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Abstract 

Estrogens are hormonal secretions of
humans and animals. Their natural degrada-
tion cycle is disrupted when the populations
of both humans and livestock increases at a
tremendous rate, increasing the amount of
estrogen released into water bodies.
Pollution of estrogenic compounds has
caught the attention of researchers as the
slight increase of estrogens in the water
bodies has significant impact on the aquatic
system. In this review, we compare various
estrogenic compound analysis methods,
identify sources and levels of estrogenic
hormonal secretion pollution in surface as
well as sewage waste waters and discuss
various treatment technologies used to
remove estrogenic compounds. We found
that the use of different analysis methods
hinders an accurate comparison of data. A
comprehensive review is conducted on
diverse removal technologies, identifying
their advantages and disadvantages, fol-
lowed by recommendations on strategies to
deal with estrogenic pollution in water bod-
ies.

Introduction

Estrogen is categorized under steroid
hormones. In mammalian system, steroid
hormone is classified into six major groups,
namely, glucocorticoids, mineralocorti-
coids, androgens, estrogens, vitamin D, and
progestogins.1 Steroid hormones work by
binding to a receptor on a plasma mem-
brane, such as the Lock-and-Key Model of
hormone receptor, to further trigger other
biochemical activities.2

The dominant natural hormones in
females are estrone (E1), estradiol (E2), and
estriol (E3).3 The properties of these estro-
genic compounds are shown in Table 1.4-6

Estrogen is essential for pregnancy, sexual
reproductive tissue maintenance, cell differ-
entiation, and growth.

Synthetic estrogen derivatives in medi-
cine are those of the C-17 group, such as
EE2, MeEE2, and Quinestrol. Synthetic
hormones are typically synthesized to be
used as a birth control pill and hormone
replacement therapy for breast cancer or
prostate cancer treatment. All types of estro-
gen including natural or synthetic estrogen
are moderately toxic, with 0.5 to 5 g kg-1 as
the probable oral lethal dose for humans.7

Past studies have proven the presence of
estrogenic compounds in surface water.8-11

Estrogenic pollutions as such are usually
due to animals and human excrements, indi-
cating that the current available convention-
al treatment technologies are not effective
enough to completely remove these estro-
genic compounds. Thus, studies have been
conducted to improve the current treatment
system in removing estrogenic compounds.
Methods developed ranged from conven-
tional activated sludge system, to biological
treatment using pure culture,12 and chemical
treatment.13-15

Although many studies have been per-
formed on the effects of estrogenic com-
pounds pollutions on the environment along
with various methods of treatment of these
compounds, reports that contain compre-
hensive review on the subject are almost
non-existent. Hence, in this paper, critical
comparisons are being made on various
technologies that are employed to treat
water containing estrogenic compounds as
well as on different methodologies used to
analyze the compounds. In addition, sug-
gestions are being made on viable method-
ologies to treat water containing estrogenic
compounds effectively.

Of all the reviewed treatment methods,
only physical/chemical treatment with man-
ganese oxide16 and sorption with activated
carbon15 could achieve a removal of 100%.
Highest possible removal is vital as there is
no minimal safe limit that has been estab-
lish till date. However, such treatment does
not usually resolve the estrogenic pollution
from cradle to grave. These treatment tech-
niques merely temporary remove these con-
taminants from one source to another. In
contrast, biological treatment has the ability
to transform the estrogenic compounds
from molecular structure level and thus
degrading it. However, the retention time
required for biological treatment process
usually range from 10 to 100 days. Thus, a

combination technology of both to ensure
the effective removal and solution to root
may be employ. 

Effect of estrogenic compounds
and sources in water bodies

The presence of estrogenic compounds
in our aquatic systems has been proven by
several studies.3,9,17-19 The concentrations of
estrogen released in the sewage system
range between 10 to 100 ng L-1, whereas the
efficiency of their removal from sewage
treatment only range from 50 to 95%,
before being discharged into the river line.12

Thus, several studies on the effects of estro-
gen to aquatic organisms have been con-
ducted. Estrogens in the environment cause
the adaptation of aquatic organisms to the
exposure by modifying their characteristics,
such as female gonadal phenotype, decrease
in fertility, and fish feminization.6,17,20-22

One of the most drastic examples of the
effect of estrogen was reported in a study
conducted over a three-year period on fat-
head minnow fish. The study started out
with 7000 fish before the addition of EE2;
the fish community was almost completely
wiped out after 3 years of study. This phe-
nomenon was due to kidney failure, tissue
death in the testes, immature fish with little
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or no sperm for male fish, and immature
egg for female fish.23 Compared with other
EDCs found in wastewater, estrogens have
three to sevenfold greater estrogenic  poten-
cy. The general prediction of maximum
concentration that causes no effect is 1 ng L-

1 for E2 and 3 to 5 ng L-1 for E1.24

For humans, the increasing rate of
breast cancer and certain anomalies in the
reproductive system have been attributed to
estrogenic exposure, even at small concen-
trations.25,26 Sources of estrogenic com-
pounds are from contraceptive pills used for
birth control, hormone treatments, such as
growth promoter; induced abortions; mus-
cle building; estrous cycle of farm animals,
and discharges of humans and animals that
end up in sewage treatment plants.4,12,17

Thus, wastewater treatment plants have
become the cumulative center for estro-
genic compounds which are subsequently
released in water bodies after treatment.11

Discharges from farm animals, such as
cow, sheep, swine, and goat, have steroid
hormones with a concentration range of 14
to 533 ng g-1 dry waste, whereas a typical
range of 44 ng g-1 was reported for E2.4
Excretion of farm animals according to
their groups is shown in Table 2.27 The
amount and proportion of estrogen excreted
by each individual organism vary. Majority
of estrogen discharged from cattle are in
feces (58%), whereas that in swine and
poultry, the discharge is mostly in urine
with 96 and 69%, respectively.19,28

Discharge of estrogenic compounds in all
organisms also varies at different stages of
their maturity, pregnancy, and lactation. The

use of manure fertilizer can also contribute
to estrogenic activity in surface water20

because the half-life of estrogenic activity
in manure fertilizer in soils takes up to 5 to
25 days, whereas sheep and cattle manure
of different ages will take 7 to 2 years. 

Water runoff and leaching also cause
contamination of freshwater supply.28 In the
US, the overall hormone discharge has been
estimated at more than 330 tons year-1.
According to Zhao and Zhang, only 0.003%
of the total amount of estrogen excreted will
eventually end up in rivers. Although ani-
mal wastes are often applied in agricultural
plantations, the high manure to land ratio
often results in their disposal because the
waste produced are way above the needs of
the plantations.29 Meanwhile, the amount of
estrogenic hormones excreted by each indi-
vidual per day, with the pregnant woman
producing the highest contribution of estro-
gen compound to wastewater. The males
and menopausal females have the lowest
excretion. On the average, 10.5 µg d-1 of E1,
6.6 µg d-1 of E2, 3.3 µg d-1 transformation of
E1 to E2, and 1 µg d-1 of EE2 are excreted
by humans per individual.30 Values are
reported in Table 3.

Methods to determine estrogenic
concentration

Currently, there is no particular world-
wide-accepted standard to determine the
estrogenic compounds concentration in
water bodies. Most analytical methods used
in past studies include HPLC-based,8,33 GC-
based29,34 and vitro bioassay. 25,35-37 HPLC-
based and GC-based analytical techniques
are used in combination with mass spec-
trometry. Most of these analyses involve a
pre-analysis procedure of solid-phase
extraction or liquid-liquid extraction meth-
ods. Water sample is extracted into a medi-
um, and then eluted for analysis. According
to the Environmental Protection Agency
(EPA), GC-based is the standard procedure
for hormone identification under the Clean
Water Act (CWA) (U.S. Environmental
Protection Agency 2007). This standard is
however, not employed by most researchers
because the use of high-resolution GC com-
bined with high-resolution mass spectrome-
try (HRGC/HRMS), which are required in
the standard, is not available in most
research labs. Thus, HPLC and bioassay are
the most frequently used methods. In addi-
tion to these conventional analysis methods,
complementary methods such as liquid-
chromatography, electrospray, and atmos-
pheric pressure photoionization have been
developed to analyze estrogenic com-
pounds.38 Table 4 shows the estrogenic pol-
lution levels in various water bodies, along
with the method used for analysis. 

Various methods are used for the analy-

                             Review

Table 1. Properties of estrogenic compounds.

Type of               Name                                                  Structure               Molecular        Solubility            Vapor       In vivo vitellogenin
estrogens                                                                                                          weight      (mg L–1 at 20°C)    pressure     response in trout,
                                                                                                                                                                                                         (mm Hg)

Natural                      Estrone (E1)                                                                                                    270.4                          13                      2.3 x 10-10                          0.5
                                    C18H22O2                                                                                                                 
                                    
                                    
                                    17β-Estradiol (E2) C18H24O2                                                                        272.4                          13                      2.3 x 10-10                           1
                                    
                                    Estriol (E3)
                                    C18H24O3                                                                                                            288.4                          13                     6.7 x 10-15                          -

Synthetic                   17α-Ethynylestradiol (EE2)
                                    C20H24O2                                                                                                            296.4                         4.8                      4.5 x 10-11                          25
                                    
                                    Mestranol (MeEE2)
                                    C21H26O2                                                                                                            310.4                         0.3                      7.5 x 10-10                           -
EEQ, estrogen equivalent concentration. 

!

Non
 co

mmerc
ial

 us
e o

nly



                                     [Waste Recycling Research 2017; 1:24]                                                         [page 7]

sis of estrogenic levels and for water sam-
pling. Most researchers employ a method of
acidifying the sample before transporting it
for analysis.6,11,17,18,35,39,50 Some transport the
water sample in its original form without
any preservation procedure,46,48,51 whereas
others preserve the samples in formalin19 or
formaldehyde8 to prevent bacterial degrada-
tion of natural steroids.32 However, estro-
genic compounds have weak acidity; thus,
samples need to be acidified for better
retention during the solid-phase extraction
processes.8 The method used by EPA
requires the immediate adjustment of the
pH of the samples to pH 2 with concentrat-
ed sulfuric acid after sampling.52

Levels of estrogenic compounds
in water bodies

Data of estrogenic pollution were
obtained from river water, sewage treatment
plants, and wastewater treatment plants.
Samples from the reservoir of water catch-
ment areas, which are at their purest state,
are yet to be studied. The presence of estro-
genic compounds was confirmed and their
levels were determined in several countries,
as shown in Table 4. The overall levels were
surprisingly high. France had a significantly
high value of 78.8 ng L-1 for E1, 23.7 ng L-

1 for E2, and 313 ng L-1 for E3.41 In
Malaysia, 6.5 ng L-1 for E1, 2.3 ng L-1 for
E2, and 8.6 ng L-1 EE2 were detected in
Sabah surface water,17 whereas those in
Kuala Selangor, Selat Kelang, and Sungai
Buluh are 2.6, 63.0, and 61.7 ng L-1.10 These
values were high enough to cause modifica-
tion in our aquatic ecosystems, particularly
gender characteristics. 

In 2002, Ying and Kookana reported
that E1, E2, and EE2 in the European conti-
nent were less than 5 ng L-1.4 This report
differs with most studies conducted in 2010,
which recorded values as high as 313 ng L-

1 for E2.41 Most of the data were recorded in
Italy.4,47 This indirectly showed an increas-
ing trend of estrogenic contaminant in sur-
face water over the years. 

From the reported data, the recorded
values for E1 and E3 were higher than those
of E24,11,41 High levels of E1 and E3 were
found in the water because they were the
major metabolites of E2 and EE2, which
will degrade slowly to E3.8 In addition, the
higher E1 values compared with E2 were
due to the oxidation of E2 to E1.32,48 The
transformation process of E2 to E1 usually
has a half-life of 0.2 to 9 d when incubated
at 20°C.53 E1 and E2 takes up to 98% of the
total estrogenic activity in wastewater efflu-
ent.24

The development of dairy industries in
New Zealand caused pollution in nearly all
of their catchment areas.19 The detected
level of 17α-E2 in New Zealand was higher
compared with other types of estrogen, with
a value of 730 ng L-1. This result was
ascribed to 17α-E2, which was the domi-
nant form excreted only by cattle; other
livestock or humans do not excrete estro-
genic component in this form.19,35 However,
17α-E2 is safer compared with 17β-E2
because it is a less feminizing isomer and its
potential toxicity is lower.54

The values obtained in Queensland,
Australia showed an increasing trend of
estrogenic levels in their wastewater treat-
ment plant. E1 detected in Ipswich City was
9.12 ng L-1 in 2004. However, the value
detected was 29.12 ng L-1 in 2005. The
same trends were recorded for E2 and EE2
at 1.37 and 0.14 ng L-1, respectively, in
2004, and 5.69 ng L-1 and 1.14 ng L-1,
respectively, in 2005. The treatment plants
in Ipswich City, Logan City, and Brisbane
City recorded a reasonably similar value of
estrogen discharge at their effluent because
all primary treatments were based on bio-
logical treatments such as activated sludge
and biological nutrient removal.6

Concentrations of estrogenic com-
pounds in river water vary based on dis-
tance travelled and its dilution effect,
together with degradation rate. According to
a report by Pawlowski (2004), the effluent
point of EE2 at a sewage treatment plant
marked a reading of 34.10±7.18 ng L-1.
However, the reading at its downstream
dropped to 19.42±2.80 ng L-1. The same

goes for River Neckar where the effluent
from the sewage treatment plant was
65.96±10.40 ng L-1 and the value at its
downstream was 11.81±0.70 ng L-1.36

Most of the results obtained were based
on one-off studies, where the samples were
collected at a particular duration of time for
analysis, without taking into account sea-
sonal changes. Only a few studies identified
the fluctuation of data due to seasonal
changes.43,53 Decaying rate of estrogen var-
ied with distance and season; however, no
solid judgment was made because the
velocity and transit time of water were not
measured.43 Fluctuation of data should take
into account the metabolic rate of bacteria
that increases and decreases throughout the
season changes.55

Beck and Radke (2006) showed that
aeration systems in wastewater treatment
plants also cause the dispersal of estrogenic
compounds to the atmosphere. The values
obtained from aerated aerosol were
174±215 pg m-3 for E2 and 159±75 pg m-3

for E1.45 In addition, a study from Poland
detected 2.1 and 0.5 ng L-1 of E2 and EE2,
respectively, in drinking water.15

As mentioned earlier, the use of differ-
ent methods of analysis could result in inac-
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Table 2. Excretions of estrogenic hormones
by each farm animals (d–1).

Group                   Total estrogen (µg d-1)

Cattle
         Calves                                        45
         Cycling cows                           299
         Bulls                                         540
Swine
         Cycling sows                           120
         Boars                                       2300
Sheep
         Cycling ewes                            23
         Rams                                         25
Chickens
         Female broilers                    0.93
         Male broilers                         0.19
         Laying hens                           19.45
         Cocks                                       3.29

Table 3. Excretions of estrogenic hormones by each person (d–1).

Group                                                 E1 (µg)                                βE2 (µg)                        E3 (µg)                               References

Male                                                                         3.9                                                       1.6                                             1.5                                                      (31)
Women                                                                     20                                                         5                                               64                                                       (24)
Menstruating females                                           8                                                         3.5                                             4.8                                                      (31)
Menopausal female                                               4                                                         2.3                                              1                                                        (31)
Pre-menopausal women                                    2.66                                                     1.09                                           5.68                                                   (8, 32)
Pregnant women                                                   600                                                      259                                          6000                                                     (31)
E1, estrone; E2, estradiol; E3, estriol.
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Table 4. Levels of estrone, estradiol, estriol, and ethynylestradiol in different water bodies according to continent. 

Continent       Country                              Sample type          E1 (ng L–1)   E2 (ng L–1)     E3 (ng L–1)   EE2 (ng L–1)       Analysis method     References

Asia                       Taiwan                                              River water                     22.4-66.2             1.40-33.9               12.4- 73.6              7.53-27.4               LC-MS/MS-negative                (8)
                                                                                                                                                                                                                                                                      electrospray
                                                                                                                                                                                                                                                                         ionization                             
                              Taiwan                                           WWTP effluent                  10.2-48.6              4.5-44.5                 ND-39.1               2.25-37.9               LC-MS/MS-negative                (8)
                                                                                                                                                                                                                                                            electrospray ionization                
                              Taiwan                                         Hospital effluent                    415                       230                            -                          432              SPE/HPLC-MS/MS-positive          (9)
                                                                                                                                                                                                                                                            electrospray ionization                
                              Taiwan                                           Pharmaceutical                Facilities                 115                         112                          -                SPE/HPLC-MS/MS-positive          (9)
                                                                                          Production                      effluent                                                                                                        electrospray ionization
                              Japan                                          Sewage treatment             0.39-10.49            1.35-9.05                       -                     0.59-6.56                  SPE/ HPLC-MS –                  (39)
                                                                                                work                                                                                                                                                    negative electrospray
                                                                                                                                                                                                                                                                         ionization                             
                              Malaysia                                            Urban and                           2.4                        0.2                            -                            -                               SPE/assay                        (10)
                              (Kuala Selangor)                            recreation 
                                                                                               areas                                  
                              Malaysia                                           Adjecent to                         16.1                       5.9                            -                            -                               SPE/assay                        (10)
                              (Kapar)                                  coal-fired power plant                   
                              Malaysia                                         Fishing village                        58                        3.7                            -                            -                               SPE/assay                        (10)
                              (Sg. Buluh)                                                
                              Malaysia                                                Urban                              57.3                       5.8                            -                            -                               SPE/assay                        (10)
                              (Selat Kelang)                                           
                              Malaysia                                           Agricultural                         10.5                        4                              -                            -                               SPE/assay                        (10)
                              (Sg. Sepang Kecil)                        and fishing                             
                              Malaysia 
                              (Sg. Sepang Besar)                       Agricultural                          3.9                         2                              -                            -                               SPE/assay                        (10)
                                                                                          and fishing                             
                              Malaysia                                           Agricultural                          2.8                         2                              -                            -                               SPE/assay                        (10)
                              (Kuala Lukut)                                            
                              Malaysia                                       Agricultural and                      6.9                        2.1                            -                            -                               SPE/assay                        (10)
                              (Kuala Linggi)                               aquacultural                           
                              Republic of                               Influent municipal                    29                         17                          379                          -                  SPE/LC-MS/MS-negative           (11)
                              Korea                                                    WWTPs                                                                                                                                                electrospray ionization                
                              Republic                                    Effluent municipal                    19                          -                            206                          -                  SPE/LC-MS/MS-negative           (11)
                              of Korea                                               WWTPs                                                                                                                                                electrospray ionization                
                              Republic of                                         Influent                            3650                      237                         656                          -                  SPE/LC-MS/MS-negative
                              Korea                                          livestock WWTPs                                                                                                                                      e electrospray ionization           (11)
                              Republic                                     Effluent livestock                    164                         -                            200                          -                  SPE/LC-MS/MS-negative
                              of Korea                                               WWTPs                                                                                                                                                electrospray ionization            (11)
                              China                                            Influent WWTPs                  8.7±7.5                1.5±1.5                        -                            -                       SPE/LC-ESI-MS/MS                (33)
                              China (Beitang River                    River water                         23.4                      8.69                        10.3                       10.0                           SPE/GC-MS                       (32)
                              China (Dagu River)                       River water                         19.7                      10.3                        12.4                       9.45                           SPE/GC-MS                       (32)
                              China (Yongding New River)      River water                         10.5                      7.26                        5.76                       3.54                           SPE/GC-MS                       (32)
                              Japan (Manko Tidal Flat)               Wetlands                            9.2                        <1                            -                            -                           SPE/LC-MS/MS                    (40)
Europe                France                                           WWTP influent                      78.8                      23.7                         313                          -                           SPE/LC-MS/MS                    (41)
                              France                                           WWTP effluent                       8.2                        4.2                         33.5                          -                           SPE/LC-MS/MS                    (41)
                              France (Rhône-Alpes)               Surface water                        0.3                          -                              -                            -              SPE/LC-MS/MS-electrospray       (42)
                                                                                                                                                                                                                                                                         ionization                             
                              France (Rhône-Alpes)               Ground water                        3.5                        1.3                            -                            3              SPE/LC-MS/MS-electrospray       (42)
                                                                                                                                                                                                                                                                         ionization                             
                              France (Eysines)                                  STP                            57.8±2.8               4.4±0.8                  2.9±0.1                   <2.0                          SPE/GC-MS                       (43)
                              France (Upstream Acheres)    Surface water                    1.1±0.3                1.4±0.6                  1.5±0.5                 1.5±0.5                        SPE/GC-MS                       (44)
                              France (Downstream Acheres)Surface water                   3.0±0.9                3.0±0.6                  2.5±0.6                 2.9±0.6                        SPE/GC-MS                       (44)
                              Germany (Bayreuth)                         WWTP                        2100±1000          2100±900                      -                            -                              SPE/GC-MS                       (45)
                              Spain                                                 River water                           22                          -                              -                            -                    SPE/LC-MS –-negative 
                              (Llobregat River)                                                                                                                                                                                             electrospray ionization            (46)
                              Germany (River Neckar)          Effluent of STP                       19                        5.6                            -                           1.5                         SPE/YES assay                    (36)
                              Germany (River Rhine)            Effluent of STP                       1.2                         1                              -                           <1                             YES assay                        (36)
                              Italy                                   Condominium collecting tank          58                          9                            62                           -                              SPE/LC-MS                       (47)
                              Italy                                                  Influent STP                          44                         11                           72                           -                              SPE/LC-MS                       (47)
                              Italy                                                  Effluent STP                          17                        1.6                          2.3                           -                              SPE/LC-MS                       (47)

Continued on next page.
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curacy of reporting and comparing the lev-
els of estrogenic compounds. Overall, the
levels of estrogenic compound in the water
bodies are still considered at a very high
level. These levels have surpassed the gen-
eral estimate of maximum amount that
causes no effect that is 1 ng/L for E2 and 3
ng/L to 5 ng/L for E1.24 Furthermore, exam-
ining the data reviewed over the years, the
increasing trend of estrogenic pollution in
water bodies should not be taken lightly. A
minimal concentration of 1 ng/L of E2 and
less than 0.1 ng/L of EE2 has been proven
to interrupt the survival of aquatic organ-
ism.24

Treatment methodologies for the
removal of estrogenic compounds

There are more than a handful of treat-
ment methodologies that has been explored
by the researchers over the years. They can
basically be classified into two groups, that
is the biological treatment and
chemical/physical treatment. The review
below will be engaged in two different
directions, which is the treatment methods
in actual and pilot plant and treatment meth-
ods in laboratory scale. Summary flow of
both directions that will be discussed in
Figure 1.

Conventional treatment methodolo-
gies

The most common treatment method

for the removal of estrogenic compounds is
the biological treatment system. The com-
mon practice systems discussed in Table 5
are based on biological systems such as
activated sludge. In Gatton Shire, Australia,
which is located at a rural area where high
input of animal waste is possible, trickling
filters with chlorine are used. Meanwhile, in
Beaudesert Shire, Australia, which has the
lowest value of estrogenic activity, biologi-
cal filters with anaerobic solid digestion and
chlorine disinfection are applied in waste-
water treatment. However, biological filter
technology is less effective compared with
activated sludge due to its shorter hydraulic
retention time.6

In a US livestock farm, removal of
estrogenic compound in manure was
obtained by storing and retaining manure in
lagoons for 8 months to degrade 99.8% of
estrogen. Laboratory scale tests proved that
a near 100% degradation of estrogen took
place after a mere four week.61 In addition,
the rapid degradation of EE2 in particular
took place in aerobic conditions and at a
slower rate for natural estrogen.29,60 Several
researchers have also proven that there is no
degradation of EE2 during anaerobic or
anoxic condition.60,62,63 Variation in degra-
dation rate of estrogenic compounds is due
to the different conditions at each reported
location and surrounding. Different temper-
atures, flow rates, dilution factors, water
mixture compositions, and the types and
amount of microorganisms affect degrada-
tion rate. Even after primary treatment on

estrogenic compounds, there may still be a
possible increase in the concentration
detected because the existing conjugated
estrogens are cleaved to free estrogens.57

In typical wastewater treatment plants,
biological treatment systems such as sorp-
tion and biodegradation in activated sludge
systems are usually used in removing estro-
gens. The sequence of easy sorption usually
follows E3> EE2> E1> E2. Although sorp-
tion of estrogen takes place at a fast pace,
the main step in estrogen removal is
biodegradation. The mechanism of
biodegradation includes deconjugation,
degradation by heterotrophic bacteria, co-
metabolism with nitrifying biomass, and
other co-metabolisms. Activated sludge can
remove 44 to 99.9% of E2, 18 to 100% of
E3, up to 98% of E1, and 34 to 100% of
EE2. However, favorable results can only
be achieved in plants with SRT of more than
10 d, and not in highly loaded plants.24 This
result was supported by Oishi and
Moriuchi, who reported that E2 and E1 in
stream water have half-lives of 0.1 and 11 d,
respectively.14,64 Similar to another study,
17β-E2 was reported to have a biodegrada-
tion time in the water matrix of 3 d to 27 d;
17α-EE2 has 46 d.15

Adsorption of E1, E2, E3, and EE2 into
the activated sludge system is an exother-
mic process, and its adsorption capacity
decreases with the increase of tempera-
ture.64 Adsorption capacity of activated
sludge processes is dependent on tempera-
ture, sludge age, hydraulic retention time,
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Table 4. Continued from previous page.

Continent       Country                              Sample type          E1 (ng L–1)   E2 (ng L–1)     E3 (ng L–1)   EE2 (ng L–1)       Analysis method     References

Oceania               New Zealand                       Farm dairy shed effluent     100 (10-580)        24 (3-310)                     -                           85                             SPE/GC-MS                       (35)
                              Australia                          WWTP effluent in ipswich city  29.12±0.54          5.69±0.51                      -                    1.14±0.32                       SPE/assay                         (6)
                              (South East 
                              Queensland)                                             
                              Australia                            WWTP effluent in logan city    21.33±2.06          3.73±0.11                      -                    0.57±0.02                       SPE/assay                         (6)
                              (South East 
                              Queensland)                                             
                              Australia                         WWTP effluent in brisbane city 25.77±0.41          6.35±0.14                      -                    1.20±0.04                       SPE/assay                         (6)
                              (South East 
                              Queensland)                                             
                              Australia                    WWTP effluent in beaudesert shire17.64±0.58        3.60±0.35                      -                    0.75±0.03                       SPE/assay                         (6)
                              (South East 
                              Queensland)                                             
                              Australia                         WWTP effluent in Gatton shire 32.17±3.89          4.71±0.09                      -                    0.71±0.01                       SPE/assay                         (6)
                              (South East 
                              Queensland)                                                                                     
                              Australia                                                  STP                                  54                         14                             -                           <5                            SPE/GC-MS                       (30)
                              (Malabar, Sydney)                                    
North America   United State                                  Swine lagoon                       9940                      194                        6290                         -                          SPE/GC-MS/MS                   (48)
                              (Oklahomam)                                           
                              Canada (Thames River)                    WWTP                              29.5                       8.3                            -                            -                              SPE/GC-MS                       (49)
South America   Brazil (Rio de Janeiro)                 River water                            -                            -                           3.68                          -                           SPE/LC-MS/MS                    (18)
E1, estrone; E2, estradiol; E3, estriol; EE2, ethynylestradiol; SPE, solid phase extraction; LC-MS, liquid chromatography mass spectrophotometry; GC-MS, gas chromatography mass spectrometry; YES, yeast estrogen screen.
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Figure 1. Treatment methodologies in (a) actual and pilot plant and (b) laboratory scale.
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sewage composition,65 and dilution of
wastewater.31 However, findings from
Anderson and Hansen (2005) showed that
excess sludge used in activated sludge sys-
tem is not significant because only 2% of
the total estrogen component adsorbed in
the sludge will be removed as an addition to
the 50% to 75% adsorption into the exact
amount of sludge used.66 This result indi-
cates that removal and degradation of estro-
genic compounds in an activated sludge
system are mainly ascribed to the bacteria
degradation activity in the liquid phase.
Removal of estrogen naturally occurs by
conjugate transformation in the treatment
process.11

Although several studies have been
conducted on conventional wastewater
treatment plants where activated sludge sys-

tems partially remove and degrade estro-
genic compounds, their sorption constant,
mechanism, and interaction pattern were
not thoroughly discussed.
Other treatment methodologies

The conventional method of wastewater
treatment can remove only 80±19% of βE2,
67±51% of αE2, and 76±46% for E1 com-
pared with 100% removal for androgens
and progestogens. The lower removal rates
are due to the presence of benzene rings in
estrogens, which are harder to degrade.33

The inefficiency of wastewater treatment
plants in removing steroids was recorded in
the 1960s.50 Table 5 shows various treat-
ment methodologies employed by pilot
scales or actual plants in the removal of
estrogens, along with their performance in
terms of percentage removal. Table 6

reports some laboratory scale studies along
with their performance. 

Tables 5 and 6 show that the removal of
estrogenic compounds in biological treat-
ment exhibits a trend of better removal in
E2 and E3 compared with E1. Regardless of
the retention time, a removal of 80% and
above is possible for the biological treat-
ment. However, laboratory-scale study
proved that other methodologies signifi-
cantly and effectively removed all estro-
genic compounds.

The most effective treatment reported
thus far is treatment with activated carbon
and manganese oxide,8 as shown in Table 6.
Removal of estrogenic compounds by man-
ganese oxide is effective and fast. The
removal rate can achieve 60% in the first 20
min and a near complete removal within
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Table 5. Percentages removal of estrogenic compounds by different treatment methodologies in pilot and actual plant.

Method                                                                                     E1%          E2%         E3%         EE2%                   Additional notes           References

Conventional biological    CAS treatment in Kanto region, Japan        -21-68            83-98             99.5                   -                                               -                                        (56)
treatment                             CAS treatment at Altenrhein                         49±15            88±9                -                 71±9                                            -                                        (57)
                                               CAS treatment at Kloten                                 96±1              >97                 -                 94±2                                            -                                        (57)
                                               Activated sludge sewage                                   61                  87                 95                   85                                              -                                        (58)
                                               treatment plants in Italy                                                            
Biological                             Carboneous activated sludge                       73±29           56±17               -                     -                     EE2 partition coefficient was              (59)
treatment                             process                                                                                                                                                                  found lower at log Kp 0.5
                                               Wetland attached to WWTP                        67.8±28.0     84.0±15.4            -             75.3±17.6                       Low wetland depth                       (39)
                                                                                                                                                                                                                                   improves the estrogen 
                                                                                                                                                                                                                                                 removal                                      
                                               OD in WWTP                                                       83.4               94.3              98.9                   -                               SRT of about 100 d                        (51)
                                               Sequential batch reactor                                   85                  96                   -                     -                  Mass balance shows 25% of total           (30)
                                                                                                                                                                                                                                   mass load of E1 and E2 
                                                                                                                                                                                                                              accumulates in mixed liqour 
                                                                                                                                                                                                                                        suspended solids                             
                                               Sequential batch reactor                                    -                     -                    -                *72-93                    Seeded with 10 days SRT                  (60)
                                               from city of Puyallup,                                                                                                                                                  Activated sludge                              
                                               Washinton WWTP                                                  
                                               Sequential batch reactor from                          -                     -                    -                 *>90                     Seeded with 11 days SRT                  (60)
                                               Durham Oregon WWTP                                                                                                                                                  mixed liquor                                 
                                               Sequential batch reactor 
                                               from King Country, Renton WWTP                    -                     -                    -                *76-99                    Seeded with 13 days SRT                  (60)
                                                                                                                                                                                                                               mixed liquor and duration 
                                                                                                                                                                                                                                 of aerobic SRT treatment 
                                                                                                                                                                                                                                  for removal was 20 days                       
                                               Membrane bioreactor                                     96±1              >98                 -                  >75                 Flocs of membrane bioreactor             (57)
                                                                                                                                                                                                                     has a size of 10-100 µm as to compare 
                                                                                                                                                                                                                            to 100-500 µm of conventional 
                                                                                                                                                                                                                                sludge and its floc surface 
                                                                                                                                                                                                                     per unit reactor volume is also higher          
                                               Fixed bed reactor                                             90±3              >95                 -                 69±9                          Short HRT of 35 min                      (57)
Chemical/physical              Pre-chlorination                                             33.4±9.2      19.1±16.5     28.0±7.0       23.7±5.1                     Data was taken based                      (8)
treatment                                                                                                                                                                                                          on 100 ng L-1 concentration                   
                                               Coagulation/sedimentation                        37.3±14.9      52.1±4.1      26.7±9.2      17.3±15.3      5 mg L–1 of alum is used as coagulant        (8)
                                               Rapid filtration                                               94.1±5.6       96.3±5.5      92.4±4.1       94.9±5.4                       Crushed anthracite                        (8)
                                               Post- chlorination                                         27.7±17.2     22.4±14.4     31.5±4.8       44.0±5.8                                        -                                         (8)
                                               Ultra filtration                                                    90.8               98.9              40.7                98.7                   Using secondary wastewater               (3)
                                               Cross-flow microfiltration                                70                  87                   -                     -                                               -                                        (30)
E1, estrone; E2, estradiol; E3, estriol; EE2, ethynylestradiol; CAS, conventional activated sludge; OD, oxidation ditch; WWTP, wastewater treatment plant; SRT, solid retention time; HRT, hydraulic retention time.
*Predicted value based on pseudo first order biodegradation rate coefficient normalized to biomass.
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220 min.16 Removal of estrogen is more
effective with ozone compared with chlori-
nation. Chlorination only removes 20 to
40% of the estrogenic compounds. Further
steps, such as pre-chlorination and post-
chlorination also did not show any notice-
able difference in the overall removal rate. 

Estrogen removal from water bodies is
effective with activated carbon.68-70 The
activated carbons investigated for the
removal of estrogenic compounds include
coconut shell and wood. The amount of
estrogen adsorbed by activated carbon is
25.6 to 73.5 mg g-1 for E1 and 21.3 to 67.6
mg g-1 for E2 at 1 mg L-1 in pure water.69

The effectiveness of activated carbon

removal was confirmed by other authors
who applied activated charcoal as adsorbent
to remove estrogenic compounds.70,71

Another study suggested that estrogens in
liquid manure are prone to bind with col-
loids with size ranging from 0.7 µm to 1.2
µm because they are the most mobile ones
in porous media. The same porosity proper-
ty was seen in activated carbons.

Another method used for estrogen
removal is adsorption with cyclodextrin
polymers. The interaction and adsorption
process by cyclodextrin is the host-guest
interaction through molecular recognition
for the interaction of the polymer matrix.
Interactions form a complex via selective

incorporation into the hydrophobic cavity
and nonselective incorporation into the sec-
ondary cavities of the polymer network
together with hydrogen bonding for their
linkages. This study showed that cyclodex-
trin adsorbs estrogen at a low concentration,
even in the presence of other cholesterols.
Although the process is effective, it merely
forms complexes with cyclodextrin, and
estrogens are not removed from water due
to its high solubility.14

In Sweden, two advanced treatment
plants were investigated. Apart from the
conventional chemical and biological
processes, namely, anaerobic and aerobic
processes, an advanced treatment of slow

                             Review

Table 6. Percentage removal of estrogenic compounds by different treatment methodologies in laboratory scale studies.

Method                                                                                       E1%          E2%          E3%       EE2%                  Additional notes           References

Biological treatment       Pure culture of iron-reducing bacteria               27                  90                  60                 9                                Duration of 15 d                          (12)
                                             Full-functional peroxidase enzyme                       -                     -                     -                <90                 Preoxide catalyst is required              (67)
                                             replicas (TAML activators)                                                                                                                              and degradation time range
                                                                                                                                                                                                                                   from 25 min to 3 hours 
                                                                                                                                                                                                                            depending in its concentration                 
Chemical/physical            Liquid-liquid Extraction (LLE)
treatment                           with decamethylcyclopentasiloxane (D5)     >99.5               90                    -              >99.5                 9 stages of LLE is required                (13)
                                                                                                                                                                                                                              with ratio of D5: H2O at 0.5:1
                                             β-cyclodextrin Polymer                                           -                    70                    -                   -                Concentration used 10-11 mol L–1          (14)
                                             Manganese oxide                                                    100                100                100               90                Condition of pH 4 after 220 min            (16)
                                             Coagulation with Polyaluminium                          17                  16                  31                21                                             -                                        (15)
                                             Chloride (PAX-18)                                                      
                                             Sorption with powdered activated carbon        100                100                100              100                                            -                                        (15)
                                             Sorption with Granular activated carbon          100                99.9                100              100                                            -                                        (15)
                                             Nanofiltration Membrane                                      63                  78                  71                90                                             -                                        (15)
                                             Coagulation                                                                18                  17                  30                21                         With aluminum sulfate                    (15)
E1, estrone; E2, estradiol; E3, estriol; EE2, ethynylestradiol.

Table 7. Comparison of different treatment methodologies used for estrogenic compound removal in pilot or actual plant.

Treatment                                  Advantages                                                            Limitations                                        References

CAS process                Usually design for large treatment capacity                        Tendency of E1 increment after treatment                                 (51)
                                                                (~50,000 m3 d–1);                                                                                                                                                                (57)
                                                                      3-30 d SRT                                                                                             
OD process                        Reduced discharge fluctuation with                                                Usually design for small                                                  (51)
                                                           continuous discharge;                                                   treatment capacity (<5000 m3 d–1);                                         (74)
                                                            less sludge produce;                                                                        10-120 d SRT;
                                                               energy efficiency                                                 high level of suspended solid in effluent;
                                                                                                                                              larger land area is required compare to CAS                                    
Sequential batch          Equalization can be done in one reactor;                                            Periodic effluent surge;                                                   (74)
reactors                                   flexible operation and control;                                              potential of discharging settled                                           (75)
                                                  hydraulic retention time (HRT)                                     sludge during its configuration process;
                                                       of 6-14 h (municipal load)                            high level of maintenance (automated control system)
Carboneous                        Good adsorption capacity for large                           Limited removal efficiency for small molecules;                            (59)
activated sludge                     molecular weight compounds;                               low partitioning coefficient (log Kp 0.5 for EE2);                            (76)
system                              smaller size of aeration tank is needed                               a larger amount of biomass is required 
                                             (6% of nitrifying sludge system tank)                                (compared to nitrifying sludge system)                                        
Nitrifying sludge   More effective than carboneous activated sludge;                          Dependent on process conditions                                         (59)
system                                         simpler treatment process;                                           such as concentration and flow rate;                                      (77)
                                  high partitioning coefficient (log Kp 4.3 for EE2);                  temperature dependent microbial process;
                           capability to removed and degrade estrogen compounds       nutrient based activated sludge process design 
                                                                                                                                                        that requires high volume basins                                              
CAS, conventional activated sludge; SRT, solid retention time; OD, oxidation ditch; HRT, hydraulic retention time. 
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sand filtration was added. A study on estro-
genic exposure on Juvenile rainbow trout
(Oncorhynchus mykiss) was conducted by
collecting their bile fluid. Results showed
that the exposure before sand filtration was
200 times higher than the limit of quantita-
tion. The standard value of the limit of
quantitation at normal condition was 0.4 µg
mL-1 plasma, which is the maximum quan-
tity of estrogenic compound supposed to be
detected at normal conditions in 1 mL of
bile plasma. Although lower, the exposure
of plasma concentration after treatment was
still 20 times higher than the limit of quan-
titation. In terms of dry weight before the
treatment, the levels of E1, 17α-E2, and

17β-E2 were 4.0, 0.25, and 0.17 µg g-1 com-
pared with <0.04, <0.10, and 0.04 µg g-1 in
the control condition.72 Another treatment
method investigated was the degradation of
estrogenic compound using photolysis.
However, the results obtained were not
favorable because only 60% removal was
recorded after 144 h.53 Molecular imprint
polymers (MIPs) have also been studied for
the removal of estrogenic compounds.73

MIPs are smart adsorbents for separation
procedures and chemical analyses, possess-
ing a high selectivity template and synthesis
with physical robustness, high strength,
resistance to elevated temperatures and
pressures, and inertness toward organic sol-

vents, acids, or bases.
Applications of RO treatment were also

explored for estrogen removal. Virgin and
fouled membranes were used for the input
of estrogen concentration range between
125 to 167 ng L-1 and 27 to 83 ng L-1,
respectively. Final removal of these estro-
genic compounds marked a range below 25
ng L-1, giving a removal percentage of more
than 80 to 85% and 8 to 70% for virgin and
fouled membranes, respectively.3

Nitrifying activated sludge was also
studied to further improve the current con-
ventional treatment system. Ren and
Nakano (2007) suggested that estrogen
removal is conducted by donating electrons
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Table 8. Comparison of different treatment methodologies used for estrogenic compound removal in laboratory scale.

Treatment                             Advantages                                    Limitations                     Additional notes/other applications            References

Manganese oxide                Oxidizing agent for various                         Presence of metal ions                                 Surface area of 128 m2 g–1;                                      (16)
                                   organic compounds including antibiotics;   (including by-product of Mn (II))                     application (oxytetracycline,                                    (78)
                                                    short treatment period          could inhibit the decomposition processes;               a tetracycline antibiotics;                                       (79)
                                               (removal of 90% of 4 x 10-6 M                      manganese (hydr)-oxide                                           heavy metals)                                                 (80)
                                                        of estrogen in 2 h)                                promote polymerization                                                         
                                                                                                                            of phenolic compounds                                                         
Coagulation                                     Able to remove                     Only able to removed <25% most EDCs;             Aluminium sulphate and ferric                                  (68)
                                                  suspended solids and aid                         not effective in removing                chloride are the common used coagulants;                       (81)
                                       in removing dissolved organic carbon          trace level organic pollutants             application (municipal wastewater; algae)                       (82)
Activated carbon                   Able to effectively adsorb              Additional process of sedimentation       Application (dyes effluent; heavy metals)                        (68)
                                                   many organic pollutants;                           or filtration is required;                                                                                                                       (83)
                                               short contact time of 0.5-5 h            used of activated carbon will require                                                                                                           (84)
                                                                                                                    further regeneration or disposal
Ozonation                                Oxidations are effective               Oxidation are less effective for those                Usually followed-by biological                                   (68)
                                                      on phenolic moieties                            without phenolic moieties                                  treatment processes;                                          (85)
                                                         (E1, E2 and EE2);                        (progesterone and testosterone);                   application (landfill leachates;                                  (86)
                                     relative low ozone doses are sufficient           highly selective, as removal                 pharmaceutical chemicals; wastewater)                         (87)
                                                                                                                               of some compounds                                                                                                                           (88)
                                                                                                                  (e.g: clofibric acid and ibuprofen) 
                                                                                                                     requires the presence of H2O2;
                                                                                                                    by-product of certain compound 
                                                                                                                         poses a serious health risk
Membrane filter       Able to remove microbial constituents     Concentrated brine stream which             Application (organic matter removal;                             (3)
                                         process without increasing/reduce                   need proper disposal.                                         microbial removal)                                            (89)
                                                  disinfection by-products;               concentrated brine will have greater 
                                                   small space is required;                        toxicity than influent water.                                                      
                                able to handle a variety quality of water feed
UV photolysis                      Capable of oxidizing organic             Medium pressure lamp is required               Application (endocrine disruptor;                               (90)
                                               contaminants with taste and                        for better degradation;                                digestion of food samples)                                     (91)
                                                 odor-causing compounds;              mineralized pollutant need extended 
                                    with addition of H2O2 advance oxidation,                UV treatment times;
                                               it requires low fluence dose            competition between EDC and H2O2                                              
                                                                                                                     lead to discrepancies of energy                                                  
Peroxide enzyme                    Short degradation time                        May cause toxicity to fishes;                     Use as catalyst in wool treatment;                               (92)
                                                                                                            oxidant and peroxide catalyst is required                 application (wastewater)                                       (67)
                                                                                                          and its dosage is higly dependent on water 
                                                                                                                        quality parameter including 
                                                                                                                               pH and temperature                                                            
Liquid-liquid extraction   Effective extraction of EDCs                                   Impractical                                                                    -                                                              (13)
(LLE) with                         at over a short period of time;               multi-stages process required
decamethylcy-                    non-toxic to the environment                         for effective removal                                                           
clopentasiloxane (D5)          to handle large volume;                                                  
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to heterotrophs or through co-metabolic
degradation of ammonia-oxidizing bacteria
such as Rhodococcus zopfii and R. equi.61

This however contradicts with a pilot stud-
ies using seeds from several treatment plant
in Washington where ammonia oxidising
bacteria were found to be most unlikely to
be responsible for the EE2 degradation.60

Comparison of treatment
methodologies

All treatment methodologies come with
advantages and limitations. The types of
compounds to be treated, the outcomes, and
the desired effluent qualities are also con-
sidered when deciding the type of treatment
methods to be employed. Table 7 shows the
comparison of the advantages and limita-
tions of each treatment methodology appli-
cable to estrogenic compounds based on
pilot and actual treatment plants. Table 8
shows the comparison with laboratory-scale
studies. 

Majority of the studies conducted based
on pilot or actual plants are usually biologi-
cal systems with activated sludge, the con-
ventional treatment system for wastewater.
Several divergence and modifications have
been conducted on conventional activated
sludge systems such as carboneous and
nitrifying activated sludge systems. The
most common conventional activated
sludge process is designed for large-scale
usage of 50,000 m3 d-1.51 Meanwhile, the
oxidation ditch process is designed for
small-capacity usage. An oxidation ditch
has a more reliable performance due to its
constant water level and continuous dis-
charge. The long HRT also minimizes the
impact of sudden load. However, this
process requires a larger land area for its
treatment process and may incur additional
costs for its construction.74 Although the
nitrifying sludge system is more effective
compared with carboneous activated sludge
system, its performance is dependent on the
processing conditions, such as concentra-
tion, temperature, and flow rate of waste-
water.59 Table 8 shows a comparison of the
different types of methodologies conducted
in laboratory scale for estrogenic removal.
Table 6 shows that manganese oxide and
activated carbon are the most effective in
estrogenic compound removal. However,
manganese oxide ions inhibit the decompo-
sition process16 and promote the polymer-
ization of phenolic compounds.78

Meanwhile, activated carbon requires the
additional process of filtration or sedimen-

tation, and further procedures for disposal.
Coagulation, a popular methodology in
color removal,93 is the least effective
method in estrogenic compound removal
because it only removes approximately
25% of EDC compounds.68

The need for better regulation
and treatment method

In most countries, the amount of estro-
genic compounds is not a parameter that is
used to determine the effectiveness of a
wastewater treatment plant. Hence, plant
operators do not check the levels of estro-
gen in their effluents. Better regulations
which include a new parameter, i.e. the lev-
els of estrogenic compounds in the effluent
should be introduced in order for people in
general to understand the importance of
limiting these compounds into our water
bodies. Fortunately, the detrimental effects
of estrogenic pollution  has drawn the atten-
tion of the European Union Commission
whereby estrogenic compounds has been
added to the monitoring data watch list
under article 8b in its revision.94

The efficiency of sewage treatment
plants on estrogenic compound removal is
in the range of 50 to 95%. The most com-
mon treatment method used in removing
estrogenic compounds is the biological
method, which usually employs the activat-
ed sludge system. Although activated
sludge removes almost 100% of estrogenic
compounds, the retention time required is
more than 10 d. The adsorption capacity of
activated sludge is dependent on tempera-
ture, sludge age, hydraulic retention time,
sewage composition, and its dilution. With
the long duration of retention time required
for favorable removal, employing this sys-
tem is not cost-effective because a huge
retention pond needs to be built. A combina-
tion of several methodologies, such as the
use of manganese oxide, activated carbon,
and biological treatment, should be consid-
ered. A combination of these systems may
provide an almost complete removal of
estrogenic compounds. This integrated
method is expected to be sustainable and
can produce harmless by-products and
remove estrogens at a relatively short reten-
tion time.

Conclusions

Exposure to pollutant in the form of
excessive estrogenic compounds discharged
into water bodies has caused various detri-
mental effects on fish and other aquatic
organisms. Various methods of removal,
along with their advantages and disadvan-
tages, have been reviewed and discussed.
However, estrogenic pollution still occurs
worldwide; thus, an environmental regula-
tion that includes estrogenic compounds as
one of their parameters should be intro-
duced. In addition, more research should be
conducted to determine a more effective
and efficient treatment system that would
require less retention time. Further research
is also required to investigate and develop a
simple estrogen determination method that
can be standardized for the use of all
researchers and practitioners worldwide. 

References

1. Norman AW, Litwack G. Hormones.
London: Academic Press, Inc.; 1987.

2. Pétra PH, Woodcock KT, Orr WR, et al.
The sex steroid binding protein (SBP or
SHBG) of human plasma: identification
of Tyr-57 and Met-107 in the steroid
binding site. J Steroid Biochem Mol
Biol 2000;75:139-45.

3. Snyder SA, Adham S, Redding AM, et
al. Role of membranes and activated
carbon in the removal of endocrine dis-
ruptors and pharmaceuticals.
Desalination 2007;202:156-81.

4. Ying GG, Kookana RS, Ru Y-J.
Occurrence and fate of hormone
steroids in the environment. Environ Int
2002;28:545-51.

5. Combalbert S, Hernandez-Raquet G.
Occurrence, fate, and biodegradation of
estrogens in sewage and manure. Appl
Microbiol Biotechnol 2010;86:1671-92.

6. Ying GG, Kookana RS, Kumar A,
Mortimer M. Occurrence and implica-
tions of estrogens and xenoestrogens in
sewage effluents and receiving waters
from South East Queensland. Sci Total
Environ 2009;407:5147-55.

7. Thomas JA, Colby HD. Endocrine toxi-
cology. 2nd ed. Abingdon: Taylor and
Francis Ltd.; 1997.

8. Chen CY, Wen TY, Wang GS, et al.
Determining estrogenic steroids in
Taipei waters and removal in drinking
water treatment using high-flow solid-

                             Review

Non
 co

mmerc
ial

 us
e o

nly



                                     [Waste Recycling Research 2017; 1:24]                                                       [page 15]

phase extraction and liquid chromatog-
raphy/tandem mass spectrometry. Sci
Total Environ 2007;378:352-65.

9. Lin AYC, Tsai YT. Occurrence of phar-
maceuticals in Taiwan's surface waters:
Impact of waste streams from hospitals
and pharmaceutical production facili-
ties. Sci Total Environ 2009;407:3793-
802.

10. Koyama J, Imai S, Fujii K, et al.
Pollution by estrogens in river and estu-
arine waters around Kuala Lumpur,
Malaysia, and their effects on the estu-
arine Java-medaka, Oryzias javanicus.
Jpn J Environ Toxicol 2006;9:141-7.

11. Sim WJ, Lee JW, Shin SK, et al.
Assessment of fates of estrogens in
wastewater and sludge from various
types of wastewater treatment plants.
Chemosphere 2011;82:1448-53.

12. Ivanov V, Lim JJW, Stabnikova O, Gin
KYH. Biodegradation of estrogens by
facultative anaerobic iron-reducing bac-
teria. Process Biochem 2010;45:284-7.

13. Fredj BS, Nobbs J, Tizaoui C, Monser
L. Removal of estrone (E1), 17β-estra-
diol (E2), and 17α-ethinylestradiol
(EE2) from wastewater by liquid–liquid
extraction. Chem Eng J 2015;262:417-
26.

14. Oishi K, Moriuchi A. Removal of dis-
solved estrogen in sewage effluents by
beta-cyclodextrin polymer. Sci Total
Environ 2010;409:112-5.

15. Bodzek M, Dudziak M. Elimination of
steroidal sex hormones by conventional
water treatment and membrane process-
es. Desalination 2006;198:24-32.

16. Xu L, Xu C, Zhao M, et al. Oxidative
removal of aqueous steroid estrogens by
manganese oxides. Water Res
2008;42:5038-44.

17. Duong CN, Ra JS, Cho J, et al.
Estrogenic chemicals and estrogenicity
in river waters of South Korea and
seven Asian countries. Chemosphere
2010;78:286-93.

18. Kuster M, Azevedo DA, López de Alda
MJ, et al. Analysis of phytoestrogens,
progestogens and estrogens in environ-
mental waters from Rio de Janeiro
(Brazil). Environ Int 2009;35:997-
1003.

19. Sarmah AK, Northcott GL, Leusch
FDL, Tremblay LA. A survey of
endocrine disrupting chemicals (EDCs)
in municipal sewage and animal waste
effluents in the Waikato region of New
Zealand. Sci Total Environ
2006;355:135-44.

20. Thompson ML, Casey FXM, Khan E, et
al. Occurrence and pathways of
manure-borne 17[beta]-estradiol in
vadose zone water. Chemosphere

2009;76:472-9.
21. Doyle CJ, Lim RP. The effect of 17β-

Estradiol on the gonopodial develop-
ment and sexual activity of Gambusia
holbrooki. Environ Toxicol Chem
2002;21:2719-24.

22. Woodling JD, Lopez EM, Maldonado
TA, et al. Intersex and other reproduc-
tive disruption of fish in wastewater
effluent dominated Colorado streams.
Comp Biochem Physiol C
2006;144:10-5.

23. Pelley J. Estrogen knocks out fish in
whole-lake experiment. Environ Sci
Technol 2003;37:313-4.

24. Racz L, Goel RK. Fate and removal of
estrogens in municipal wastewater. J
Environ Monit 2010;12:58-70.

25. Pereira RO, Postigo C, de Alda ML, et
al. Removal of estrogens through water
disinfection processes and formation of
by-products. Chemosphere
2011;82:789-99.

26. Naz RK. Endocrine distruptor. Effects
on male and female reproductive sys-
tems. Washington, D.C.: CRC Press;
1999. 

27. Lange IG, Daxenberger A, Schiffer B,
et al. Sex hormones originating from
different livestock production systems:
fate and potential disrupting activity in
the environment. Anal Chim Acta
2002;473:27-37.

28. Lucas SD, Jones DL. Biodegradation of
estrone and 17 [beta]-estradiol in grass-
land soils amended with animal wastes.
Soil Biol Biochem 2006;38:2803-15.

29. Zhao S, Zhang P, Melcer ME, Molina
JF. Estrogens in streams associated with
a concentrated animal feeding operation
in upstate New York, USA.
Chemosphere 2010;79:420-5.

30. Braga O, Smythe GA, Schäfer AI, Feitz
AJ. Fate of Steroid Estrogens in
Australian Inland and Coastal
Wastewater Treatment Plants. Environ
Sci Technol 2005;39:3351-8.

31. Johnson AC, Belfroid A, Di Corcia A.
Estimating steroid oestrogen inputs into
activated sludge treatment works and
observations on their removal from the
effluent. Sci Total Environ
2000;256:163-73.

32. Lei B, Huang S, Zhou Y, et al. Levels of
six estrogens in water and sediment
from three rivers in Tianjin area, China.
Chemosphere 2009;76:36-42.

33. Chang H, Wan Y, Wu S, et al.
Occurrence of androgens and progesto-
gens in wastewater treatment plants and
receiving river waters: Comparison to
estrogens. Water Res 2011;45:732-40.

34. Lee HB, Peart TE, Svoboda ML.
Determination of endocrine-disrupting

phenols, acidic pharmaceuticals, and
personal-care products in sewage by
solid-phase extraction and gas chro-
matography-mass spectrometry. J
Chromatogr 2005;1094:122-9.

35. Gadd JB, Tremblay LA, Northcott GL.
Steroid estrogens, conjugated estrogens
and estrogenic activity in farm dairy
shed effluents. Environ Pollut
2010;158:730-6.

36. Pawlowski S, Ternes TA, Bonerz M, et
al. Estrogenicity of solid phase-extract-
ed water samples from two municipal
sewage treatment plant effluents and
river Rhine water using the yeast estro-
gen screen. Toxicol In Vitro
2004;18:129-38.

37. Li N, Jiang W, Rao K, et al. Estrogen-
related receptor [gamma] disruption of
source water and drinking water treat-
ment processes extracts. J Environ Sci
2011;23:301-6.

38. Chen HC, Kuo HW, Ding WH.
Determination of estrogenic com-
pounds in wastewater using liquid chro-
matography-tandem mass spectrometry
with electrospray and atmospheric pres-
sure photoionization following desalt-
ing extraction. Chemosphere
2009;74:508-14.

39. Song HL, Nakano K, Taniguchi T, et al.
Estrogen removal from treated munici-
pal effluent in small-scale constructed
wetland with different depth. Bioresour
Technol 2009;100:2945-51.

40. Tashiro Y, Takemura A, Fujii H, et al.
Livestock wastes as a source of estro-
gens and their effects on wildlife of
Manko tidal flat, Okinawa. Mar Pollut
Bull 2003;47:143-7.

41. Gabet-Giraud V, Miège C, Choubert
JM, et al. Occurrence and removal of
estrogens and beta blockers by various
processes in wastewater treatment
plants. Sci Total Environ
2010;408:4257-69.

42. Vulliet E, Wiest L, Baudot R, Grenier-
Loustalot M-F. Multi-residue analysis
of steroids at sub-ng/L levels in surface
and ground-waters using liquid chro-
matography coupled to tandem mass
spectrometry. J Chromatogr
2008;1210:84-91.

43. Labadie P, Budzinski H. Determination
of steroidal hormone profiles along the
Jalle d'Eysines River (near Bordeaux,
France). Environ Sci Technol
2005;39:5113-20.

44. Cargouët M, Perdiz D, Mouatassim-
Souali A, et al. Assessment of river con-
tamination by estrogenic compounds in
Paris area (France). Sci Total Environ
2004;324:55-66.

45. Beck M, Radke M. Determination of

                                                                                                                   Review

Non
 co

mmerc
ial

 us
e o

nly



[page 16]                                                        [Waste Recycling Research 2017; 1:24]

sterols, estrogens and inorganic ions in
waste water and size-segregated aerosol
particles emitted from waste water
treatment. Chemosphere 2006;64:1134-
40.

46. Rodriguez-Mozaz S, López de Alda MJ,
Barceló D. Monitoring of estrogens,
pesticides and bisphenol A in natural
waters and drinking water treatment
plants by solid-phase extraction-liquid
chromatography-mass spectrometry. J
Chromatogr 2004;1045:85-92.

47. D'Ascenzo G, Di Corcia A, Gentili A, et
al. Fate of natural estrogen conjugates
in municipal sewage transport and treat-
ment facilities. Sci Total Environ
2003;302:199-209.

48. Hutchins SR, White MV, Hudson FM,
Fine DD. Analysis of lagoon samples
from different concentrated animal
feeding operations for estrogens and
estrogen conjugates. Environ Sci
Technol 2007;41:738-44.

49. Lishman L, Smyth SA, Sarafin K, et al.
Occurrence and reductions of pharma-
ceuticals and personal care products and
estrogens by municipal wastewater
treatment plants in Ontario, Canada. Sci
Total Environ 2006;367:544-58.

50. Kim SD, Cho J, Kim IS, et al.
Occurrence and removal of pharmaceu-
ticals and endocrine disruptors in South
Korean surface, drinking, and waste
waters. Water Res 2007;41:1013-21.

51. Hashimoto T, Onda K, Nakamura Y, et
al. Comparison of natural estrogen
removal efficiency in the conventional
activated sludge process and the oxida-
tion ditch process. Water Res
2007;41:2117-26.

52. U.S. Environmental Protection Agency.
Stability of Pharmaceuticals, Personal
Care Products, Steroids, and Hormones
in Aqueous Samples, POTW Effluents,
and Biosolids. Washington, DC2010. 

53. Jurgens MD, Holthaus KIE, Johnson
AC, et al. The potential for estradiol and
ethinylestradiol degradation in English
rivers. Environ Toxicol Chem
2002;21:480-8.

54. Moos WH, Dykens JA, Nohynek D, et
al. Review of the Effects of 17 alpha-
Estradiol in Humans: A Less
Feminizing Estrogen With
Neuroprotective Potential. Drug Dev
Res 2009;70:1-21.

55. Van Donsel DJ, Geldreich EE, Clarke
NA. Seasonal variations in survival of
indicator bacteria in soil and their con-
tribution to storm-water pollution. Appl
Microbiol 1967;15:1362-70.

56. Hashimoto T, Murakami T. Removal
and degradation characteristics of natu-
ral and synthetic estrogens by activated

sludge in batch experiments. Water Res
2009;43:573-82.

57. Joss A, Andersen H, Ternes T, et al.
Removal of estrogens in municipal
wastewater treatment under aerobic and
anaerobic conditions:  consequences for
plant optimization. Environ Sci Technol
2004;38:3047-55.

58. Baronti C, Curini R, D'Ascenzo G, et al.
Monitoring natural and synthetic estro-
gens at activated sludge sewage treat-
ment plants and in a receiving river
water. Environ Sci Technol
2000;34:5059-66.

59. McAdam EJ, Bagnall JP, Koh YKK, et
al. Removal of steroid estrogens in car-
bonaceous and nitrifying activated
sludge processes. Chemosphere
2010;81:1-6.

60. Lust MJ, Ziels RM, Strand SE, et al.
Biodegradation kinetics of 17α-
ethinylestradiol in activated sludge
treatment processes. Environl Eng Sci
2015;32:637-46.

61. Ren YX, Nakano K, Nomura M, Chiba
N, Nishimura O. Effects of bacterial
activity on estrogen removal in nitrify-
ing activated sludge. Water Res
2007;41:3089-96.

62. Dytczak MA, Londry KL, Oleszkiewicz
JA. Biotransformation of estrogens in
nitrifying activated sludge under aero-
bic and alternating anoxic/aerobic con-
ditions. Water Environ Res 2008;80:47-
52.

63. Zhang Z, Feng Y, Gao P, et al.
Occurrence and removal efficiencies of
eight EDCs and estrogenicity in a STP.
J Environ Monit 2011;13:1366-73.

64. Ren YX, Nakano K, Nomura M, et al. A
thermodynamic analysis on adsorption
of estrogens in activated sludge process.
Water Res 2007;41:2341-8.

65. Holbrook RD, Love NG, Novak JT.
Biological wastewater treatment and
estrogenic endocrine disrupting com-
pounds: importance of colloid organic
carbon. Pract Periodical Hazard, Toxic,
Radioact Waste Manage 2003;7:289-96.

66. Andersen HR, Hansen M, Kjølholt J, et
al. Assessment of the importance of
sorption for steroid estrogens removal
during activated sludge treatment.
Chemosphere 2005;61:139-46.

67. Mills MR, Arias-Salazar K, Baynes A,
et al. Removal of ecotoxicity of 17α-
ethinylestradiol using TAML/peroxide
water treatment. Sci Rep 2015;2015:5.

68. Westerhoff P, Yoon Y, Snyder S, Wert E.
Fate of endocrine-disruptor, pharma-
ceutical, and personal care product
chemicals during simulated drinking
water treatment processes. Environ Sci
Technol 2005;39:6649-63.

69. Fukuhara T, Iwasaki S, Kawashima M,
et al. Adsorbability of estrone and 17
beta-estradiol in water onto activated
carbon. Water Res 2006;40:241-8.

70. Zhang Y, Zhou JL. Removal of estrone
and 17[beta]-estradiol from water by
adsorption. Water Res 2005;39:3991-
4003.

71. Kumar AK, Mohan SV, Sarma PN.
Sorptive removal of endocrine-disrup-
tive compound (estriol, E3) from aque-
ous phase by batch and column studies:
kinetic and mechanistic evaluation. J
Hazard Mater 2009;164:820-8.

72. Pettersson M, Adolfsson-Erici M,
Parkkonen J, et al. Fish bile used to
detect estrogenic substances in treated
sewage water. Sci Total Environ
2006;366:174-86.

73. Lin Y, Shi Y, Jiang M, et al. Removal of
phenolic estrogen pollutants from dif-
ferent sources of water using molecular-
ly imprinted polymeric microspheres.
Environ Pollut 2008;153:483-91.

74. U.S. Environmental Protection Agency.
Wastewater Technology Fact Sheet:
Oxidation Ditches. Washington, D.C.:
United States Environmental Protection
Agency; 2000. 

75. U.S. Environmental Protection Agency.
Wastewater Technology Fact Sheet:
Sequencing Batch Reactors.
Washington, D.C.: United States
Environmental Protection Agency;
1999.

76. Martin MJ, Serra E, Ros A, et al.
Carbonaceous adsorbents from sewage
sludge and their application in a com-
bined activated sludge-powdered acti-
vated carbon (AS-PAC) treatment.
Carbon 2004;42:1389-94.

77. Vader JS, van Ginkel CG, Sperling
FMGM, et al. Degradation of ethinyl
estradiol by nitrifying activated sludge.
Chemosphere 2000;41:1239-43.

78. Rubert KF, Pedersen JA. Kinetics of
oxytetracycline reaction with a hydrous
manganese oxide. Environ Sci Technol
2006;40:7216-21.

79. Zhang H, Huang CH. Oxidative trans-
formation of triclosan and chlorophene
by manganese oxides. Environ Sci
Technol 2003;37:2421-30.

80. Mishra SP, Dubey SS, Tiwari D.
Inorganic particulates in removal of
heavy metal toxic ions: IX. Rapid and
efficient removal of Hg(II) by hydrous
manganese and tin oxides. J Colloid
Interface Sci 2004;279:61-7.

81. Gao S, Yang J, Tian J, et al. Electro-
coagulation-flotation process for algae
removal. J Hazard Mater 2010;177:336-
43.

82. Guida M, Mattei M, Della Rocca C, et

                             Review

Non
 co

mmerc
ial

 us
e o

nly



                                     [Waste Recycling Research 2017; 1:24]                                                       [page 17]

al. Optimization of alum-
coagulation/flocculation for COD and
TSS removal from five municipal
wastewater. Desalination
2007;2113:113-27.

83. Lorenc-Grabowska E, Gryglewicz G.
Adsorption characteristics of Congo
Red on coal-based mesoporous activat-
ed carbon. Dyes Pigments 2007;74:34-
40.

84. Babel S, Kurniawan TA. Cr(VI)
removal from synthetic wastewater
using coconut shell charcoal and com-
mercial activated carbon modified with
oxidizing agents and/or chitosan.
Chemosphere 2004;54:951-67.

85. Huber MM, Canonica S, Park G-Y, von
Gunten U. Oxidation of
Pharmaceuticals during ozonation and
advanced oxidation processes. Environ
Sci Technol 2003;37:1016-24.

86. Nakada N, Shinohara H, Murata A, et
al. Removal of selected pharmaceuti-
cals and personal care products (PPCPs)

and endocrine-disrupting chemicals
(EDCs) during sand filtration and
ozonation at a municipal sewage treat-
ment plant. Water Res 2007;41:4373-
82.

87. Ntampou X, Zouboulis AI, Samaras P.
Appropriate combination of physico-
chemical methods (coagulation/floccu-
lation and ozonation) for the efficient
treatment of landfill leachates.
Chemosphere 2006;62:722-30.

88. Agustina TE, Ang HM, Vareek VK. A
review of synergistic effect of photo-
catalysis and ozonation on wastewater
treatment. J Photochem Photobiol C
2005;6:264-73.

89. Chiemchaisri C, Passananon S, Ngo
HH, Vigneswaran S. Enhanced natural
organic matter removal in floating
media filter coupled with microfiltra-
tion membrane for river water treat-
ment. Desalination 2008;234:335-43.

90. Rosenfeldt EJ, Linden KG. Degradation
of endocrine disrupting chemicals

bisphenol a, ethinyl estradiol, and estra-
diol during UV photolysis and
advanced oxidation processes. Environ
Sci Technol 2004;38:5476-83.

91. Manjusha R, Dash K, Karunasagar D.
UV-photolysis assisted digestion of
food samples for the determination of
selenium by electrothermal atomic
absorption spectrometry (ETAAS).
Food Chem 2007;105:260-5.

92. Jovanĉić P, Jocić D, Molina R, et al.
Shrinkage properties of peroxide-
enzyme-biopolymer treated wool.
Textile Res J 2001;71:948-53.

93. Kumar P, Prasad B, Mishra IM, Chand
S. Decolorization and COD reduction
of dyeing wastewater from a cotton tex-
tile mill using thermolysis and coagula-
tion. J Hazard Mater 2008;153:635-45.

94. European Commission. Directive
2013/39/EU of the European Parliment
and of the Council, (2013). Brussels:
European Commission; 2013.

                                                                                                                   Review

Non
 co

mmerc
ial

 us
e o

nly




