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Abstract. The behavioof natural estrogens was examined by separatekyngy
17B-estradiol (E2) and estrone (El) into semicontinu@esivated sludg
reactors operatedinder aerobic, anaerobic and sequential anaerebit/m
conditions Under aerobic and anaerobic conditions, E1 wasiéd from E2
The conversion of E1 to E2 widid not occur under aerobic conditions. The
maximum conversion of E2 to E1 was higher trhe maximum conversion of
E1 to E2. Overall, the degradation rate of kgy) was much faster than that of
E1l kep). The findings suggest that E1 is probably moresipgent than E2 i
effluent of sewage treatment pla
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1 I ntroduction

Natural estrogens such as estrone (E1B-estradiol (E2) and estriol (E3) ¢
among themain environmental contaminantshe adverse effects of natu
estrogens on aquatic organisms have bewnd in vitellogenesis [1]and
feminization of male fish in British rivers [2Another study, Imaigt al. [3],
has demonstrated that exposure to E2 (>16™) affected the reproduction
marine male fishes. d@ple, livestock and wildlii are the sourcesf natural
estrogens in thevater environmel. The daily excretion of natural estroge
from males and femaleshbeen investigated by Johnsenal. [4].

Natural estrogensave bee detected in the effluemf sewage treatment plar
(STP) in a range of 1000 ng/L and their removal efficienis in the rangeof
62-98% for E2 and 198% for E1 [-7]. Theyhave also been detected in rs
and lakes [8,9]. The behavior of natural estrogens in natural w
environmental systemsinder aerobic ar anaerobic conditions has be
investigated by Desmiartt al. [10,11].
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Li, et al. [12] have investigated the behavior of E2 in bagperiments using
activated sludge from STP in Japan. They found Hzatvas converted quickly
to E1, and the degradation of E1 to unknown pradugs slower than that of
E2. The presence of E2 and E1 in rivers and lakgdies that E2 and E1 are
not completely removed by wastewater treatmenttplatence, optimization of
treatment processes and conditions is very impbrtanet al. [13] have also

investigated the behavior of natural estrogens @misontinuous activated
sludge under aerobic conditions. They found thataB@d E1 levels dropped
rapidly due to sorption onto activated sludge, dettd by biodegradation
through microorganisms. However, under anaerobieditions, E2 and E1
degradation was limited [14] and was not observetlen sequential

anaerobic/aerobic conditions. In order to undetstdre behavior of natural
estrogens in real sewage treatment plants, it ig waportant to study the
behavior of natural estrogens under sequentialrabe#aerobic conditions.

The aim of this research was to study the behafi&2 and E1 in an activated
sludge sewage treatment plant. The semicontinugperienents were carried
out under aerobic, anaerobic and sequential anaéelobic conditions by
spiking E2 or E1 separately into activated sludgedr.

2 Materials and Methods
2.1  Activated Sludge

Activated sludge was collected from a sewage treatrplant (STP) in Gifu,
Japan. This plant is operated in a sequential ahaxaerobic mode with a total
hydraulic retention time (HRT) of 6 h in the biocear. Detailed information
about activated sludge sampling is available in &i, al. [13]. The
characteristics of the activated sludge liquor sashlissolved organic carbon
(DOC), pH, mixed liquor suspended solids (MLSS)xedi liquor volatile
suspended solids (MLVSS) are displayed in TableAfter sampling, the
activated sludge liquor (about 60 L) was quickBnsported to the laboratory of
Gifu University and separated into six reactorsrafteighting for experimental
use.

Tablel Characteristics of activated sludge liquor.

Parameters Unit Value
DOC mg L™ 17.32
pH 6.64
MLSS mg L 1081
MLVSS mg L™ 97:
E2 ng L*! Not detecte:

E1l ng L* Not detected
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2.2 Stock Solution of E2 and E1

E2 and E1 are hydrophobic compounds. The Octantdfvgartition coefficient
(Log Kew) Of E1 (2.45-3.43) is lower than that of E2 (34284). This result
indicates that E1 is more hydrophobic than E2 [@b,In previous studies,
Urase and Kikuta [17] used acetone, and Aurbkl. [15] used methanol, as
the solvent for dissolving the natural estrogensrder to ensure that these were
completely dissolved. For these experiments, thekssolutions of E2 and E1
were made by dissolving weighted amounts of E2 Ehdn methanol (Wako
Pure Chemical Co., Osaka, Japan). The concentrafitime stock solutions of
E2 and E1 was 250g L™ for each. Methanol was controlled at a lower lemel
the reactors (about 0.012% as v/v).

2.3 Experiments

Two series of semicontinuous experiments were paéd under aerobic,
anaerobic and sequential anaerobic/aerobic conditgpiking E2 or E1 into the
reactor. The first series (Run 1 - Run 9) was usestudy the behavior of E2,
while the second series (Run 10 - Run 18) was dsednvestigating the
behavior of E1. A glass bottle with a storage vauoi 10 L was used as the
reactor. The volume of the activated sludge liguothe reactor was 8 L. A
schematic diagram of the experimental set-up iplay®d in Figure 1. Under
aerobic conditions, oxygen was continuously suplpleethe reactor via an air
diffuser (Figure 1(a)). Under anaerobic conditiongetted nitrogen was
consistently supplied through a diffuser (Figurd)L( In Figure 1(c), the
experiment using the sequential anaerobic/aerolmdemwas studied in the
reactor, with a total hydraulic retention time (HR3f 8 h. The initial 3 h were
assigned for the anaerobic reaction, where aeratias not conducted for
enhanced removal of phosphorus. This was followe8 h of aerobic process
achieved by continuous air supply. E2 or E1 weikeshpinto the reactors once
a day for three consecutive days by adding stodktiens of E2 or E1 to
provide initial E2 and E1 concentrations of BpL™. For all experimental runs,
pH was monitored continuously and adjustments veage when necessary
with sodium hydroxide to maintain the liquor pHaabund 6.7j.e. the pH level
of the activated sludge liquor sampled from the SA®shown in Table 2, the
changes in MLSS and MLVSS were relatively small. rr€ction by
concentrating the mixed liquor within each reacteas not performed. In
addition, we added ammonium chloride and potassiilnydrogen-phosphate as
well, in order to provide an initial C:N:P ratio 00:12.3:3.6.

Initially, E2 and E1 levels decreased rapidly [1Bh ensure data that could
better describe the behavior of E2 and E1 in eaahtor, the time intervals for
sampling were carefully designed in order to obtaiore data over the initial
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running periods. For each sampling, 10 ml of thievated sludge liquor was
put into a 10 ml centrifuge tube and centrifugaticas carried out immediately
at 3500 rpm for 1 min. Then, following prompt filien of the supernatant
through a prewashed 0.46n PTFE membrane filter (Toyo Roshi, Japan), the
obtained filtrate was stored below 5° C before bsirngected to analysis.

Table2 Semicontinuous batch experimental conditions andseoled
variations in MLSS, MLVSS, pH and DO over the emtinnning period.

Series|: Spiking of 17B-estradiol (E2)
Sequential anaer obic

Conditions Aerobic Anaerobic (3 h)/aer obic (5h)
E2 conc.fig LY 30 30 30
Number of runs Run Run Run3 Run4 Run Run6 Run7 Run8 Run
1 2 5 9
Spiking time (day 1% 2@ 3¢ 18 2n 3¢ 1° 2nd 3
MLSS (mg LY 1113+29 1104+15 1060+22
MLVSS (mg LY 158425 142420 142+14
pH 6.49+0.34 8.07+0.69 7.21+£0.79
DO (mg LY 8.93+0.37 0.25+0.05 0.38+0.07(Anaerobic)

8.7510.51 (Aerobic

Series||: Spiking of estrone (E1)
Sequential anaer obic

Conditions Aerobic Anaerobic (3 h)/aer obic (5h)
E1 conc.ig LY 30 30 3C
Number of runs Run Run Run Run Run Run Run Run Run
10 11 12 13 14 15 16 17 18
Spiking time (day 1% 2@ 3¢ 1 2n 3d 1° 2 3
MLSS (mg LY 1160+65 1137456 1070+15
MLVSS (mg LY  164+26 138422 146+23
pH 6.44+0.33 8.1+0.7 7.240.7
DO (mg LY 9.05+0.4 0.2+0.08 0.39+0.11 (Anaerobic)

8.78+0.32 (Aerobic)

The measured values for all these parameters aa gi the form of the mean value + the standard
deviation.

24 The Apparent Degradation Rate

The apparent degradation rates of E2 or E1 whekedpseparately were
generated by assuming a first-order reaction, destias follows:

—~=-kC (1)

where C is the concentration of E2 or Bil(*"), t is time (h) and is the
apparent first-order degradation rate constan}. (fhek was approximated by
fitting the experimental plots, In (C§Cversus t, with the following rewritten
linear format:
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In-< = ki @)

Co

Co is the initial concentration of E2 or E1 involvduectly in the assumed first-
order rate reactions.

(a) Aerobic

(b) Anaerobic

Water

Water

(c) Sequential Anaerobic/Aerobic

~
0o 3 8 (hour)
| B [
- > )
: : %
DD=0.5 DO=85'
(Anaerobic) (Aerobic) hisd

Figurel Schematic diagram of semicontinuous experiment&uta) aerobic,
(b) anaerobic and (c) sequential anaerobic/aex@iditions.

2.5 Analyses

An Agilent 1100 series liquid chromatography/mapscsrometry (LC/MSD)
system (HP1100MSD; CA, USA) was used to analyzeaB@ E1. For every
beginning of the analysis, calibration was perfaimsing 10 and 5QgL™ of
E2 and E1 standard solutions with a methanol contér20% in v/v. Two
internal standards (B7estradiol-C and estrone-C) were added to all sasnipl
order to minimize measurement errors. ldentificadonl quantification were
thus made in negative SIM mode by following thelwsled internal standard
methodology. The target ions for E2 and E1 were &7d 269. By adopting a
higher injection volume (100L for instance), the detection limit could reach a
level of about 0.0qugL™ for E2 and E1. In addition, the microbial densitie
were assessed using the indices of MLSS and MLVY&Swhich glass fiber
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filters with a pore opening of 1{0m were used to separate suspended solids
from sludge liquors. The DOC was analyzed usin@&Tanalyzer (TOC-Vws,
Shimadzu Co., Japan).

3 Results and Discussion

31 Behavior of E2 and E1 when E2 was Spiked

The behavior of E2 and E1 when E2 was spiked uadeawbic, anaerobic and
sequential anaerobic/aerobic conditions is illisttan Figure 2. Under aerobic
conditions, E2 decreased rapidly by up to 90% &t@min and had totally

disappeared after 2 h. The results show that EJE@nare degraded completely
in 8 h under aerobic conditions. This means thaeswogens remain in the
effluent, because in practice the activated slupggecess often has a HRT
longer than 8 hours. This infers that all incomewrogen will be degraded in
the system.

Under anaerobic conditions, the amount of E2 dexdianl was approximately
68% of the initial E2 concentration after 2 h ahdrt decreased by 82% after 8
h. Under sequential anaerobic/aerobic conditio@sgdécreased by 96% after 2
h and had totally disappeared after 3.5 h. Theedsing concentration of E2
under aerobic conditions resembled that obtained previous studies
[10,13,17,18] and under anaerobic conditions [Eé]lowing the concentration
decrease of E2, its intermediate biodegradationdymb E1 emerged and
apparent disappearance of E1 was found to occerr Bt had been nearly fully
eliminated from the reactor. The transformatiorE@fto E1 was also confirmed
under aerobic and sequential anaerobic/aerobiditioms

The maximum conversion of E2 to E1 was calculatsthgl the equation
(Ce1malCr20) X 100, indicating that the maximum E1 concentrafiCGz1may Was
into initial E2 concentration (&g [13]. The computed results are shown in
Table 3. The highest maximum conversion of E2 to(®) was found to be
30.47% for the experiments under anaerobic conditioHowever, the
maximum conversion of E2 to E1 was not significardifferent for aerobic,
anaerobic and sequential anaerobic/aerobic conditio
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Figure2 Profile concentrations of E2 and E1 when E2 wakesbi

Table3 The apparent maximum conversion ratios of E2 and E1

Series|: Spiking of 17B-estradiol (E2)

Conditions Maximum conversionto E1 (%)  Related Runs
Aerobic 29.08+1.45 Run1-Run3
Anaerobic 30.47+19.83 Run 4 - Run 6
Anaerobic (3 h) - aerobic (5 h) 29.82+2.21 RunRun 9
Series||: Spiking of estrone (E1)
Aerobic 0 Run 10 - Run 12
Anaerobic 28.27+6.58 Run 13 - Run 15

Anaerobic(3 h)- aerobic (5 12.30+2.9 Run 1¢- Run 1¢
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3.2 Behavior of E2 and E1 when E1 was Spiked

The behavior of E2 and E1 when E1 was spiked uadssbic, anaerobic and
sequential anaerobic/aerobic conditions is displapeFigure 3. Compared to
E2, the degradation of E1 was slower. Under aerobitlitions, E1 decreased
by up to 70% and was no longer detected afterMohtransformation of E1 to
E2 was observed for the experimental run underé@rmnditions. In contrast,
the transformation of E1 to E2 was confirmed unalesierobic and sequential
anaerobic/aerobic conditions. Previous studieshenoccurrence and behavior
of estrogens in wastewater have suggested thaewherconcentration of E1 is
concerned, the fraction originated from the coneerof E2 should not be
neglected [19]. A recent study has shown that Bhasmost important natural
endocrine-disrupting compound present in most ahtwater environments
[16,20], and effective removal of E1 is probablg tkey to reducing the total
estrogenicity in water environmental systems [1pdfe to the following facts:
(i) the load of E1 from STPs to receiving water ilegds about 10 times larger
than E2, (ii) the estrogenic potency of E1 is wedkan that of E2 but is much
stronger than nonylphenol and its precursors, @andggme conjugated species
of E1 (for instance estrone-3-sulfate) may getaliseiated after reaching the
receiving water bodies.

The maximum conversion of E1 to E2 was also caledlaising the equation
(CeamalCe10) X 100, indicating that the maximum E2 concentrat{CGeomay Was
into initial E1 concentration (&), as shown above in Table Bhe highest
maximum conversion of E1 to E2 (%) was found foe #xperimental runs
under anaerobic conditions at 28.27%. However,nthgimum conversion of
E2 to E1 was higher than the maximum conversidglofo E2.

@ 40

(E1 was spiked) Run 12
Aerobic

Time (h

Figure3 Profile concentrations of E2 and E1 when E1 wakesbi
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Figure3 Continued. Profile concentrations of E2 and E1 when E1 wakeshi

3.3 Degradation Rate Constant of E2 and E1

The apparent degradation rates of E2 and E1 whikedsseparately were
generated assuming a first-order reaction calculsedy Eq. (2). The estimated
first-order degradation rate constants of Ez)(and E1 kg;) examined under
aerobic, anaerobic and sequential anaerobic/aecoliditions are displayed in
Table 4. The apparent first-order degradation catestant of E2lg,) under
aerobic conditions was twenty four times fasternthbat under anaerobic
conditions. Compare tk:,, the apparent first-order degradation rate comstin
E1 (ke1) under aerobic conditions was about three timstefahan that under
anaerobic conditions. THe,andkeg; for the experimental runs under sequential
anaerobic/aerobic conditions were calculated séggréor each condition, as
shown in Table 4.

Generally for all conditionsg; is lower tharke,, indicating that E2 disappeared
from the reactors much faster than E1 and sugggettat E1 is probably more
persistent than E2 in the effluent of sewage treatnmplants. The slow
disappearance of E1 is consistent with the invastg of activated sludge by
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Li et al. [12,13] and Urase and Kikuta [17]. In another gtudu et al. [21]
isolated 14 diverse E2-degrading bacteria fronvatg sludge of a wastewater
treatment plant. They reported that all 14 isolatese capable of converting E2
to E1, but only 3 isolates showed the ability tgrdele E1.

Table4 The apparent first-order degradation of E2 and E1.

Series|: Spiking of 17B-estradiol (E2)

Conditions keo (hY) R? Related Runs

Aerobic 2.92+0.8t 0.8¢-0.9¢ Run 1- Run¢
Anaerobic 0.12+0.04 0.83-0.88 Run 4 - Run 6
Anaerobic (3 h) - aerobic (5 h)

- Anaerobic 0.46+0.31 0.76-0.91 Run7-Run9

- Aerobic 4.19+0.4( 0.97-0.9¢
Series||: Spiking of estrone (E1)
Aerobic 1.15+0.38 0.88-0.98 Run 10 - Run 12
Anaerobit 0.53+0.1! 0.9¢-0.9¢ Run 1:- Run 1f
Anaerobic (3 h) - aerobic (5 h)

- Anaerobic 0.25+0.08 0.72-0.90 Run 16 - Ra@n 1

- Aerobic 0.84+0.51 0.85-0.99
4 Conclusions

The behavior of 1¥-estradiol (E2) and estrone (E1) was investigatsitiou
semicontinuous activated-sludge experiments unagobi, anaerobic and
sequential anaerobic/aerobic conditions. The resollicate that, initially, E2
and E1 decrease due to sorption onto activatedisladd then degrade through
biodegradation. The highest maximum conversiorsrafeE2 to E1 and E1 to
E2 were found under anaerobic conditions. Compadtle B2, the maximum
conversion of E2 to E1 (29.08-30.47%) was higheantithe maximum
conversion of E1 to E2 (0-28.27%). The degradatie of E2 was much faster
than that of E1 when both were spiked separatéhg disappearance rates of
E2 and E1 determined by assuming first-order reasti€ell in the ranges of
0.12-4.19 H and 0.25-1.15 "h respectively. The results obtained in this
research are important for better understandindgpé@vior of natural estrogens
in sewage treatment plants (STPs) in order to ohher efficient operation
conditions for the removal of natural estrogensob®frelease to the
environmental system.
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