF Sortie filtre à sable, PAC-UF Sortie charbon actif en poudre - Ultrafiltration.
Date
02.04.-30.04.10

Ozone
dosage
-1
(gO3 gDOC )

PAC conc. (mg
PAC/L
wastewater)

0.8

12 (Sorbopor)

Reproduction (mean number of worms per
treatment)

Control

LF

OZ

Effect
OZ

SF

Effect
OZ + SF

PAC-UF

Effect PACUF

38.9

35.5

38.5

1.08

27.5

0.77

24

0.68

[n]

SD

02.04.-30.04.10

0.8

12 (Sorbopor)

Mean individual biomass per treatment

6.31

6.81

2.08

6.45

5.89

[%]

100

91.26

98.97

70.69

61.70

[mg]

0.71

0.912

0.557

SD
[%]
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0.61

0.882

0.97

0.59

0.12

0.03

0.17

0.18

0.11

100

128.45

78.45

124.23

82.96

0.65
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Table 26: Oncorhynchus mykiss survival and developmental parameters: Mean (± SD in brackets) and change index for the respective treatment steps.
LF Lit fluidisé, OZ Sortie O3, SF Sortie filtre à sable, PAC-UF Sortie charbon actif en poudre - Ultrafiltration.

Date
11.03.-19.05.10

11.03.-19.05.10

11.03.-19.05.10

11.03.-19.05.10

Ozone
dosage
-1
(gO3 gDOC )
0.8

0.8

0.8

0.8

PAC conc.
(mg PAC/L
wastewater)

Control

12 (Sorbopor) Overall survival rate

12 (Sorbopor) Survival pre-hatch

12 (Sorbopor) Hatch

12 (Sorbopor) Survival post-hatch

[n]

152

LF

OZ

69

102

[% of eggs at test
95
start]

57.5

85

[n]

160

96

116

[% of eggs at test
100
start]

80

96.7

[n]

96.0

116

[% of eggs at test
100
start]

160

80

96.7

[n]

69

102

[% of eggs at test
95
start]

71.8

88.2

43

105

152

1.48

SF
103

Effect
OZ +
SF
1.49

85.8
1.21

118

118

1.23

103

1.23

107

1.72

267.1

120

120

1.49

112

2.49

112

1.68

332.6

12 (Sorbopor) Swim-up

[n]
[% of hatched]

93.1

45

90.7

11.03.-19.05.10

0.8

12 (Sorbopor) Mean fresh weight of larvae at test end

[mg]

337.6

158.6

273.3

[%]

100.0

47.0

81.0

[mm]

30.2

22.6

28.0

[%]

100.0

74.8

92.7

[ng/mL]

10.6

63.1

9.9

(4.7)

(33.2)

(7.1)

(9.1)

(5.8)

100.0

208.8

32.8

46.5

33.8

11.03.-19.05.10

0.8

12 (Sorbopor) Mean length of larvae at test end

12 (Sorbopor) Vitellogenin concentration
SD

[%]

Swiss Centre for Applied Ecotoxicology, Eawag/EPFL · Überlandstrasse 133 · CH-8600 Dübendorf

90.5

27.9

14.1

2.60

2.10

98.5
1.23

92.4
6.37

1.62

93.3

79.1
1.24

1.25

93.3

0.8

0.8

1.25

100

87.2
2.44

1.62

100

98.3
1.48

112

Effect
PACUF

100

98.3
1.21

PACUF

11.03.-19.05.10

11.03.-19.05.10

149

Effect OZ

29.8

1.32

98.7
4.49

10.2

6.18
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