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different treatment technologies. Here we investigated the occurrence, removal, and fate of fourteen
natural and synthetic androgens in ten WWTPs of Guangdong province, south China. The results showed
detection of ten androgens in the influents of the ten WWTPs, with concentrations up to 4650 ng/L
(androsta-1,4-diene-3,17-dione). But only three androgens androsta-1,4-diene-3,17-dione, 4-androstene-

Handling Editor: Klaus Kummerer 3,17-dione and 17fB-boldenone were detected in the final effluents of the ten WWTPs, while six an-

drogens androsta-1,4-diene-3,17-dione (N.D. to 43.0 ng/g), 4-androstene-3,17-dione (2.06—42.7 ng/g),
Keywords: epi-androsterone (N.D. to 506 ng/g), testosterone (0.29—4.24 ng/g), 17p-boldenone (N.D. to 2.05 ng/g)
Androgens and methyl testosterone (N.D. to 0.70 ng/g) were found in activated sludge. The aqueous phase removal
Removal rates for most androgens in the WWTPs exceeded 95% except for 4-androstene-3,17-dione with its
Mass balance removal rates varying between 79.5% and 100%. The removal of androgens in the WWTPs could be

Risk assessment

attributed mainly to biodegradation while removal by precipitation, volatilization, sludge absorption and
Wastewater treatment plants

oxidation was very limited. Eight androgens were also found in five receiving rivers. The risk quotients of
some androgens (androsta-1,4-diene-3,17-dione, 4-androstene-3,17-dione, methyl testosterone, 17a-
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trenbolone) exceeded 1 in the receiving rivers, showing high risks to aquatic organisms. Further studies
are needed to understand the origin of these high risk androgens and ecological effects.

© 2018 Published by Elsevier Ltd.

1. Introduction

Steroid hormones include natural and synthetic steroid hor-
mones and are regarded as endocrine disrupting chemicals (EDCs)
(Ying et al., 2002). Comparing to other EDCs, steroid hormones
often have greater endocrine disrupting effects since they may
cause damages to living organisms at concentrations as low as
0.1 ng/L (Christiansen et al., 1998; Tyler et al., 1998). Numerous
studies indicate that some human diseases and animal aberrations
such as developmental defects, and reproductive disorders of some
species may be related to the interference of environmental steroid
hormones, which has aroused widespread concerns (Golden et al.,
1998; Pelley, 2003; Tyler et al., 1998). There have been many studies
on steroids in the environment, and mainly focused on estrogenic
substances (Combalbert and Hernandez-Raquet, 2010; Fernandez
et al., 2008; Ternes et al., 19993, 1999b; Ying et al., 2002). The po-
tential environmental hazards of other steroid hormones like an-
drogens should also been attached importance since their
environmental levels have been reported to be much higher than
those of estrogens (Laurence and Mordechai, 2003; Liu et al.,
2012b). Thus it is necessary to further investigate the contamina-
tion and potential effects of androgens.

Androgens have been reported with concentrations up to
133 ng/L for epi-androsterone in wastewater treatment plant
(WWTP) effluents (Chang et al., 2011; Fan et al., 2011; Liu et al,,
2012a; Leusch et al., 2014), and up to 214 ng/L for testosterone in
surface waters (Chang et al., 2008, 2009; Kolpin et al., 2002; Vulliet
et al., 2011). These androgens in the aquatic environments may
pose risks to aquatic organisms. It was reported that trenbolone, a
hormone used in cattle production, could reduce the N-acetyl-
glucosaminidase activities of microbial communities in the sedi-
ment from a lake of Southern Germany significantly (Radl et al.,
2005). Long-term exposure to water containing testosterone
could decrease spawning rate and reproductive capacity of Daphnia
magna (Barbosa et al., 2008). Long-term exposure (180d) to an-
drostenedione could induce masculinization in female mosquito-
fish (Hou et al., 2018). Exposure to methyl testosterone may inhibit
gonadal development and reduced reproductive capacity of
medaka (Kang et al., 2008). Endocrine disrupting effects on fish in
rivers have been linked to the presence of some androgens. Elon-
gation of anal fin in female mosquitofish has been observed in
effluent-impacted streams in Canada and China (Jenkins et al.,
2001; Huang et al., 2016). Orlando et al. (2004) found masculini-
zation of female fathead minnows captured at river receiving
feedlot drainage, and later Soto et al. (2003) detected significant
androgenic activity at the same sites, indicating that the mascu-
linization of female fish could be a consequence of androgen
exposure. Some laboratory studies revealed that exposure to some
steroid androgens (e.g. 17a-methyltestosterone, testosterone pro-
pionate, 17p-trenbolone) would bring adverse impacts on mam-
mals, altering neuronal function in the forebrain (Penatti et al.,
2009), causing abnormality of reproductive tissues and masculin-
ization of offspring (Hotchkiss et al., 2007; Hotchkiss and Nelson,
2007). Although the environmental androgens may cause adverse
effects, the monitoring data for androgens especially for synthetic
androgens in WWTPs and surface waters are still very limited.

The objective of this study was to investigate the occurrence and

fate of 14 natural and synthetic androgens in ten WWTPs and their
receiving rivers of Guangdong, China. A mass balance analysis was
performed to assess the fate and removal mechanism for androgens
in WWTPs. In addition, the potential ecological risks were assessed
based on simple risk quotients.

2. Materials and methods
2.1. Chemicals

Fourteen steroid androgens were selected as the target com-
pounds, including six natural androgens: 4-Androstene-3,17-dione
(also known as Androstenedione, AED), Androsta-1,4-diene-3,17-
dione (also known as Androstadienedione, ADD), Androsterone
(ADS), 5a-Dihydrotestosterone (5¢-DHT), Epi-androsterone (EADR)
and Testosterone (TTR), and eight synthetic androgens: 17¢-Bol-
denone (172-BOL), 178-Boldenone (173-BOL), 4-Hydroxy-androst-
4-ene-17-dione  (4-OHA), Methyl testosterone (MT), 19-
Nortestosterone (19-NT), 17a-Trenbolone (17a-TBL), 17B-Trenbo-
lone (17B-TBL) and Stanozolol (S). Their basic physicochemical
properties and other related information are given in Table ST,
while chemical structures in Fig. S1 (Supporting Information (SI)).
Testosterone-d3 and Stanozolol-d3 were used as the internal
standards. All chemicals used in this study were purchased from
reliable suppliers (SI Table S1).

2.2. Sampling sites and sample collection

Ten WWTPs with different treatment technologies were
selected for this study and they are located in Guangdong province,
South China (Fig. 1). The basic information of each WWTP is given
in Table 1. Different sewage treatment technologies used in the ten
WWTPs include: Carrousel 2000 Oxidation ditch, MBR (Membrane
Bio-Reactor), modified A/O (Anaerobic-Oxic), A*/O (Anaerobic-
Anoxic-Oxic), reversed A%/O, modified A%/O, and UNITANK (Alter-
nating biological treatment process). The process flow charts and
sampling sites are shown in Fig. 2. Wastewater samples were
collected from every process unit, while activated sludge samples
were collected from the biochemical stages, excess sludge and
returned sludge. Besides, surface water and sediment samples from
the upstream/downstream of the receiving rivers (100 m away
from the effluent outfall) were also collected.

All the samples in three replicates were obtained during May to
October 2015. Samples from the WWTPs were collected in 1L
amber glass as 24 h composite, while the samples from receiving
rivers were collected as grab samples in the middle of the day. All
water samples (1L each) were added with 5% (v/v) of methanol to
suppress microbial activities, and pH value was adjusted to 4 with
4M H,S04. For sludge and sediment samples, 1g of NaN3 was
added into each sample to inhibit microbial activities. The collected
samples were put in coolers and transported back to laboratory and
then stored at 4 °C in the dark prior to further processing. The water
samples were processed within 48 h, while the solid samples were
freeze dried, grinded, and sifted by a 0.83 mm mesh, and then
stored at 4 °C before extraction.

The basic quality parameters of water samples such as chemical
oxygen demand (COD), biochemical oxygen demand (BODs),
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Fig. 1. Location map for the ten wastewater treatment plants (WWTPs) in South China.
Table 1
The basic information of ten municipal wastewater treatment plants.
Plant City Process type Average flow Population served Disinfection Hydraulic TSS Excess sludge Receiving
3 S .
code (m?/d) (Ten thousand) method retention time (h) (mg/L) Daily production (t/d, Moisture river
wet weight) content (%)
LB Dongguan A?/0? 110000 30 uv 13.5 3600 34 78 Hanxi River
DTS-1 Guangzhou A%/O 165000 42.8 Cl 12 3500 45 80 Pearl River
DTS-2 Guangzhou Reversed A%/O 220000 57 Cl 125 4000 60 80 Pearl River
HY Huizhou  Reversed A%/O 76000 425 Cl 12 3000 35 78 DanaoRiver
MH  Huizhou Reversed A%2/O 88000 38 uv +d 12 3000 30 75 Dongjiang
River
XT Guangzhou Modified A?/O 107000 41 uv + 125 3500 50 80 Dongjiang
River
L Guangzhou Modified A/O" 200000 54 Cl 10 3600 48 78 Pearl River
X Guangzhou MBR® 100000 13 uv 9.5 6000 36 76 Shahe
stream
HJ Dongguan Carrousel 2000 47000 13 uv 11 3100 15 80 Huangjiang
Oxidation ditch River
LD Guangzhou UNITANK? 220000 39 cl 13 3000 47 77 Pearl River

3 A%/0, Anaerobic-Anoxic-Oxic.

b AJO, Anaerobic-Oxic.

¢ MBR, Membrane Bio-Reactor.

4 UNITANK, Alternating biological treatment process.

ammonia-nitrogen (NH3—N), total nitrogen (TN) and total phos-
phorus (TP) were measured for influent, effluent, and surface water
using the standard methods (Clesceri et al., 2001), while other
parameters such as pH, conductivity and dissolved oxygen (DO)
were monitored by a multi-parameter water quality monitor (YSI-

Pro2030, YSI Incorporated, USA). Sludge and sediment samples
needs to be pre-treated before using the similar methods of water
samples to test their TP, TN and NH3—N values. The total organic
carbon (TOC) was analyzed by a TOC analyzer (LiquiTOC, Elementar
Analysensyteme Co., Germany). More detailed information can be
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Fig. 2. Flow charts of technological processes and sampling sites for 10 WWTPs: (a) XT, Modified A%/O; (b) HJ, Carrousel 2000 Oxidation ditch; (c) MH, HY, DTS-2: Reversed A%/O; (d)

JX: MBR; (e) LB, DTS-1: A%/O; (f) L: Modified A/O; (g) LD: UNITANK.

found in Table S2 and Table S3.
2.3. Sample extraction and instrumental analysis

Fourteen target androgens in all collected samples were
extracted and analyzed according to our previous method (Liu et al.,
2011). Briefly, water samples (1L each) were filtered and spiked
with 100 ng/L internal standard mixture, then extracted by solid-
phase extraction (SPE) using Waters Oasis HLB cartridges
(500 mg, 6 mL). The cartridges were dried and eluted each with

12 mL of ethyl acetate after SPE process, the eluents were then
dried under a gentle nitrogen stream, and re-dissolved each with
1 mL of methanol and finally stored in a 2 mL amber glass vial after
filtering through a 0.22 mm membrane filter. Sludge and sediment
samples (0.5 g each) were freeze-dried, homogenized and spiked
with internal standard mixture, then centrifuged after ultra-
sonication extraction with ethyl acetate as the extracting solu-
tion; the ultra-sonication extraction and centrifugation were
repeated three times. The supernatants were concentrated by ro-
tary evaporation, then re-dissolved each with 1 mL of methanol and
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finally stored in a 2 mL amber glass vial after filtering through a
0.22 mm membrane filter. All extracts were analyzed by ultra-high
liquid chromatography-tandem mass spectrometry (UHPLC-MS/
MS) after further purifying by self-made silica gel columns.

An Agilent 1200 LC-Agilent 6460 QQQ with electrospray ioni-
zation (ESI) source was applied to analyze the target androgens. The
chromatographic separation was performed on an Agilent Zorbax
SB-C18 (100 mm x 3 mm, 1.8 mm) column with its corresponding
pre-column filter (2.1 mm, 0.2 mm). The column oven temperature
was set to 40 °C and the injection volume was 10 pL. The mobile
phase consisted of (A) an ultrapure aqueous solution containing
5mM ammonium acetate and 0.05% formic acid (v/v) and (B)
methanol. A gradient elution program with a flow rate of 0.35 mL/
min was applied for detecting androgens. Mass spectrometry was
performed using an Agilent 6460 Triple Quadrupole detector which
was operated with ESI in positive mode. The quantitative analysis of
the target compounds was performed in multiple reactions moni-
toring (MRM) mode. The recoveries of surface water, influent,
effluent and sludge samples were 90.6—119.0% (except 5a¢-DHT was
143%), 44.0—200%, 60.7—123%, and 62.6—138%, respectively. The
method detection limits for the 14 androgens in surface water,
influent, effluent, freeze-dried sludge samples were 0.01—0.24 ng/L,
0.02—1.44 ng/L, 0.01—0.49 ng/L, and 0.08—2.06 ng/g, respectively
(Liu et al., 2011). More details of extraction steps and instrumental
conditions can be found in our previous work and SI.

2.4. Mass balance analysis

The mass balance analysis is mainly used to estimate the
amounts of each target compound that enter and leave the
wastewater treatment plants in the form of wastewater and sludge.
Due to the low volatility of steroid hormones, the amount of hor-
monal volatiles entering the air can be considered as negligible. The
basic mass balance equation is as following (Heidler and Halden,
2008):

Minf = Mgff + Msudge + Mross (1)

Where, Mipf and Mggr and Msjugge represent the mass load (g/d)
of a target androgen in the influent, effluent and excess sludge of
the selected WWTP, respectively, the estimation methods are
detailed in the supporting information. M,ss represents the lost
mass load (g/d) of a target compound due to adsorption or/and
degradation in treatment units.

Based on equation (1), the lost mass load fraction (Mpess %) for
each androgen can be calculated according to the following
equation:

Mioss % = (Minf—MEftt—Msludge)/Minf x 100% (2)

The mass fractions of each androgen in the effluent and excess
sludge were calculated from Megg/Minf% and Msjudge/Min%,
respectively.

The removal rate of a target compound in aqueous phase is used
to measure the removal efficiency, it can be calculated by the
following equation:

RAqueous % = (Cinf-1—Ceff-1)/Cinf x 100% (3)

Where, Cinr.i and Cggr.i represent the concentration (ng/L) of the
target compound in the incoming and outgoing water of the
selected treatment unit, respectively. Ciys represents the concen-
tration of target compound in the influent (ng/L); Raqueous% repre-
sents the aqueous removal efficiency of the target compound in the
selected treatment unit.

2.5. Ecological risk assessment

The risk quotient (RQ) approach was applied in ecological risk
assessment for androgens in surface water. For this method, RQs are
calculated by dividing exposure estimates by the acute and chronic
ecotoxicity values based on European Commission Technical
Guidance Document by using equation (4) (EC, 2003):

RQ = MEC/PNEC (4)

Where, MEC means the measured environmental concentration
and PNEC represents the predicted no effect concentration of a
chemical. According to the risk ranking criteria, 0.01 <RQ<0.1,
0.1 <RQ<1 and RQ >1 indicate low risk, medium risk and high
risk, respectively (Hernando et al., 2006). The PNEC value can be
calculated using the aquatic acute median effective concentration
(EC50) or chronic no observed effect concentration (NOEC) values
of a chemical (EC, 2003). For those androgens detected in the
receiving rivers, the obtained PNEC values are given in SI (Table S4).
For the worst case scenario, we used the highest MEC values for the
receiving environment of each plant.

3. Results
3.1. Concentrations of androgens in WWTPs

The range of concentrations, mean concentrations and median
concentrations of all detected androgenic compounds in the water
samples and sludge/sediment samples of all studied WWTPs are
summarized in Table 2 and Table 3. As shown in Fig. 3, ten of
fourteen target androgens were detected in influents of the ten
WWTPs, with concentrations ranging from N.D. to 0.62 ng/L for MT,
and from 30.2 to 4650 ng/L for ADD. Among the ten detected an-
drogens in influents, natural androgens ADD, AED and TTR, syn-
thetic androgens 172-BOL and 178-BOL could be found in all
influents with their detection frequencies achieving 100% (Table 2).
Other androgens such as EADR (N.D. to 751 +43.1 ng/L) and 17a-
TBL (N.D. to 5.81 + 1.35 ng/L) could also be detected in most studied
influents (Table S5) with detection frequencies of 70% and 50%. The
total concentration of all detected androgens in the ten influents
ranged from 49.2 to 4960 ng/L, where ADD, EADR and AED
contributing the most, accounting for 16.4% (Plant HY) to 91.5%
(Plant DTS-1), 1.29% (Plant DTS-1) to 73.7% (Plant HY), and 4.88%
(Plant DTS-1) to 17.6% (Plants MH), respectively. Besides, the syn-
thetic androgen 17B3-BOL also had relatively high concentrations
ranged from 3.66 to 102 ng/L in the ten influents, accounting for
1.93% (Plant DTS-1) to 9.67% (Plant LB). There were only 3 andro-
gens: natural steroids ADD (0.45—13.8 ng/L) and AED (N.D. to
5.13 ng/L), and synthetic one 178-BOL (N.D. to 1.34ng/L) were
detected in the effluents (Table 2, and Table S5). Only ADD was
found in all effluents. The concentrations of detected androgens in
effluents are significantly lower than those in influents.

Androgens were also detected in the sewage from different
process stages of the ten WWTPs, with natural ones ADD (N.D. to
2000 ng/L), AED (N.D. to 284 ng/L) and EADR (N.D. to 839 ng/L)
being the dominant compounds (Tables S6-S15, Fig. S2). The
detection frequency of synthetic androgen 178-BOL was also rela-
tively high, with its detected concentrations ranging from several
ng/L to hundreds ng/L. In addition, the concentration distributions
of > 10 detected androgens varied among different WWTPs
ranging from dozens to hundreds ng/L in the influents of XT and H]
to above 2500 ng/L in the influents of L and DTS-1 (Fig. S2).

The concentration levels (range, mean, median) of target an-
drogens detected in the sludge samples from the ten WWTPs are
summarized in Table 3, more concentration details given in



Table 2
Concentrations (ng/L) of 14 androgens in the water phase of every process stage in ten WWTPs and their receiving waters.

Compound Abbrev. Influent Grit chamber Anaerobic Anoxic Oxic Secondary Effluent Pre- MBR UNITANK Filtration Receiving water Detection
clarifier anoxic frequency (%)
17a-Boldenone 17a- 4.86—15.9 ND-27.9 ND-11.7 ND-11.0 ND-9.61 N.D. N.D. N.D. N.D. N.D. N.D. ND-43.8 (5.53,4.03) 100
BOL (8.26,7.89)" (9.43,7.56)  (8.05,8.06) (10.6,10.7) (7.11,7.36)
17a-Trenbolone 17a-TBL ND-7.35 ND-5.43 ND-1.25 ND-1.94 ND-7.35 N.D. N.D. N.D. N.D. N.D. N.D. ND-0.89 (0.59,0.68) 60
(3.95,3.46) (4.1,3.97) (1.02,0.96) (1.41,1.46) (4.29,4.81)
17B-Boldenone 178- 3.54-119 ND-329 ND-31.0 ND-10.5 ND-119 N.D. ND-1.34 ND-3.33 N.D. 1.29—-1.40 N.D. ND-75 (17.1,5.71) 100
BOL (46.2,29.3) (66.1,29.8)  (9.94,11.4) (10.4,10.5) (32.7,15.4) (1.31,1.32) (2.18,3.2) (1.35,1.34)
17B-Trenbolone 17B-TBL ND-2.56 ND-3.07 ND-3.86 ND-4.10 ND-6.59 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 20
(1.62,1.54) (2.21,2.07) (3.13,3.06) (3.75,3.88) (2.99,2.1)
19-Nortestosterone 19-NT ND. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0
4-Hydroxy-androst-4-ene-17- 4-OHA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0
dione
50-Dihydrotestosterone 50-DHT N.D. N.D. N.D. N.D. N.D. N.D N.D N.D N.D N.D N.D N.D 0

Androsta-1,4-diene-3,17-dione ADD  302-4650 ND-1460  ND-72.0 ND-554 ND-2000 ND-5.92  045-13.8 ND-17.7 2.3-242 3.95-4.83 0.45-045 2.26-548(73.6,15.5) 100
(834,224) (541293)  (12.7,446) (12.04.20) (1754.19) (3.183.4) (3.492.70) (16.1,16.3) (2.37,2.4) (4.28,4.08) (0.45,0.45)

¥59—pb9 (8102) 107 24oydsoway) / b 32 Subyz ‘N-[

Androsterone ADS N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0

4-Androstene-3,17-dione AED 6.21-284 ND-239 257-414 ND-274 ND-284 ND-456 ND-5.13 ND-955 2.96-2.99 2.45-2.75 2.06—2.18 1.89—197 (24.0,4.80) 100
(100,80.3) (92.3,85.3)  (8.74,3.92) (7.11,3.95) (28.4,3.92) (3.19,3.07) (3.533.54) (9.40,9.47) (2.97,2.96) (2.552.46) (2.11,2.10)

Epi-androsterone EADR ND-779  ND-839 ND-321 ND-406 ND-710  N.D. N.D. ND-22.1 ND. N.D. N.D. ND-680 (246,201) 70
(371,430) (402,428)  (290,282) (373382) (555,526) (13.7,103)

Methyl testosterone MT ND-0.62  ND-0.48 N.D. N.D. ND-0.62  N.D. N.D. N.D. N.D. N.D. N.D. ND-0.38 (0.33,0.33) 20
(0.49,0.49) (0.48,0.48) (0.62,0.62)

Stanozolol S ND-29.9  ND-2638 ND-241 ND-6.70 ND. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 20
(21.221.1) (193,18.7)  (2.19.2.29) (6.56,6.7)

Testosterone TTR ND-29.7  ND-55.3 ND-698 ND-7.33 ND-246 N.D. ND-3.57 ND-1.54 N.D. N.D. N.D. ND-31.9 (7.64,1.95) 100
(12.410.1) (14.9,12) (2.80,1.80) (3.02,1.02) (7.21,3.83) (3.14,3.11) (1.45,1.40)

ne¢ 10 9 9 8 9 8 10 2 1 1 1 18

2 Range (mean, median), sample numbers for each stage are three times the numbers of that process stage.
P N.D.: not detected.
¢ n: the numbers of process stages among ten WWTPs or the numbers of sampling sites for receiving water.

6¥9
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Table 3
Concentrations (ng/g) of 14 androgens in the sludge of every process stage of ten WWTPs and the sediment of their receiving rivers.
Compound Abbrev. Anaerobic Anoxic Oxic Return sludge Excess sludge Pre-anoxic UNITANK Receiving Detection
sediment frequency (%)
170-Boldenone 17a- N.D.* N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0
BOL
17a-Trenbolone 17a- N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0
TBL
17B-Boldenone 17B- ND-1.86 ND-2.05 ND-1.74 ND-1.64 ND-1.35 N.D. N.D. ND-1.03 50
BOL  (141,137)" (1.33,129) (1.61,1.67) (1.58,1.56) (1.23,1.26) (0.95,0.95)
17B-Trenbolone 178- N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0
TBL
19-Nortestosterone 19-NT N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0
4-Hydroxy-androst-4- 4-OHA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0
ene-17-dione
5a- 5a- N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0
Dihydrotestosterone DHT
Androsta-1,4-diene- ADD ND-43.0 1.45-19.2 1.58-11.1 ND-18.6 ND-24.6 ND-3.42 8.07-8.89 ND-24 100
3,17-dione (8254.03) (5.13,339) (4.88,440) (5.64,3.43) (104,8.11) (3.28322) (843,832) (4.92.53)
Androsterone ADS N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0
4-Androstene-3,17- AED 2.23-42.7 2.22-23.7 2.06-27.3 2.53-171 2.26-239 2.39-3.76 14.9-16.2 1.42-33.9 100
dione (9.92,5.18)  (8204.72) (7.72,493)  (6.753.55)  (7.504.63) (3.153.19)  (15.4,15.1)  (6.46,2.7)
Epi-androsterone EADR ND-416 10.1-441 7.26—421 ND-369 ND-506 9.99-62.6 190-221 ND-129 100
(11698.7)  (110,79.9)  (86,56.5) (108,73.6)  (127.91.0)  (33.7,322) (208212) (87,108)
Methyl testosterone MT ND-0.72 ND-0.73 ND-0.72 ND-0.70 ND-0.72 N.D. N.D. ND-1.24 10
(0.69,0.72)  (0.67,0.66)  (0.66,0.68)  (0.67,0.68)  (0.64,0.60) (1.19,1.19)
Stanozolol S N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0
Testosterone TIR 0.37-3.92 0.46—2.68 0.34-4.24 0.44-3.01 0.29-2.42 0.37-1.30 1.32—-1.42 ND-4.81 100
(1.68,1.25)  (1.49,122) (1.45097) (1.42,1.28) (1.08,1.14) (0.82,0.81) (1.38,1.41)  (1.63,0.73)
n¢ 9 8 9 7 9 2 1 17

2 N.D.: not detected.

b Range (mean, median), sample numbers for each stage are three times the numbers of that process stage.
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Fig. 3. Boxplots for concentration distributions of 10 detected androgens in the in-
fluents of ten WWTPs. Vertical axis is in log10 scale. AED: 4-Androstene-3,17-dione;
ADD: Androsta-1,4-diene-3,17-dione; EADR: Epi-androsterone; TTR: Testosterone;
174-BOL: 17¢-Boldenone; 178-BOL: 178-Boldenone; MT: Methyl testosterone; 17o.-TBL:
17a-Trenbolone; 17B-TBL: 17B-Trenbolone; S: Stanozolol.

Tables S6-S15, and Fig. S3. Only six androgens were detected,
including natural androgens ADD (N.D.~43.0ng/g), AED
(2.06—42.7 ng/g), EADR (N.D. ~ 506 ng/g) and TTR (0.29—4.24 ng/g),
synthetic androgens 17B-BOL (N.D.~2.05ng/g) and MT
(N.D. ~0.70 ng/g). EADR was present in all sludge samples from the
ten WWTPs (except the excess sludge of XT WWTP and anoxic
sludge of DTS-2 WWTP), with average detected concentrations
ranging from 7.26 to 506 ng/g. Besides, natural androgens ADD and
AED were also detected in the sludge samples of all ten WWTPs

n: the numbers of process stages among ten WWTPs or the numbers of sampling sites for receiving water.

with relatively high concentrations, ranging from 1.58 to 43.0 ng/g,
and from 1.42 to 42.7 ng/g, respectively.

3.2. Removal of androgens in the WWTPs

The aqueous phase removal rates for each detected androgen
and all androgens in each WWTP are shown in Table 4. For most
detected androgens, they were significantly eliminated with final
removal rates exceeding 95%. The WWTPs with A%/O (DTS-1, and
LB), MBR (JX) and Carrousel 2000 Oxidation ditch (HJ) showed
better efficiencies in removing androgens.

The mass loads of androgens in influents and effluents of the ten
WWTPs were estimated according to the mass balance equations
(Tables S16-S25, Fig. S4). For most target androgens such as TTR,
174-BOL and 17¢-TBL, their mass loss percentages were over 95%
with final effluent concentrations below their detection limits. For
those that were not detected in the influents of some WWTPs but
appeared in the subsequent process sections or activated sludge,
their mass losses were negative, for example 170o-TBL and 173-TBL
in Plant HY, EADR in Plants MH, HJ and XT. This may be related to
the de-conjugation of some conjugated androgens (Gomes et al.,
2009) or transformation of other structural analogs (Arioli et al.,
2008; Blackwell et al., 2015), or due to their relatively stronger
absorbability in activated sludge (Khan et al., 2009). EADR, AED and
17B-BOL were easily adsorbed in sludge, resulting high aqueous
removal. The removal of target androgens in all WWTPs was mainly
through microbial degradation. On the whole, a majority of
detected androgens were eliminated significantly.

3.3. Concentrations of androgens in receiving rivers

As displayed in Table 2 and Fig. 4, eight androgens that were
detected in WWTPs were also found in the surface water samples of
receiving rivers, with concentrations higher than in the effluents
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Table 4
Aqueous removal rates (%) for androgens in the ten WWTPs.
XT DTS-1 DTS-3 LB X HJ LD L MH HY

17a-BOL 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
17a-TBL N. A N. A. N. A 100.0 100.0 N. A. 100.0 100.0 100.0 N. A
17B-BOL 100.0 100.0 100.0 100.0 100.0 100.0 97.67 100.0 100.0 100.0
17B-TBL N. A. N. A. N. A 100.0 100.0 N. A. N. A. N. A. N. A. N. A.
ADD 98.60 99.92 99.42 99.56 99.86 99.66 98.63 98.50 94.84 95.82
AED 79.54 98.44 90.60 97.28 98.86 100.0 97.60 96.58 93.31 89.92
EADR N. A. 100.0 100.0 100.0 100.0 N. A. 100.0 100.0 N. A. 100.0
MT N. A. N. A. N. A N. A. N. A. 100.0 N. A. 100.0 N. A. N. A.
S N. A N. A N. A N. A. N. A. N. A. N. A 100.0 N. A 100.0
TTR 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Total Andogen 96.36 99.85 98.98 99.41 99.81 99.77 99.12 99.30 95.24 98.82

notn.

2 N. A.: not available, when a target androgen was not detected in the influent of a WWTP, its removal rate in that WWTP was then expressed as N. A.
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Fig. 4. Boxplots for concentration distributions of detected androgens in the water and sediment of the receiving rivers. Vertical axis is in log10 scale. AED: 4-Androstene-3,17-
dione; ADD: Androsta-1,4-diene-3,17-dione; EADR: Epi-androsterone; TTR: Testosterone; 172-BOL: 17a-Boldenone; 173-BOL: 17B-Boldenone; MT: Methyl testosterone; 17a-TBL:

17a-Trenbolone.

(also see Tables S6-S15). The outstanding examples are those nat-
ural androgens, such as ADD (2.26—548 ng/L), AED (1.89—197 ng/L)
and EADR (N.D. ~ 680 ng/L). It should be noted that EADR was not
found in the effluents, but detected at high concentrations in the
rivers. Synthetic androgens 17p-BOL and 172-BOL also had rela-
tively high detected concentrations up to 75 ng/L and 43.8 ng/L. Six
androgens detected in activated sludge were also found in the river
sediments, but with relatively lower concentrations from several
ng/g to dozens ng/g, except for EADR with its concentration up to
129 ng/g.

3.4. Risk assessment

The RQs for the detected androgens in the receiving rivers were
calculated based on their estimated PNEC values and the highest
MEC values for each site as the worst case scenario (Table S4,
Table S26). As shown in Fig. 5, the RQs for AED and ADD in the
receiving rivers of Plants XT, HJ and LB were over 1, indicating high
ecological risks. The highest RQs for 173-TBL and MT were 68.2 and
3.67 despite their low detected concentrations. Medium risks were
found for TTR in two rivers (Plants HJ, and LB), with its RQs more
than 0.1. For anabolic androgen 178-BOL, even though its

concentration in receiving river was up to 73.34 ng/L, its RQ values
were less than 0.01, indicating minimal risks.

4. Discussion
4.1. Occurrence and fate of androgens in WWTPs

The results from the present study showed the presence of ten
androgens in WWTPs and variations in concentration levels among
the ten WWTPs as well as significant removals after various
treatment processes (Table 2). Natural androgens ADD, AED, EADR
and TTR were frequently detected in the influents, while ADS was
not found in influents of the ten WWTPs (Fig. 3). In contrast, ADS
was reported in WWTP influents in some previous studies (Chang
et al., 2011; Fan et al,, 2011), which may be related to the differ-
ences in regional weather conditions as those WWTPs are located
in North China with cold weather conditions comparing to the
subtropical weather in the present study. Our laboratory pre-
liminary degradation test showed rapid loss of ADS in sewage
within 8 h (Fig. S5). Similar concentrations for AED, EADR and TTR
(Table S27) have been reported in previous studies (Chang et al.,
2011; Fan et al., 2011; Fernandez et al., 2007; Huang et al., 2014),
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however, ADD was not included in those studies. The concentration
levels found for EADR and TTR in the WWTP influents of the pre-
sent study were also consistent with the estimated concentrations
by using the daily human excretion data and the service population
of each WWTP (Fig. S6).

Natural androgen ADD occupied a dominant position among
those detected androgens in influents accounting for more than
60% of total androgen concentrations. This is consistent with our
previous study (Liu et al, 2012a). Natural androgen AED also
showed much higher measured concentrations in influents than
the predicted values (Fig. S5). Previous studies reported that plant
sterols such as B-sitosterol could be transferred to AED and ADD
after a range of processes controlled by microorganisms (Jenkins
et al.,, 2004). In addition, naturally occurring progesterone could
serve as the precursor for these two androgens (Carson et al., 2008;
Janeczko and Skoczowski, 2005). In addition, AED could be inter-
changed with other androgens (Arioli et al., 2008). This explains
relatively high concentrations of AED and ADD in the wastewater
and river water observed in the present study.

High efficiencies of androgen removal were found in nearly all
ten WWTPs. In general, the synthetic androgens were found easier
to be removed when compared to the natural androgens. In Plants
DTS-1 and LB with A2/O process, Plant JX with MBR and Plant HJ
with the Carrousel 2000 Oxidation ditch process, biochemical
processes with anaerobic-anoxic-oxic order showed better effi-
ciencies in removing androgens than the other processes. The main
removal mechanisms for the steroids in WWTPs include sorption,
degradation and advanced oxidation processes (Liu et al., 2009),
while loss from volatilization should be considered negligible based
on their physiochemical properties. From mass balance analysis in
the present study (Fig. S4), it can be found that the removal of

androgens from the ten WWTPs mainly occurred in the biochem-
ical units and mainly via biodegradation, with little contribution
from the subsequent oxidation processes.

4.2. Occurrence and risks of androgens in rivers

The results of the present study showed the presence of eight
androgens in the receiving rivers, with their concentrations higher
than those in the WWTP effluents (Table 2, Fig. 4). For the natural
androgens, they can be naturally produced and released by aquatic
organisms, and some androgens could be degradation or conver-
sion products of other similar structural substances (Arioli et al.,
2010; Jenkins et al., 2004). This could be one possible cause for
their higher concentrations in the receiving rivers than in the ef-
fluents. The highest concentration in all rivers was found for EADR,
while ADD was still one of the dominant androgens and detected in
all ten receiving rivers. These androgens were also detected in
surface waters in some previous studies with similar concentration
ranges (Table S28) (Chang et al., 2008, 2011; Yamamoto et al., 2006;
Liu et al., 2015), indicating the ubiquitous presence of androgens in
the aquatic environment impacted by wastewater.

High risks were found in five rivers based on the simple risk
quotients of androgens (Fig. 5). The negative impacts of androgens
on fish have been reported (Barbosa et al., 2008; DeQuattro et al.,
2015; Robinson et al., 2017). DeQuattro et al. (2015) indicated that
AED had the potential to disrupt endocrine function in male
fathead minnows after 26-days exposure with concentrations at
4.5ng/L, 74ng/L, and 700 ng/L. Barbosa et al. (2008) reported a
decreasing spawning rate and reproductive capacity of Daphnia
magna after a long-term exposure to water containing
0.31-2.48 mg/L of TTR, and also noted an increasing mortality of
Daphnia magna neonates after a long-term 4-OHA exposure at
0.84 mg/L. Ankley et al. (2001) found that fathead minnows pro-
duced an increase in vitellogenin production in both males and
females after a 12-day exposure to MT. Blazquez et al. (2001) re-
ported that 10 and 20 mg/kg MT (dietary exposure) would increase
the occurrence of intratestes oocytes in European sea bass. Sone
et al. (2005) also confirmed that adult mosquitofish exposed to
MT (0.1-10 pg/L) or 17B-TBL (1—10 pg/L) after 28 d would induced
masculinization of adult females and stimulated precocious sper-
matogenesis in the testes of males and the formation of ovotestes in
females. Furthermore, Ankley et al. (2003) found that the fecundity
of fathead minnow was significantly reduced by exposure to 17f-
TBL at concentrations higher than 0.027 pg/L for 21 days. After a
long-term exposure to 17¢-TBL, Robinson et al. (2017) observed
adverse effects on fecundity of the fathead minnow occurred when
the concentration of 17a-TBL reached 120 ng/L. In fact, a field sur-
vey found serious androgenic effects in mosquitofish at urban
streams of Guangzhou (Wen et al., 2013). Hence the androgens
detected in the receiving rivers could pose ecological risks to
aquatic organisms. It is noteworthy that this was a simple risk
assessment with limited toxicity data; the risks for each compound
may change with more toxicity data available in the future. A
further research is needed to understand specific biological effects
in the receiving environments.

5. Conclusion

The occurrence of 14 androgens was investigated in ten WWTPs
and their receiving rivers. Ten out of fourteen androgens were
detected in wastewaters and six androgens were found in activated
sludge of the WWTPs. Natural androgens with relatively high
concentrations are ubiquitous in both the WWTPs and the
receiving rivers. The WWTPs with different treatment technologies
showed good removals for these androgens, mainly through
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biological degradation/transformation processes in the bio-
chemical units. Despite the high removal efficiency in WWTPs,
eight androgens were still detected in the receiving rivers, and
some had higher concentrations than those in the effluents, sug-
gesting other sources for the androgens in the rivers. Such high
concentration levels of androgens could pose ecological risks to
aquatic organisms like fish. Further research is needed to under-
stand the origin and ecological effects of androgens in the aquatic
environments.
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