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Introduction
Environmental complications caused by population overgrowth 

have been a major concern for governmental authorities and the society. 
The use of contraceptives is one of the main alternatives employed to 
effectively control the population growth [1]. However, its overuse 
became a complex matter due to the poor basic sanitation conditions 
of most countries, as the female sex hormones (FSHs) that constitute 
contraceptives are not efficiently removed in sewage treatment plants 
(STP) [2].

When these compounds are released into the environment, low 
levels of FSHs can induced to several problems to the aquatic fauna and 
human beings [3]. Caused conditions are related to their function as 
endocrine disruptors, which even in low concentrations can damage 
the functioning of endocrine systems of animal species. In this case, 
FSHs can induce fish and human feminization, mimicking the effects of 
natural hormones [4].

Among the female hormones, natural estrogens estrone 
(E1), 17β-estradiol (E2) and estriol (E3), synthetic estrogen 
17α-ethinylestradiol (EE), and progesterone (PG) are the ones of main 
environmental concern due to their strength and amounts released. 
17β-estradiol and estrone mean daily amounts excreted by average 
women during menstrual cycle is 3.5 and 8 µg, respectively, but can 
reach up to 259 and 600 µg, respectively, during gestation [5]. Therefore, 
FSHs are responsible for most of the endocrine disruptive effects in the 
environment [1,2,4].

The main source of FSHs contamination in aquatic systems is the 
release of untreated wastes and STPs water treatment inefficiency, followed 
by livestock [6,7]. The large amounts of FSHs present in wastes come mainly 
from human excretion of natural and contraceptive-originated hormones 
[8]. The levels of FSHs in contraceptives range from 30 to 300 µg per pill, 
and a fraction that can reach 80% of the ingested hormones is not absorbed 
by the organism and is eliminated in the urine [9].

Once released into the water, there are some mechanisms 
that determine the preferred routes of transport of FSHs in the 
environment and their elimination in STPs. These mechanisms 
are: FSHs biodegradation, sorption on suspended solids and 
bottom sediments, soil adsorption, volatilization and photolysis 
[1]. Sorption on suspended solid and its final sink to the bottom 
sediments tends to occur in the first 24 h of contact, and is faster 
for hormones with a higher octanol-water partition coefficient (Kow) 
and for smaller suspended particles [10]. According to Gomes et al. 
[11], the processes of sorption are dominant when log Kow is equal 
or greater than 3. Regarding grain size, its adsorption potential is 
higher in clay-sized particles and improves when associated with 
organic matter. In this scenario, its adsorption potential can reach 
values close to 20% [12].

The slightly hydrophobic nature of all FSHs, based on their Kow values 
(E2=3.94, E1=3.43, EE=4.15, PG=3.62) [13], drives the accumulation of 
significant amounts of female hormones in the sediments. This situation 
creates environmental reservoirs that control the bioavailability of FSHs 
and present a risk to the biota, as they can be released to the water 
column under specific environmental conditions [4]. Considering the 
inefficiency of STPs in removing FSHs, aquatic ecosystems around 
urban areas and water bodies that receive treated water from STPs 
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Abstract
Sex hormones are a group of endocrine disruptors excreted by humans and animals. These compounds have 

been detected in surface waters and sewage treatment plant (STP), all over the word. Due their physicochemical 
properties significant amount is deposited in the sediment of surface waters acting as reservoirs able to contaminate 
the water column. Although these compounds have origin in different sources, it is widely accepted that the main 
source of these contaminants is STP effluents. Despite toxicity and high input of this compound in the aquatic 
systems, little information is available on their concentration in the sediment and how these compounds are 
distributed in the environment. In this study, natural and synthetic female sex hormones (estrone - E1, 17β-estradiol 
- E2, 17α-Ethinylestradiol – EE and progesterone - PG) were monitored in the sediment of three rivers from the 
Iguaçu river basin, South Brazil. Also, a removal estimate of these compounds by the local STP was performed. 
The results showed significant concentrations of hormones, mainly E2, in the sediment samples and an inefficient 
removal by the STP, resulting in some cases, in the increasing of estrogens. An assessment of the sediment-water 
partition coefficient (Kd) showed high mobility in the environment for the estrogens, in contrast to the higher affinity 
for the sediment of the progesterone.
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are the most endangered, and studies assessing and reporting water 
quality in terms of female hormones are of great relevance, once these 
compounds can sorb to sediment and adversely affect aquatic fauna and 
flora and human life [1]. Given to the high propensity of sex hormones 
to be associated with wastewater, the assessment of these contaminants 
in areas under STPs influence is particularly important and although 
sex hormones have been detected in aquatic systems of worldwide, 
currently, there is limited data on the environmental behavior and fate 
of these compounds in different environmental media. Consequently, 
the exposure and risk associated with these chemicals are not adequately 
understood.

In this context, this study focused on the distribution and 
characterization of female sex hormones in the sediments of three 
rivers from the Iguaçu River water basin (South Brazil). It is an urban 
area and contains a sewage treatment plant named Atuba Sul, which 
releases treated water in the studied area. Therefore, considering the 
influence of this STP on the FSHs concentrations, an estimate of the 
removal efficiency of these compounds was also performed. This data 
could be useful to further evaluate the potential ecological risk of these 
hormones in the rivers.

Materials and Methods
Study area

The study area (Figure 1) is located in the Alto Iguaçu water basin 
(Curitiba city, Parana-PR state, Brazil), a 3,000 km² drainage area. The 
springs of this basin are part of the Serra do Mar mountain range; its 
main river is Iguazu River, which runs for 90 km until the Curitiba 
Metropolitan Region limits. The population of this metropolitan area is 
of approximately 3 million inhabitants, concentrating 25% of the total 
population and 30% of the urban population of the Parana state, with 
low rates of sewage treatment [14].

This study monitored three rivers of the upper Alto Iguaçu basin: 
Iguaçu River (1), with preserved areas and good prospects for urban 
water supply; Atuba River (2), located in a region with intense human 
occupation and profound sewage pollution; and Paralelo Canal (3) 
(known as an overflow channel), a 20 km long canal parallel to Iguaçu 
River. This canal was initially made aiming at flood control, but now it is 
mainly used for urban water supply given that it prevents pollution of the 
water coming from the upper Iguaçu River. Even though it is considered 
a spring discharge region, the study area suffers deep implications on its 
water quality due to the irregular occupation of its floodplains.

The Atuba Sul STP was built at the base level of the drainage basin. It 
releases treated water in the Atuba River with a mean flow rate of 700.5 
Ls-1, mean effluent concentration of 70.1 mgL-1 and 68% efficiency of its 
anaerobic fluidized bed reactor (AFBR). Figure 2 presents the process of 
each sewage treatment step.

Sampling

The sampling sites are presented in Figure 1 and each was selected 
for a distinct characteristic. IG-01 (25º27’14’’ S, 49º10’17’’ W) is an 
upstream site located in the most preserved areas of the Iguaçu River; IG-
02 (25º29’01’’ S, 49º11’22’’ W) is a downstream site after the confluence 
of the Iguaçu and Atuba rivers. CP-01 (25º27’56” S, 49º10’17” W) is 
located in the Paralelo Canal; and AT-02 (25º28’17’’ S, 49º11’06’’ W) and 
AT-03 (25º28’21’’ S, 49º11’06’’ W) are in the upstream and downstream 
of the Atuba Sul STP, the most densely occupied region.

Sediment samples were collected in 2011, in 5 different sampling 
expeditions during all year (covering the four season, temperature 
ranging of 10°C to 25°C), in the river banks and bed, in areas with 
predominance of silt and clay. To collect the samples it was used a 
Petersen sediment grabber. The sampling location of sediment samples 
is shown in the Figure 1. Three samples were collected from each site 
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and mixed, resulting in the final sample used for the analysis. Sludge 
samples were collected directly at the end of the anaerobic reactor, 
lime addition and physicochemical steps (Figure 2) with a shovel. After 
collected, all samples were placed into plastic bags, frozen, lyophilized 
and disaggregated in a porcelain mortar.

FSHs analysis

FSHs in sediment and sludge were analyzed according to the 
analytical  procedures  described  in Lopez de Alda [15]. In short, 60 mL 
methanol-acetonitrile (1:1) were added to 20 g of the sample in two 
steps (30+30 mL), extraction in ultrasonic bath (5 min for each step), 
extract filtering and drying in a rotary evaporator. For the extract clean-
up, it was used a solid phase extraction cartridge (Stracta, model C18) 
(1.0 g, 6 mL), at a flow of 8-10 mL min-1. The FSHs were eluted with 
10 mL acetonitrile and the extract was then reduced to 0.5 mL under 
nitrogen flux for chromatography injection.

The determination of the FSHs was performed in a liquid 
chromatographer (Shimadzu), equipped with a peristaltic pump 
(model LC 20AT), a degasser (model DGU-20A) and UV diode array 
detector (model SPD M20A). The injection volume was 20 µL and the 

analytical column was one of octadecylsilane (ODS C8, 4.6 mm × 15 
cm, Shimadzu). The mobile phase was acetonitrile and water 50% for 
the estrogens, and 90% for progesterone, with a flux of 1.4 mL min-1. The 
wavelength used to detect the estrogens was 280 nm, while progesterone 
was detected at 241 nm. The retention time of the compounds was 7.56 
min for E2, 8.88 min for EE, 10.31 min for E1 and 4.60 min for PG.

The selectivity efficiency of the method, i.e., the capacity of 
detecting and quantifying the FSH in the presence of numerous others 
compounds with similar properties, was evaluated with the comparison 
of the UV absorption spectra of the FSHs in the sample and in a 
solution of known FSHs levels. The high degree of similarity between 
those spectra proves the absence of contaminants. Moreover, recovery 
rate tests were performed in samples free of the compounds of interest. 
The recovery rates were higher than 75% for all hormones.

Results and Discussion
Levels and spatial distribution of FSHs in sediment

Table 1 presents the results of the FSHs levels at all sampling 
stations. E2 was the hormone with the highest level and frequency of 

Figure 2: Atuba Sul STP sewage treatment steps.
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occurrence, varying between <2.50 to 137.91 µg kg-1. E2 is the main 
estrogen produced by the human body and exerts a fundamental 
role in the regulation of the menstrual cycle, and is commonly used 
in the fabrication of contraceptives. Therefore, it has both a natural 
and a synthetic source, its detection in water bodies can be related to 
sewage contamination. This is consistent with the characteristics of 
the study area, as the Curitiba metropolitan region has low sewage 
collection rates [14]. Significant amounts of E2 are released every day 
and incorporated into sewage all over the world [4,5] and thus occurs 
in higher concentrations in human impacted environments when 
compared to other hormones.

For E1, its concentration ranges between <2.50 to 42.18 µg kg-1. This 
hormone has no synthetic source, it is originated only in the human 
body, and is 12 times less physiologically active than E2. Lower levels 
were also observed for EE (<3.00–35.60 µg kg-1) and PG (<1.50–90.92 
µg kg-1). EE has a synthetic origin and its absorption by the human body 
is approximately 15%, the remaining portion is excreted in the urine 
[16], while PG is a hormone directly related to pregnancy. Even though 
that hormone is found throughout all ovarian cycle, it is only during 
pregnancy that its highest levels are produced [17].

Regarding spatial distribution of FSHs, the highest concentrations 
were observed in AT-02 (E2 and EE) and AT-03 (E1 and PG), upstream 

and downstream of the Atuba Sul STP, respectively. This area is located 
in a region with intense human occupation and low levels of sanitation. 
Therefore, FSHs concentrations found at AT-02 have as the main origin 
as from untreated sewage, discharged by the irregular urban occupation 
in the Atuba river edges. Additionally, site AT-02 is close to the discharge 
area of solid wastes from the pretreatment stage (sand+organic matter 
step) of Atuba Sul STP. Site AT-03, on the other hand, is located in an 
area under direct influence of the effluent discharge from the STP. This 
difference in the location between AT-02 and AT-03 sites is clearly 
reflected in the FSHs concentration and composition. The potential of 
STP´s treatment to change the FSHs composition by converting each 
other’s is better discussed in the sequence of this study.

The results of this study were then compared with reported values 
in the literature (Table 2). This comparison showed that the levels of 
FSHs found in this monitoring were ten times higher for E2 and almost 
two times higher for E1, EE and PG (comparison between maximum 
values observed in this study and in the literature)

Apart from AT-02 and AT-03, the observed levels of E1, EE and PG 
in all sampling sites were compatible with those found in the literature. 
Regarding E2, hormone that showed the highest levels in this study, all 
monitored sites showed levels higher than those from the researched 
literature.

Hormone Sampling
Sampling site

IG-01 IG-02 AT-02 AT-03 CP-01

17β-estradiol (E2)

February 4.75 94.91 66.40 50.22 8.90
April - 34.96 105.44 56.38 -
June 9.63 53.16 34.65 11.75 17.56

August 18.52 21.30 137.91 69.4 37.03
October 55.17 42.77 125.03 51.53 -

17α-ethinylestradiol (EE)

February 4.89 33.72 5.55 32.65 3.64
April - 10.96 15.01 14.62 -
June 7.08 13.54 30.57 10.40 9.48

August 3.63 ND 35.60 15.59 ND
October 14.27 24.61 18.25 21.71 -

Estrone (E1)

February ND 11.18 ND 14.33 12.43
April - 25.47 16.16 28.59 -
June 3.04 6.90 ND 4.05 ND

August ND ND 18.47 42.18 3.85
October 6.63 5.68 9.52 ND -

Progesterone (PG)

February 32.90 27.72 21.51 24.11 31.41
April - 22.61 33.86 88.10 -
June 25.59 34.45 17.62 64.44 21.93

August 18.91 23.28 22.43 90.92 ND
October ND 27.57 52.91 50.03 -

ND: Not Detected (estrogens<2.50 µg kg-1, progesterone<1.50 µg kg-1)
Table 1: Female sex hormone concentrations (in µg kg-1) in the sediment samples from the Iguaçu River basin (S Brazil).

Region E2 EE E1 PG Source

Spain
<1.0 22.82 11.88 <1.0 Petrovice et al. [18]
nd 4.16-22.8 1.32-11.9 0.08-6.82 Lopez deAlda et al. [15]

United States - - - 0.09-48.8 Jenkins et al. [19]
Australia 0.22-2.48 <0.05-0.50 0.16-1.17 - Braga et al. [20]

United Kingdom
0.03-1.20 <0.04 0.40-3.30 - Labadie and Hill [21]

- - 28.8 - Labadie et al. [22]
Argentina 0.5-13 3.0-12 5.8-25 - Peres and Escandar [23]
Bazil <2.5-137.91 <3.0-36.60 <2.5-42.18 <1.5-90.92 This study

Table 2: Comparison of the levels of female sex hormones (in µg kg-1) in sediment with other studies from the literature (highest values in bold).
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This difference between the observed and literature data is probably 
related to the features of the water basin of interest in this study, such 
as the large input of effluent from Atuba Sul STP (considering the 
low removal of FSHs by the STPs) [13,24,25], presence of myriad 
of clandestine discharge sites and the continuous increase in the 
contraceptive use. All these factors justify the need for a constant 
monitoring of hormones in the aquatic systems.

The levels of E1 vary between 0.16 and 28.80 µg kg-1 in the literature. 
According to some authors, the reason behind this difference is the 
conversion of E2 into E1 in high-O2 environments, resulting in lower 
levels of E2 (0.03–13.00 µg kg-1) [15,18,21]. In the present study, E2 
levels (4.75-137.91 µg kg-1) were greater than E1 (3.04-42.18 µg kg-1), 
indicating that E2 oxidation was not significant. This may be the cause 
of the dominance of E2 in the Alto Iguaçu water basin. Conversion of 
hormones is deeply connected with the limnological conditions of the 
water body.

Many studies evaluate the occurrence of FSHs in marine 
environments that receive urban wastes. Hashimoto et al. [26] detected 
1.22-14.40 µg kg-1 of E1 and levels lower than 0.26 µg kg-1 for E2 and EE 
in Tokyo Bay (Japan). Houtman et al. [27] observed levels <0.37 µg kg-1 
for E1, <0.17 for µg kg-1 E2 and <0.55 µg kg-1 for EE in Zierikzee Port 
(Netherlands). Zang et al. [28] found that the concentrations of E1, E2 
and EE were below 7.38, 2.35 and 2.18 µg kg-1, respectively, in Xiamen 
Bay (China). It´s mean that, even in marine environments, the levels of 
E1 are higher than those of E2 and EE.

In situ sediment-water partition coefficient (Kd)

The partition coefficient (Kd) was calculated in all sampling sites 
in order to provide a better understanding of the behavior of FSHs in 
the aquatic environment. The calculated values varied between 1.54-
536.00 L kg-1 (Figure 3), and the higher values were found for PG 
(mean=251.84 L kg-1, range=80.10-536.97 L kg-1). These results showed 
the strong affinity of progesterone with the sediment, with low mobility 
in the environment. The lower values of Kd (mean=20.70 L kg-1, 
range=1.65-201.21 L kg-1) for the estrogens mark their ease of transport 
in the water bodies when compared to PG.

According to other studies, there are a wide variety of Kd values for 
FSHs. Peck et al. [29] observed values ranging between 4 and 74 L kg-1, 
Houthaus et al. [10] found Kd between 4 and 260 L kg-1; Petrovic et al. 
[18], between 128 and 479 L kg-1; and Carballa et al. [30], between 400 
and 700 L kg-1. Therefore, when this selection of values is compared 

to the range found in the Alto Iguaçu water basin (1.54-536 L kg-1), 
the presented values are in accordance with the literature. The variation 
of the estrogen´s Kd in Iguaçu, Atuba Rivers and Paralelo Canal is 
presented in Figure 3. The variation of Kd values is probably linked 
to limnological conditions/water quality and sanitation level, that 
significantly vary among the three rivers. Iguaçu river shores consist 
in preserved areas and good prospects for urban water supply, which 
mean good limnological conditions that resulted in the lowest Kd values. 
Despite of the handling of the Canal Paralelo to avoid pollution, this 
river receives significant sewage pollution from Itaqui river upstream 
site sampling, resulting in the reduction of its water quality. Atuba River, 
in contrast, is located in a region with intense human occupation and 
profound sewage pollution, which result in low levels of water quality. 
Limnological parameters of these three rivers that confirm the above 
information are reported at.

Among the rivers, it can be seen that Atuba River was the one 
with the environmental conditions most favorable to the adsorption 
of estrogens in the suspended solid phase. There are several factors 
that can influence the Kd values, resulted from the environmental 
conditions in a given aquatic system [26]. These can be related to pH, 
salinity, ionic strength, total organic carbon (TOC) content and particle 
size distribution [20]. Due the importance of TOC in the FSHs final 
deposition in sediments [28,31,32] and in order to evaluate the strength 
of such adsorption, the Kd coefficient was expressed in the form of the 
hormone partition coefficient (Koc), concerning the fraction associated 
with organic carbon. The observed means of Koc were 2.94 ± 0.53 L kg-1 

(E1), 2.60 ± 0.50 L kg-1 (E2), 2.49 ± 0.37 L kg-1 (EE) and 3.89 ± 0.53 
L kg-1 (PG) and follow the order PG>E1>E2>EE regarding hormone 
adsorption to the sediment.

According to this sequence, PG and E1 presented the highest 
adsorption strength to the organic fraction of the sediment. This 
partition contrast between organic and dissolved fraction for FSHs 
is caused by the hydrophobic properties of each hormone, which is 
measured by the Kow (organic/water partition) coefficient (E2=3.94, 
E1=3.43, EE=4.15, PG=3.62) [13], associated with the physicochemical 
and limnological condition of the aquatic body.

The Pearson linear correlation index between the FSHs and COT 
in sediment was 0.75 (p<0.005) and showed that the increase in COT 
content leads to higher levels of FSHs. Meanwhile, the adsorption of 
hormones to the sediment particles presents low electrostatic force as 
it was not observed a positive linear correlation between Koc and TOC 
content. This may be related to the presence of others more hydrophobic 
substances in the study area. Moreover, Lai et al. [31], Robinson et al. 
[32] and Bowman et al. [33] determined strong and significant linear 
correlations (above 0.98, p<0.001) between Koc and COT, which 
indicated that strong electrostatic forces can also bind FSHs to the 
organic fraction of the sediments.

Estimative of FSHs removal efficiency at the Atuba Sul STP

Considering the Atuba Sul STP one of the main sources of hormones 
to the sampling sites, a quantification of hormones before and after 
sewage treatment in sediment samples and after the anaerobic reactor, 
lime and physicochemical steps in sludge samples was made in order 
to estimate their removal efficiency during the sewage processing. The 
results (Table 3) showed that there was a reduction of 6-48% and of 26-
63% in the levels of EE and PG, respectively. However, it was observed 
an increase of 25-45% and of 8-26% in the concentrations of E1 and E2, 
both natural estrogens, which is explained further below.

In general, aerobic sewage treatments are more effective in removing 
Figure 3: Mean Kd values (in L kg-1) for estrogens in Atuba and Iguaçu Rivers 
and Paralelo Canal.
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hormones when compared to anaerobic ones. In a trickling filter plant, 
Ternes et al. [34] removed 64% of EE, while Johnson et al. [24], Khanal 
et al. [13] and Carballa et al. [35], having employed an activated sludge 
system, removed 74%, 64% and 0% of estrogens, respectively. In Brazil, 
Ghiselli [36] removed 13 to 17% of estrogens and 17.9% of progesterone 
using an activated sludge plant. According to Khanal et al. [13], the 
activated sludge system in sewage treatments is more effective regarding 
hormones removal due to the nitrification process, which occurs with 
residence times greater than 10 days [30]. On the other hand, Lee and 
Liu [37] calculated removal rates of 50% of E2 in a 7 days long anaerobic 
processing, Servos et al. [25] estimated removal of 68% of E2 and 66% 
of E1 in an anaerobic lagoon plant, while Carballa et al. [30] obtained 
90% of EE removal in laboratory anaerobic digesters.

When compared to the previous reference studies, the results 
of this present monitoring (6-63% removal of FSHs, Table 3) are in 
accordance, and the reduction of the hormone concentration depends 
on the hormone of interest and the treatment process used in the 
STP. Nevertheless, the observed decrease in FSHs don´t necessarily 
implies hormone degradation. Gesel et al. [38] explains that the 
complete degradation of FSHs is only achieved with the destruction 
of the phenolic ring and consequent production of metabolites. The 
determination of such metabolites was not performed in this study.

Another relevant point is that, based on the redox conditions of the 
processing, may occurs conversion of one type of estrogens into another 
[39,40]. A typical example is the biological conversion of E2 into E1 and 
other metabolites with similar estrogenic potential [39]. Moreover, new 
active forms of hormones can be produced from their inactive forms 
during the STP processing. Estrogens are excreted as glucuronides and 
sulphates and during the sewage treatment, bacteria such as Escherichia coli 
(present in feces) produce enzymes glucuronidase and arylsulfatase, which 
causes the conversion of inactive into active forms of estrogen [13,41]. This 
conversion is complete and thermodynamically irreversible and results in 
an increase in the estrogenicity of those molecules [13,40,42].

Sampling
Water (µg L-1) Sludge (µg kg-1)

Affluent Effluent Efficiency
(%) S1 S2 S3

E2

01 7.61 4.41 -42 - - -
02 8.66 9.77 +13 - - -
03 1.97 2.66 +26 126.66 13.03 ND
04 1.83 2.27 +24 - - -
05 1.61 1.74 +8 - - -

EE

01 8.66 4.53 -48 - - -
02 3.56 2.94 -17 - - -
03 0.67 0.60 -10 133.10 89.36 ND
04 1.41 1.06 -25 - - -
05 0.51 0.48 -6 - - -

E1

01 ND ND 0 - - -
02 ND 0.25 +25 - - -
03 ND 0.45 +45 - - -
04 0.63 0.90 +43 ND ND ND
05 ND ND 0 - - -

PG
01 0.32 0.12 -63 - - -
02 0.50 0.37 -26 - - -
03 0.17 0.10 -41 2,230.89 229.30 59.67

ND: Not Detected (<2.5 µg L-1)
Table 3: Levels of FSHs in water (in µg L-1) before and after anaerobic sewage 
treatment and respective increase/decrease in level. Levels of FSHs in sludge (in 
µg kg-1) from the anaerobic reactor (S1), lime treatment (S2) and physicochemical 
step (S3) of sewage treatment.

Those reactions can be the cause behind the increase in the levels 
of estrogens after the sewage treatment (25-45% for E1, 8-26% for 
E2, Table 3). This may also occur before the sewage reaches the STP. 
Thus, the sewage collection network and the STPs can be considered 
as reactors that convert inactive forms (conjugated) into active forms 
(free) of estrogen [41]. Furthermore, the increase in natural estrogens 
can reach a level of 67% after the sewage entered the STP [43]. Carballa 
et al. [39] claim that this increase occurs mainly during the primary 
treatment, specifically in the sedimentation step, while D’Ascenzo et al. 
[41] consider that it may occurs in all steps of sewage treatment.

Regarding the sludge samples, it appears that, based on the results, 
no significant transference of hormones to the sludge occurs in the STP. 
Estrogen levels in sludge from the anaerobic treatment were 126.66 µg 
kg-1 (E2), 133.10 µg kg-1 (EE) and <2.50 µg kg-1 (E1), while the observed 
levels for the sludge from the lime treatment step were 13.03 µg kg-1 
(E2), 89.36 µg kg-1 (EE) and<2.50 µg kg-1 (E1) (Table 3). Therefore, it was 
observed a decrease of 90% (E2) and 33% (EE) after lime was added. It 
must be considered that the decrease in estrogen levels after the lime 
step does not consider the natural degradation estrogens suffers in 
the 60-days-period that the sludge is stored during the processing. No 
detectable levels of estrogens were measured in the sludge that came 
from the physicochemical treatment.

It is expected that, based on the hydrophobic behavior of estrogens, 
the adsorption mechanisms of these compounds result in their effective 
removal from the water and sludge enrichment. However, as seen 
with the results of this study and with the researched literature, an 
effective removal does not always happen [30,36,37,39]. Lai et al. [31], 
investigating sediment-water partition of estrogens, suggest that the 
removal is not totally successful due to the competition of the available 
active sites in suspended matter particles with other more hydrophobic 
substances. Once all sites are saturated, removal potential becomes null. 
Moreover, FSHs adsorption in suspended matter only occurs when its 
concentration is above 3 g L-1 [16] and Holthaus et al. [10] claims that 
suspended solids are responsible for less than 1% of the total FSHs 
removal from the water.

Finally, regarding progesterone, its adsorption to sludge in the 
sewage treatment was clearly more intense, as its concentration in 
anaerobic sludge was 2,230.89 µg kg-1, while in the lime-treated 
sludge was about 229.30 µg kg-1. In the sludge originated from the 
physicochemical treatment, it was 59.67 126.66 µg kg-1 (Table 3). The 
molecular structure of progesterone presents some differences when 
compared to estrogens, mainly its functional group and molecular mass 
[39]. Those characteristics and the chemical conditions of the mean 
(such as dissolved oxygen and nitrate) are probably responsible by the 
greater affinity of PG to the solid fraction, which in turn causes both the 
sludge and the sediment to have higher PG levels. This phenomenon 
was also observed through the Kd values, higher for PG than for the 
estrogens in the sediment-water partition, and in the levels in sludge 
from the anaerobic treatment (Figure 3).

Conclusion
This study assessed the levels of FSHs in three water bodies in South 

Brazil (Atuba and Iguaçu Rivers and Paralelo Canal). The observed 
concentrations were significantly high, especially for 17β-estradiol, 
a hormone with both natural and synthetic origin, largely used in 
contraceptives, with levels ten times higher than those reported in the 
literature. The Atuba River presented the highest levels of hormones 
due to the presence of Atuba Sul sewage treatment plant.
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Among the analyzed female sex hormones, progesterone presented 
the strongest affinity to the sediment and lower mobility due to its high 
partition coefficient compared to all estrogens. Stronger adsorption 
to the organic fraction of the sediments was also observed for 
progesterone, followed by estrone, based on the analysis of the organic 
partition coefficient. However, the absence of a strong linear correlation 
between the organic partition coefficient and the levels of total organic 
carbon pointed out that the electrostatic force in the adsorption process 
is weak, possibly caused by the presence of other more hydrophobic 
substances.

Considering the high concentrations of hormones found in the 
study area and their removal efficiency by the local sewage treatment 
plant, it is clear that the sewage treatment is ineffective in removing such 
substances. Even though some hormones such as 17α-ethinylestradiol 
and progesterone have up to 60% of their content removed, the 
treatment process can also result in the increase of 17β-estradiol and 
estrone through the conversion of inactive forms of hormones into 
more active ones with enzymes commonly found in the sewage itself.

Still concerning the sewage treatment, it was observed that those 
estrogens that are not removed during this process are not transferred 
to the sludge due to competition with more hydrophobic substances 
and their low levels in the sewage. Differently from the estrogens, most 
of the progesterone is transferred to the sludge, as its molecules have 
strong affinity to the solid fraction and high partition coefficients and 
the limnological conditions, such as low oxygen and nitrate levels, 
contribute to its transference.

Therefore, this work made a useful evaluation of the dynamics 
involving female sex hormones in aquatic systems, encompassing 
mechanisms of adsorption, transport patterns, trends and fate in the 
environment and its behavior through sewage treatment processing, 
relevant as sewage treatment stations and untreated sewage are the 
main sources of female sex hormones. This knowledge is important for 
a better understanding of hormone contamination in water bodies and 
monitoring their toxic effects on the ecosystem and human risks.
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