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Abstract
Background, aim, and scope Many pollutants have re-
ceived significant attention due to their potential estrogenic
effect and are classified as endocrine disrupting compounds
(EDCs). Because of possible ecological effects and
increased attention for water reuse schemes, it is important
to increase our understanding of the EDC removal
capacities of various wastewater treatment systems. How-
ever, there has so far been little research on the fate and
behavior of EDCs in stabilization pond systems for
wastewater treatment, which represent an important class
of wastewater treatment systems in developing countries
because of their cost-effectiveness. The aim of this work is
to study the fate and behavior of EDCs in algae and
duckweed ponds. Because the synthetic hormone 17α-
ethinylestradiol (EE2) and the natural hormones estrone
(E1), as well as 17β-estradiol (E2), have been detected in
effluents of sewage treatment plants and been suggested as
the major compounds responsible for endocrine disruption
in domestic sewage; E1, E2, and EE2 were therefore
chosen as target chemicals in this current work.
Materials and methods Both batch tests and continuous-
flow tests were carried out to investigate the sorption and

biodegradation of estrogens in algae and duckweed pond
systems. The applied duckweed was a Lemna species. The
applied algae was a mixture of pure cultures of six different
algae genera, i.e., Anabaena cylindrica, Chlorococcus,
Spirulina platensis, Chlorella, Scenedesmus quadricauda,
and Anaebena var. Synthetic wastewater were used in all
tests. The concentrations of estrogens were measured with
three different enzyme-linked immunosorbent assay kits
specific for E1, E2, or EE2. When the concentrations of
estrogens in water samples were below the lowest quanti-
tative analysis range (0.05 µg/l), preconcentration of the
water samples were performed by means of solid phase
extraction (SPE) with C18 cartridges.
Results The 6-day batch tests show that the presence of algae
or duckweed accelerated the removal of the three estrogens
from the synthetic wastewater. More estrogens were removed
in the tests with duckweed than in tests with algae or with
wastewater. In the sorption tests, a swift sorption of the three
estrogens was observed when the estrogens were contacted
with duckweed or algae, while the estrogen concentrations in
tap water kept unchanged during the 3-h sorption tests. The
mass balances indicated that only about 5% of the estrogens
were bound to the algae sediment or duckweed at the end of
the 6-day tests. Results of the continuous-flow tests revealed
that the algae and duckweed ponds effectively removed E1,
E2, and EE2 even at nanograms per liter level. Interconversion
of E1 and E2 occurred both in batch and continuous-flow
tests. E2 could be readily transformed to E1, especially in the
tests with algae.
Discussion Different processes like sorption, biodegradation
and photolytic degradation might play an important role in the
removal of estrogens from the aquatic phase. The 3-h sorption
tests support the importance of sorption for estrogen removal,
in which a rapid initial sorption was observed over the first
2 min for E1/E2/EE2 to both duckweed and algae. In the
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6-day batch tests, estrogens were sorbed by algae or duckweed
during the early stage when algae and duckweed were
contacted with the synthetic wastewater and the sorbed
estrogens were further biodegraded by the microorganisms
developed in the wastewater. The persistent estrogen concen-
trations in tap water, however, implied that no sorption,
biodegradation, or photolytic degradation occurred in tap
water under the specific experimental conditions. Under
aerobic or anoxic conditions, E2 could be first oxidized to
E1, which is further oxidized to unknown metabolites and
finally to CO2 and water. Under anaerobic conditions, E1 can
also be reduced to E2. However, the interconversion might
be much more complex especially in the tests with algae
because both aerobic and anaerobic conditions occurred in
these tests due to the variation of the dissolved oxygen
concentration induced by the light regime.
Conclusions This study shows that estrogens, E1, E2, and
EE2, can be effectively removed from the continuous-flow
algae and duckweed ponds even when their concentrations are
at nanograms per liter level. The presence of algae and
duckweed accelerate the removal of estrogens from the
synthetic wastewater because estrogens can be quickly sorbed
on duckweed or algae. The sorbed estrogens are subsequently
degraded by microorganisms, algae, or duckweed in the
wastewater treatment system. E1 and E2 are interconvertible
in both duckweed and algae pond systems. E2 can be readily
transformed to E1, especially in the tests with algae.
Recommendation and perspectives Based on the tests
performed so far, one can conclude that both sorption and
biodegradation are important to the estrogens removal from
stabilization pond systems for wastewater treatment. Fur-
ther research using, e.g., radioimmunoassay is needed to
investigate the biodegradation pathway of estrogens in
algae and duckweed ponds.

Keywords 17α-ethinylestradiol . 17ß-estradiol .

Algae pond . Duckweed pond . Endocrine disrupting
chemicals (EDCs) . Estrone .Wastewater

1 Background, aim, and scope

The problem of endocrine disrupting chemicals (EDCs) has
emerged as a major environmental and human health issue,
generating a vast amount of attention among scientific
communities worldwide and considerable media interest
(Birkett and Lester 2003). EDCs include certain types of
pesticides, plasticizers, and other industry-related materials
as well as natural compounds such as human hormones and
their breakdown products (Arditsoglou and Voutsa 2008;
Sibel et al. 2005). Extensive studies carried out recently in
the Netherlands, Germany, and other European countries
showed that almost all selected (xeno-)estrogens are present

at higher or lower concentrations in the aquatic environment
(Johnson et al. 2005) and effluent discharged into rivers
carry an estrogenic potential (Höhne and Püttmann 2008;
Keiter et al. 2006).

Among the EDCs, the natural hormones estrone (E1)
and 17β-estradiol (E2), as well as the synthetic hormone
17α-ethinylestradiol (EE2), were detected in effluents of
sewage treatment plants. These three estrogens have been
suggested as the major compounds responsible for endo-
crine disruption in domestic sewage (Onda et al. 2002). The
estrogenic potencies of these three estrogens are three or
more orders of magnitude higher than those of most EDCs,
such as nonylphenol and bisphenol A (Shi et al. 2004). EE2
showed the highest estrogenic potency of the three estro-
gens mentioned in in vitro tests (de Mes et al. 2005), and
their potencies can be expressed as EE2>E2>E1 (Larsson
et al. 1999). As the release of these three estrogens from
humans cannot be discontinued, the estrogens must be
removed by treatment (Suzuki and Maruyama 2006).
Because of possible ecological effects and increased
attention for water reuse schemes, it is important to increase
our understanding of the EDC removal capacities of various
wastewater treatment systems.

Different studies around the world agree on average
removal rates for estrogens in sewage treatment plants of
around 80% for both E2 and EE2 and 65% for E1 (Johnson
and Williams 2004). However, there has so far been little
research on the fate and behavior of EDCs in stabilization
pond systems for wastewater treatment, which represent an
important class of wastewater treatment systems in devel-
oping countries because of their cost-effectiveness (Gijzen
2001). Waste stabilization ponds, such as algae ponds and
duckweed ponds, are low-cost wastewater treatment sys-
tems producing high-quality effluents that allow water
reuse in irrigation (Zimmo et al. 2004). Different authors
have proposed the use of duckweed ponds for the efficient
and low-cost treatment of domestic wastewater at urban or
rural levels (Dalu and Ndamba 2003).

The objective of this work was to study the fate and
behavior of EDCs in algae and duckweed ponds. For this
purpose, E1, E2, and EE2 were chosen as target chemicals.
Both batch tests and continuous-flow tests were carried out to
investigate their removal in algae and duckweed pond systems.

2 Materials and methods

2.1 Inocula

The applied duckweed was a Lemna species, a genus of free-
floating aquatic plants from the duckweed family. It was
collected from a canal in Delft (The Netherlands). Pure
cultures of six different algae genera, i.e., Anabaena
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cylindrica, Chlorococcus, Spirulina platensis, Chlorella,
Scenedesmus quadricauda, and Anaebena var were incubated
individually at 20°C. The six algae genera were then mixed to
make up the algae inoculum for the algae pond systems.

2.2 Synthetic wastewater

Estrone (E1, purity >98%), 17ß-estradiol (E2, purity >98%),
and 17α-ethinylestradiol (EE2, purity >98%) were purchased
from Sigma Chemical Industries Let. (Germany) and were
used without further purification. Due to their low aqueous
solubility, E1, E2, and EE2 solutions were prepared by
dissolving them in pure methanol followed by the addition
of demineralized water. The estrogen concentration in the
stock solution is 10 mg/l. The composition of the stock
solution with respect to solvents was 10% methanol and 90%
water (v/v). The stock solution was further diluted with
demineralized water to 100 µg/l as working solution.

Synthetic wastewater was prepared to simulate the charac-
teristics of effluent from anaerobic pond, which is normally
used as the pre-treatment of an integrated duckweed or algae
pond system. The total chemical oxygen demand (COD) was
around 100mg/l. Total nitrogenwas in the range of 30–40mg/
l while phosphorus was adjusted to 3.6–3.8 mg/l. The
synthetic wastewater was prepared in tap water. Macro-
nutrients and micronutrients were added as indicated in
Table 1. The prepared estrogen working solutions were mixed
with the prepared synthetic wastewater to obtain a known
initial concentration. The maximum contribution of the
methanol to the carbon concentration (C) in the synthetic
wastewater was 3 mg C/l (at estrogen concentration of 1 µg/l).

2.3 Batch tests

2.3.1 E1/E2/EE2 removal tests

The batch tests were carried out to study the degradation of
E1, E2, and EE2 with higher concentrations (about 1 µg/l)

in synthetic wastewater, wastewater seeded with duckweed,
and wastewater seeded with algae. Tests with tap water
were used as control. Duckweed [5 g fresh weight, which
was equal to a duckweed density of 700 g (fresh weight)
per m2 in full-scale duckweed ponds] was seeded to each
beaker containing 1 l wastewater; while for the algae, about
100 mg of total suspended solids (TSS) was seeded to 1 l
wastewater, to simulated TSS concentration about 90 mg/
l in a full-scale algae pond system for wastewater treatment
(van der Steen et al. 1999). All the beakers were incubated
at room temperature (20°C) and exposed to a 12-h light and
dark regime by illumination with high-pressure mercury
lamps. The light intensity was 100 μE/m2/s, which
provided sufficient light simulating natural condition. There
was no agitation or shaking during the 6-day batch tests.
Tests were performed in duplicate. Each replicate was
analyzed in duplicate, and the average of the results is
presented. Around 10 ml water samples were taken from
each beaker at the pre-set time intervals of 0, 0.125, 0.75, 1,
3, and 6 days and were then centrifuged at 3,600 rpm for
10 min. The supernatant was decanted to measure the
concentration of each estrogen.

2.3.2 Batch tests of sorption

To distinguish between biodegradation and physical sorp-
tion processes, short-term batch tests were carried out to
study the sorption of E2, EE2 on duckweed, or algae. The
sorption behavior was investigated by mixing E2 or EE2
(1 µg/l ) with 1 l of tap water seeded with 5,000 mg fresh
duckweed (TSS about 380 mg) or 128 mg/l algae (TSS).
The mixture was shaken horizontally (90 strokes per min)
over 3 h. Tap water was used as control in these tests. All
the tests were performed in duplicate. Water samples were
taken after 0, 2, 5, 20, 60, and 180 min contact time to
measure the estrogen concentration in the water phase.

2.3.3 Batch tests of mass balance

The mass balance of E1, E2, and EE2 in wastewater
seeded with algae or duckweed was also carried out with
similar batch tests as described in section 2.3.1. Initial
and final estrogen concentrations in the water phase were
measured. In order to measure the concentration of each
estrogen in the solid phase, all biomass (duckweed or
algae) was harvested and mixed with 100 ml pure
methanol and further shaken horizontally (90 strokes per
min) over 16 h in the dark. The suspension was
centrifuged at 3,600 rpm for 10 min. The supernatant
was decanted and extracted by solid phase extraction
(SPE) with C18 cartridges (500 mg/6 mL, Mallinckrodt
Baker, Inc., The Netherlands) and further analyzed with
the enzyme-linked immunosorbent assay (ELISA) kits.

Table 1 Macronutrient and micronutrient composition of the synthet-
ic wastewater

Macronutrients C (mg/l) Micronutrients C (g/l)

CH3COONH4 93.75 EDTA 10.0

NH4Cl 87.70 FeCl3·6H2O 1.50

NaH2PO4·H2O 26.70 H3BO3 0.15

MgSO4·7H2O 9.00 CuSO4·2H2O 0.03

CaCl2·2H2O 4.72 KI 0.18

KCl 36.00 MnCl2·4H2O 0.12

Micronutrient solution 0.6 (ml/l) Na2MoO4·2H2O 0.06

ZnSO4·7H2O 0.12

CoCl·6H2O 0.15
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The sorption of E1, E2, and EE2 was calculated from its
concentration in the supernatant solution.

2.4 Continuous-flow setup

In order to investigate the fate of the three steroids in
duckweed and algae pond systems, continuous-flow tests
were performed, in which both the behavior of the three
estrogens in the water and solid phase were studied. The
setup (Fig. 1), designed as a plug flow reactor (Körner et al.
2003), consisted of two series of glass aquaria operated in
parallel under the same conditions. Both series consisted of
three aquaria (L� B� H ¼ 50� 29� 25 cm3 each). One
series was operated as duckweed pond while another series
as algae pond. The setup was exposed to the same
illumination regime as indicated above. Wastewater dosed
with E1, or E2, or EE2 was pumped into the parallel pond
systems. One hundred grams fresh weight of duckweed was
put into each duckweed pond, while algae ponds were
started with seeding 200 ml of algae inoculum as described
in section 2.1 to each pond. After the seeding, the setup was
kept running for 30 days for the startup.

The continuous-flow setup was operated at a hydraulic
retention time (HRT) of 15 days, which is a typical HRT
applied to full-scale duckweed pond systems or algae pond
systems. Duckweed was harvested every 4 days to maintain
the 700 g/m2 fresh weight density as recommended by
Skillicorn et al. (1993). No sediment was discharged from
either the duckweed or algae ponds. Algae in the reactor can
stay in free suspension or settle to the bottom of the aquaria as
particles. Because algae rarely settle well, some losses of algae
with the effluent could not be avoided. However, there was no
significant change of algae concentration in the experimental
setup during the running period because of net growth of algae.

To simulate the common estrogen concentration in real
sewage, concentrations of nanograms per liter level were used
in these continuous-flow tests. Two cycles of HRT after the
startup, grab samples were collected from the influent
wastewater and the discharged points of each pond (see

Fig. 1). Water samples were concentrated by SPE with C18
cartridges after filtration with a glass–fiber filter GF/C
(Ø47 mm, Whatman Group). One hundred microliters of
the eluate was further analyzed with the ELISA kits. Because
E1 and E2 might be interconvertible, both E1 and E2 were
measured, when either E1 or E2 was dosed to the continuous
systems.

2.5 Desorption tests

To distinguish between sorption and biodegradation in the
continuous-flow tests, desorption tests with duckweed or
sediment taken from each pond of the continuous-flow
systems were preformed. To do so, known amounts of
duckweed or sediment were mixed with 100 ml pure methanol
and shaken horizontally for 16 h in the dark. The suspension
was centrifuged and further extracted in the same manner as
described above in themass balance tests to detect the estrogen
concentrations. The dry weight (DW) of the duckweed and
algae sediment was also measured after filtration.

2.6 Analytical techniques

COD and TSS were measured according to standard
methods. Dissolved oxygen, pH, and temperature were
measured in situ with electrodes.

The concentrations of estrogens were measured with
three different ELISA kits specific for E1, E2, or EE2
(EnviroChemical, Ltd., Japan). ELISA is a rapid, simple
and cost-effective analytical method (Farre et al. 2006;
Goda et al. 2004; Hintemann et al. 2006; Hirobe et al.
2006; Huang and Sedlak 2001; Suzuki and Maruyama
2006), which are used recently by many authors to detect
EDCs at nanograms per liter level in environmental and
biological samples (Farre et al. 2006; Goda et al. 2004;
Hintemann et al. 2006; Hirobe et al. 2006; Huang and
Sedlak 2001; Suzuki and Maruyama 2006).

The ELISA measurement is highly reproducible with a
coefficient of variation generally below 10%. This method
has a limit of detection around 1 ng/l, while the quantitative
analysis ranges are 0.05–5.00 µg/l (E1), 0.05–1.00 µg/l (E2),
and 0.05–3.00 µg/l (EE2). When raw wastewater samples
were spiked at 1 µg/l of E1, E2, or EE2 and immediately
analyzed with the ELISA kits, the average recoveries were
96.2% (E1), 99% (E2), and 100% (EE2). The monoclonal
antibody of the ELISA kits exclusively binds with one kind
of specific estrogen and does not show cross-reaction with
other hormones or chemicals of similar structures (from the
user]s guide).

The assays were in accordance with the instructions of
the manufacturer. Absorbance was measured at 450 nm for
each standard solution and sample with a microplate reader
(Anthos Labtec, Austria).

Fig. 1 Schematic diagram of the continuous-flow setup used in this
study
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3 Results

3.1 E1, E2, and EE2 removal in batch tests

The three estrogens followed similar trends of removal under
the experimental conditions (Fig. 2). More estrogens were
removed in the tests with duckweed than in tests with algae
or with wastewater. Within 6 days, more than 95% of the E1,
E2, and EE2 in the wastewater seeded with duckweed were
removed, while only about 50% of the E1, E2, or EE2 was
degraded in the synthetic wastewater. By contrast, the
concentrations all of the three estrogens in tap water
remained almost unchanged over 6 days. However, in terms
of the sorbed concentration in tests with algae and
duckweed, 1 g algae [dry weight, DW)] could sorb more
estrogen than 1 g DW duckweed. For example, the sorbed
concentration of E1 by algae was 6.1 µg/g (DWalgae), while
it was 2.34 µg/g (DW duckweed).

Estrogens were also more quickly removed in the experi-
ments with duckweed than in the tests with wastewater (see
Fig. 2). After 1 day, more than 80% of the estrogens were
removed in the tests with duckweed. However, only less than
20% of estrogens were removed in the synthetic wastewater
during the same period.

3.2 Sorption of E2 and EE2 on duckweed and algae

E2 and EE2 in wastewater can be removed from the liquid
phase by sorption when estrogens are contacted with

duckweed or algae (Fig. 3). The estrogen concentrations
in tap water kept unchanged during the 3 h sorption tests.
Only about 35% of E2 and 25% of EE2 were removed in
the tests with algae, while more than 80% of E2 and EE2
were removed from the water phase in the tests with
duckweed. For the tests with duckweed, three sorption
phases can be distinguished, i.e., a rapid sorption between 0
and 20 min, followed by a period of slower sorption up to
60 min and then a steady decrease in sorption. However, it
was somewhat different in the tests with algae: the
equilibrium is reached after 20 min (see Fig. 3). Therefore,
only rapid sorption took place in the tests with algae.

3.3 Mass balance of E1, E2, and EE2 in batch tests

Duckweed removed more estrogens from the system than
algae (Fig. 4). In the tests with duckweed, 79% of E1, 80%
of E2, and 86% of EE2 were removed from the system,
while only 52% of E1, 54% of E2, and 56% of EE2 were
removed in the tests with algae. It was also found that E1
and E2 were interconvertible in the mass balance tests.
Both E1 and E2 were detected in the water and solid phase
when E1 or E2 was added to the system. Tests with algae
showed the highest transformation potential, in which about
17% of the dosed E2 was converted into E1 (see Fig. 4d).

3.4 Fate of E1, E2, and EE2 in continuous-flow systems

3.4.1 E1, E2, and EE2 removal in water phase

E1, E2, and EE2 dosed into the influent can be removed
effectively when wastewater was flowing through the two
pond systems (Figs. 5, 6, and 7), even when the estrogen
concentrations were at the common level of nanograms per

Fig. 2 Time-dependent decreases of the concentrations of E1 (a), E2 (b),
and EE2 (c) in 6-day batch tests in tap water (×), wastewater (▲),
wastewater seeded with algae (■), and wastewater seeded with
duckweed (♦)

Fig. 3 Time-dependent decreases of the concentrations of E2 (a) and
EE2 (b) in the water phase in the sorption tests in tap water (×),
wastewater seeded with algae (■), and wastewater seeded with
duckweed (♦)
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liter in the wastewater. The duckweed pond system showed a
bit higher efficiency to remove estrogens than the algae pond
system. The first pond removed more estrogens than the
following two tanks, both in the algae and duckweed system.
For example, about 76.8% and 85.4% of the E1 was
removed in the first algae and duckweed pond, while about
7.1% and 8.9% of the E1 was removed by the subsequent
two algae or duckweed ponds (see Figs. 5a and 6a).

3.4.2 E1 and E2 in the solid phase

Both E1 and E2 were desorbed from the collected algae
sediments, and the harvested duckweed (Fig. 8) when either
E1 or E2 was dosed to the influent of the continuous-flow
setup. More estrogen was desorbed from the collected algae
sediments than from the harvested duckweed. For example,
about 41.4 ng E1+E2 were desorbed from 1 g DW of the

algae sediments collected from algae tank3, while only 8 ng
E1+ E2 were desorbed from one gram DW of the harvested
duckweed from duckweed tank3 (when E2 dosed, see
Fig. 8b).

4 Discussion

In this study, removal of three kinds of estrogens from algae
and duckweed wastewater ponds was assessed. The
continuous-flow tests showed that about 83.9% (Fig. 5a) -
95.4% (Fig. 6b) estrogens were removed from water phase
in algae ponds and duckweed ponds. From the results, one
can expect similar estrogen removal efficiencies in full-
scale pond systems because the experimental conditions
used in this study reflect well the real-world operation
conditions of such pond systems. In practice, algae ponds
are usually designed to have a total retention time of
approximately 10–20 days, with a TSS concentration in the
effluent of about 90 mg/l (van der Steen et al. 1999). In
duckweed ponds, frequent harvesting of the duckweed is
necessary to maintaine the plant densities at optimum levels
which is recommended among 400 and 800 g of fresh
weight per square meter (Skillicorn et al. 1993). In some
laboratory experiments and full-scale duckweed ponds, the
HRT is about 20 days or longer (Al-Nozaily et al. 2000;
Zimmo et al. 2003, 2004). Indeed, some factors, such as
HRT, TSS, duckweed densities, and the duckweed harvest-

Fig. 5 Concentration and removal rates of E1 and E2 in different
tanks when E1 (a) or E2 (b) was dosed to the influent of algae tanks in
the continuous-flow setup (E1 □; and E2 ; ▲, removal rate)

Fig. 4 Mass balance of E1, E2, and EE2 in batch tests with duckweed
(a, c, and e) and algae (b, d, and f; □) removed from the system;

Remained in the water; sorbed on duckweed or algae; E1 (or E2)

converted to E2 (or E1); The converted estrogen sorbed on
duckweed or algae)
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ing procedure in the present study, were chosen prudential-
ly to simulate the real operation conditions of algae and
duckweed pond system.

There are no other studies concerning estrogen removal
from wastewater in algae pond and duckweed pond
systems, but removal rate values observed here can be
compared with values reported for activated sludge waste-
water treatment systems in literature. Estrogen removal
efficiencies, for example, 61–69% for E1, 86–96% for E2
(D’Ascenzo et al. 2003; Onda et al. 2003) and 71% for EE2
(Johnson et al. 2000), varied among sewage treatment
plants depending on the plant design and efficiency. The
estrogen removal efficiencies in algae ponds and duckweed
ponds obtained in this study are comparable to that of
conventional activated sludge system (Table 2), or are even
somewhat higher than those of activated sludge systems as
reported in the literature.

Concerning the removal mechanisms, it has been
generally accepted that different processes like sorption,
biodegradation, and photolytic degradation might play an
important role in the removal of estrogens from wastewater
in activated sludge system (de Mes et al. 2005). Although
there might be some differences due to plant uptake and
metabolism, one can still speculate that these processes
probably played the same role on the removal of estrogens
from wastewater treated in algae ponds or duckweed ponds.
Figure 2 shows that only sorption and degradation

processes occurred under the specific experimental con-
ditions in this study because the photooxidative processes
were shown to be not quantitatively relevant in the control
experiment with tap water.

The nonpolar and hydrophobic nature of these estrogens
makes them sorb easily onto particulates. Figure 2 illustrates
indeed that estrogens were sorbed during the early stage of
contacting with algae and duckweed. For example, in the
tests with duckweed, up to 46% of E1, 22% of E2, and 43%
of EE2 were removed rapidly within 3 h of the 6 days static

Fig. 8 The profile of E1 and E2 sorbed on algae and duckweed from
different tanks in the continuous-flow setup when E1 (a) or E2 (b)
were dosed to the influent (E1 □ and E2 )

Fig. 7 Concentration and removal rates of EE2 in algae tanks and
duckweed tanks in the continuous-flow setup (algae tanks □; and
duckweed tanks ; ▲, removal rate in algae ponds and ×, removal rate
in duckweed ponds)

Fig. 6 Concentration and removal rates of E1 and E2 in different
tanks when E1 (a) or E2 (b) was dosed to the influent of duckweed
tanks in the continuous-flow setup (E1 □ and E2 ; ▲ removal rate)
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batch tests. The importance of sorption for the estrogen
removal was further supported by the 3 h sorption tests, in
which a rapid initial sorption was observed over the first
2 min (see Fig. 3). The observation of rapid sorption is in
agreement with sorption tests of five different estrogens on
activated sludge, in which E2 was found to be rapidly
removed from the liquid phase over the first 10 min (Ren et
al. 2007).

Estrogens in wastewater were not only sorbed on
activated sludge but were also degraded by microorganisms
(Johnson et al. 2005). Similarly, this study also reveals the
importance of biodegradation for the estrogen removal.
From Fig. 2, one can find that the combination of
biodegradation and sorption leads to higher estrogen
removal rates in wastewater seeded with duckweed or
algae than in wastewater only. One might also find a
difference in estrogen concentrations between day 1 and
day 6 in the synthetic wastewater (see Fig. 2). This might
be due to the development of microorganism at the later
stage of the 6-day batch tests. A phenomenon observed
during the batch tests was the increase of turbidity,
implying the development of microorganisms in flocs,
which could further enhance the sorption or biodegradation
of the estrogens in the synthetic wastewater. Figure 8 shows
that only a small part of the estrogens were desorbed from
duckweed in the desorption tests, suggesting the importance
of biodegradation on the estrogen removal. What should be
stressed here is the possibility of estrogen removal by
duckweed uptake. As reported by Janeczko and Skoczowski
(2005), E1 and E2 were detected in 68 plant species,
implying that the estrogens are taken up by plants. While
in this study, the roles of plant uptake to the estrogen
removal still need further investigation.

It has been reported that under aerobic or anoxic
conditions, E2 could be first oxidized to E1, further
oxidized to unknown metabolites, and finally to CO2 and

water. Under anaerobic conditions, E1 could be reduced to
E2 (Joss et al. 2004; Ternes et al. 1999). This reversible
interconversion was also confirmed in this study (see
Figs. 4, 5, 6, and 8). While the interconversion might be
more complex especially in the tests with algae because of
both aerobic and anaerobic conditions in algae ponds. In
algae ponds, the dissolved oxygen (DO) concentrations
measured during daytime are much higher (more than
10 mg/l) due to the photosynthesis by algae, while the DO
is completely consumed at night. In the tests with
duckweed, the situation is somewhat different. The DO
concentrations were always lower (0–2 mg/l) because the
dense cover of duckweed may have reduced the direct
oxygen transfer from the atmosphere (Moorhead and Reddy
1988). Even though DO concentrations are always lower
than 2.0 mg/L in duckweed ponds as measured in this
study, the interconversion can also be detected in both the
mass balance (see Fig. 4) and the continuous tests (see
Fig. 6). The general trend in the conversion rates is that the
rates of E2 to E1 are higher than the rates of E1 to E2
probably because E2 is the most labile of the steroid
estrogens investigated (Andersen et al. 2005). Indeed, in
this study, among the remained estrogen in the water phase
of test with E2 dosed, E1 took up about 50% of the total
estrogen concentration in all three algae ponds, as well as in
the second and third duckweed pond (see Figs. 5b and 6b),
implying the high conversion rate from E2 to E1.

5 Conclusions

& Estrogens E1, E2, and EE2 can be effectively removed
from the continuous-flow algae and duckweed ponds even
when their concentrations are at nanograms per liter level.

& The presence of algae and duckweed accelerate the
removal of estrogens from the synthetic wastewater

Estrogens Concentration (ng/l) Removal efficacy (%) Matrice type Reference

Influent Effluent

E1 44.0 17.0 61.0 Municipal STP D’Ascenzo et al. 2003

43.1 12.3 69.0 Domestic STP Onda et al. 2003

43.5 7.0 83.9 Algae pond This research

43.5 2.45 94.4 Duckweed pond This research

E2 11 1.6 86.0 Municipal STP D’Ascenzo et al. 2003

28.1 1.2 96.0 Domestic STP Onda et al. 2003

29.7 2.6 91.2 Algae pond This research

29.7 1.38 95.4 Duckweed pond This research

EE2 4.84 1.4 71.0 Domestic STP Johnson et al. 2000

9.71 1.28 86.8 Algae pond This research

9.71 0.59 93.9 Duckweed pond This research

Table 2 Estrogens removal
during various STPs treatment
processes
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because estrogens can be quickly sorbed on the
duckweed or algae. The sorbed estrogens are subse-
quently degraded by microorganisms and algae or
duckweed in the wastewater treatment system.

& Duckweed ponds show a bit higher efficiency to
remove estrogens than algae ponds.

& E1 and E2 are interconvertible in both duckweed and
algae pond systems. E2 can be readily transformed to
E1, especially in the tests with algae.

6 Recommendations and perspectives

This study showed that both sorption and biodegradation
are important to the estrogens removal from algae or
duckweed pond systems for wastewater treatment. Further
research using, e.g., radioimmunoassay is needed to
investigate the biodegradation pathway of estrogens in
algae and duckweed ponds.
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