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A B S T R A C T

Discharge of partially treated effluent from sewage treatment plants (STPs) is a significant source of chemical
contaminants, such as retinoids and oestrogenic endocrine disrupting chemicals (EDCs), which are continuously
input into the marine environments of densely populated and urbanized coastal cities. In this study, we suc-
cessfully developed three analytical methods to detect and qualify retinoic acids (at-RA, 13c-RA & 9c-RA), their
metabolites (at-4-oxo-RA, 13c-4-oxo-RA & 9c-4-oxo-RA), and oestrogenic EDCs using high pressure liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS). Using these methods, we found that the total
concentrations of retinoids in the influents and effluents of three saline STPs in Hong Kong were 7.1–29 ng/L and
3.7–9.1 ng/L, respectively, and those of EDCs were 3107–5829 ng/L and 1225–2638 ng/L, respectively.
Retinoids were dominated by at-4-oxo-RA or 13c-4-oxo-RA in wastewater, whereas at-RA and 13c-RA were the
most abundant in sludge. Alkylphenols and bisphenol A were the dominant EDCs in wastewater, whilst alkyl-
phenols, triclosan, and triclocarban were dominant in sludge. Overall, the sewage treatment processes in the
STPs of Hong Kong were not highly efficient in the removal of retinoids and EDCs from wastewater influents,
with removal efficiencies in the aqueous phase of 41–82% and 31–79%, respectively. The removals were at-
tributed mainly to sorption and degradation. Due to such limited removal, the effluents from STPs and the
adjacent seawaters (i.e., receiving water bodies) still exhibited relatively high concentrations of retinoids
(2.0–4.3 ng/L in seawaters) and EDCs (71–260 ng/L in seawaters), which posed medium ecological risks to the
coastal marine ecosystem of Hong Kong (i.e., hazard quotients: 0.1–1).

1. Introduction

Natural retinoids, which are the derivatives of all-trans-retinol (vi-
tamin A), and in particular retinoic acids (RAs) and their metabolites
(4-oxo-RAs), play crucial roles in the embryonic development, the im-
mune response, the cellular differentiation and the proliferation pro-
cesses in animals (Ross et al., 2000; Marill et al., 2003). Natural re-
tinoids can be excreted from humans and animals through urination
(Lambert and De Leenheer, 1985). In addition, all-trans-RA (at-RA) and
13-cis-RA (13c-RA) are also synthesized artificially for treating acute
promyelocytic leukaemia (Huang et al., 1988) and skin diseases
(Griffiths et al., 1993). Thus, these chemicals and retinoic acid receptor
(RAR) agonistic activity can be found in sewage treatment plants (STPs;
Zhen et al., 2009; Wu et al., 2010; Allinson et al., 2011; Inoue et al.,
2011, 2013; Sawada et al., 2012; Völker et al., 2016), which may be an

important source of RAs and 4-oxo-RAs in aquatic environments. Once
these chemicals enter the aquatic environment, they can pose high risks
to aquatic animals (Zhen et al., 2009; Wu et al., 2010). Laboratory
studies showed that exposure to elevated levels of RAs could cause
abnormal morphological development in vertebrates such as amphibian
and zebrafish embryos (Jonas et al., 2014; Zhu et al., 2014), and im-
posex development (i.e., the superimposition of penis and vas deferens)
in the females of the marine gastropod Reishia clavigera (Nishikawa
et al., 2004; Horiguchi et al., 2008). Thus, understanding of the en-
vironmental levels and fate of RAs and 4-oxo-RAs in each treatment
process of STPs and in the effluent is necessary for the evaluation of
their ecological risks in the receiving water body.

Oestrogenic endocrine disrupting chemicals (EDCs) such as non-
ylphenol (NP), octylphenol (OP) and bisphenol-A (BPA) are a class of
chemicals that can induce oestrogen-like responses in vertebrates. Even
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at ng/L levels, these chemicals may disrupt the endocrine systems of
animals by interacting with the oestrogen receptor, and then further
affect their physiology through their impact on processes such as em-
bryonic development, gonadal formation and sex differentiation
(Johnson and Sumpter, 2001; Xu et al., 2015). In contrast to retinoids,
in the past two decades, many studies have focused on the investigation
of the concentrations of EDCs and their removal efficiencies in STPs
(e.g., Johnson and Sumpter, 2001; Melvin and Leusch, 2016; Ahmed
et al., 2017). Nonetheless, most of the reported studies were conducted
in STPs with freshwater wastewater while only very few studies have
been performed in coastal cities where seawater is used for flushing the
toilets, leading to saline influents and different microbial communities
in their STPs (Xu et al., 2014; Chiu et al., 2016).

Hong Kong is a coastal city with a population of> 7.3 million that
is located on a small area of 1106 km2 (HKCSD, 2017; HKLD, 2017). To
reduce local freshwater demand, seawater has been used for toilet
flushing on a large scale in Hong Kong since the 1950s (Tang et al.,
2006). Seawater is supplied to> 80% of the Hong Kong population for
toilet flushing (Tang et al., 2006), resulting in the saline wastewater in

the STPs of Hong Kong. However, only one study has quantified the
concentrations of common EDCs in the influents and effluents of three
relatively small STPs that serve approximately 0.4% of the total po-
pulation of Hong Kong (Xu et al., 2014). Although a recent study re-
ported the concentrations of five EDCs (namely, 4-NP, triclosan (TCS),
BPA, 17β-estradiol (E2) and 17α-ethinylestradiol (EE2)) in the semi-
permeable membrane devices (SPMD) deployed at the influents and
effluents of three large STPs in Hong Kong (Chiu et al., 2016), it is
impossible to compare such SPMD-based data with the data collected
from conventional measurements of EDCs in the influents and effluents
of STPs in different regions and countries. Hence, the removal and fate
of EDCs in different processes of STPs in Hong Kong with saline influ-
ents, and their risk assessments in the receiving coastal waters have not
been comprehensively examined.

This study aimed to: (1) develop sensitive methods using high
pressure liquid chromatography-tandem mass spectrometry (HPLC-MS/
MS) to determine the levels of retinoids (RAs and 4-oxo-RAs) and EDCs
in water and sludge samples; (2) to determine the levels of retinoids and
EDCs in different treatment processes, and the removal efficiencies of

Fig. 1. Flow schemes for the three selected sewage treatment plants (STPs): Shatin STP, Stanley STP and Stonecutters Island STP.
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retinoids and EDCs from three STPs in Hong Kong; and (3) to assess the
ecological risks of retinoids and EDCs to marine organisms in Hong
Kong. Here, we hypothesized that STPs with different salinities and
treatment processes had different abilities for the removal of retinoids
and EDCs, and the treated effluents still exhibited ecological risks to
marine organisms due to the incomplete removal of these chemicals by
STPs. This study will improve our understanding of the environmental
fate of retinoids and EDCs, and their current ecological risks to the
marine environment of Hong Kong; the results obtained in this study
will also be essential for enabling the environmental authority to make
informed decisions regarding the management of these chemical con-
taminants.

2. Materials and methods

2.1. Chemicals and sample collection

High purity standards of six retinoids, seven EDCs and seven in-
ternal standards were purchased from various suppliers. Detailed in-
formation about the chemicals and materials used in this study is pro-
vided in the Supplementary Information (Table S1). Two STPs using the
activated sludge process (i.e., the Shatin STP and Stanley STP), and the
Stonecutters Island STP using the chemically enhanced primary treat-
ment (CEPT) in Hong Kong were chosen in this study to investigate the
concentrations of the retinoids and EDCs in each stage of the waste-
water treatment process and in their respective adjacent receiving
seawaters (Fig. S1). These three STPs serve approximately 57% of the
total population in Hong Kong. Based on our measurements, the salinity
values for the wastewater of the Shatin STP and the Stonecutters Island
STP were 20‰, while that of the Stanley STP was 5‰. Composite
samples (n=3) for water and grab samples (n=3) for dewatered
sludge were collected in November 2016 from each of the sampling
points in the three STPs (Fig. 1). Further information regarding these
STPs and a detailed description of the sampling are provided in the
Supplementary Information (Table S2).

2.2. Sample preparation and instrumental analyses

Extraction of the samples and instrumental analyses were carried
out following the methods described by Chen et al. (2010) and Wu et al.
(2010) with modifications, using the method described in detail in
Supplementary Information. In brief, the water samples (wastewater
and seawater) were extracted by solid-phase extraction (SPE) using
Waters Oasis HLB cartridges, while the sludge samples were extracted
with ethyl acetate by ultrasonication. All of the extracts were further
purified using silica gel columns prior to the injection to the HPLC-MS/
MS for the analysis of the target chemicals. The target compounds were
separated into three groups (RAs, 4-oxo-RAs and EDCs) and were
analysed by HPLC-MS/MS using an Agilent 1290 HPLC coupled to a
3200 QTRAP mass spectrometer. An electrospray ionization (ESI)
source was used in the negative ion mode, and the multiple reaction
monitoring (MRM) mode was used to analyse the target compounds,
using some isotope-labeled compounds as the internal standards. HPLC-
MS/MS chromatograms of the RAs, 4-oxo-RAs and EDCs in the standard
are shown in Fig. S2. More information regarding the analytical
methodology is provided in the Supplementary Information (Table S3).
The relative recoveries for the retinoids and EDCs spiked into the
wastewater samples ranged from 65 to 160% and 100–154%, respec-
tively, and those in the sludge samples ranged from 70 to 158% and
63–182%, respectively (Table 1).

2.3. Ecological risk assessment

The ecological risk of a chemical is assessed using the hazard quo-
tient (HQ) that is equal to the ratio between the measured environ-
mental concentration (MEC) and the predicted no-effect concentration

(PNEC) of a chemical (i.e., HQ=MEC/PNEC) (EC, 2003). According to
the risk ranking criteria, 0.01≤HQ < 0.1, 0.1≤HQ < 1 and
HQ≥ 1 indicate low risk, medium risk and high risk, respectively. The
proposed PNEC values for the retinoids and EDCs in seawater are as
follows: 30.9 ng/L for at-RA (Wu et al., 2010), 330 ng/L for 4-NP (EU,
2002), 12.2 ng/L for 4-t-OP (EQS, 2005), 150 ng/L for BPA (EU, 2010),
3 ng/L for estrone (E1; Young et al., 2002), 50 ng/L for TCS (ECHA,
2015) and 58 ng/L for triclocarban (TCC; Zhao et al., 2010). For die-
thylstilbestrol (DES), the chronic no observed effect concentration
(NOEC) value was used to calculate the PNEC value (EC, 2003). The
chronic NOEC value of DES for the survival and reproduction of the
marine copepod Tisbe battagliai was 10 μg/L (Hutchinson et al., 1999),
which was divided by an assessment factor of 100 to obtain the PNEC of
DES (i.e., 100 ng/L).

3. Results

3.1. Occurrence of retinoids and EDCs in three STPs

3.1.1. Retinoids and EDCs in the influents
The total concentration of the retinoids in the influents of the three

STPs ranged from 7.1 to 29 ng/L, while that of the EDCs ranged from
3107 to 5829 ng/L (Fig. 2a & c). The total concentration of the retinoids
in the Shatin STP was higher than that in the Stanley STP or the
Stonecutters Island STP. However, the total concentration of the EDCs
in Shatin STP was lower than that in the two other STPs (Fig. 2a & c).
Four of six retinoids were detected in the influents of the three STPs and
at-4-oxo-RA accounted for 49–77% of the total retinoid content
(Figs. 2b & 3), whereas 9c-RA and 9c-4-oxo-RA were not found. EDCs
were dominated by 4-NP and BPA in the three STPs, accounting for
27–87% and 5–62% of the total EDC content, respectively (Figs. 2d &
4).

3.1.2. Retinoids and EDCs in the effluents
The total concentration of the retinoids in the effluents of the three

STPs ranged from 3.7 to 9.1 ng/L, while that of the EDCs ranged from
1225 to 2638 ng/L (Fig. 2a & c). Retinoids were dominated by at-4-oxo-
RA and 13c-4-oxo-RA, which accounted for 52–80% of the total re-
tinoid content (Figs. 2b & 3). Similar to the results obtained for the
influents, no 9c-RA or 9c-4-oxo-RA was found in any of the effluent
samples from the three STPs. EDCs were dominated by 4-NP, ac-
counting for 47–60% of the total EDC content, followed by BPA
(18–32% of the total EDC content) (Figs. 2d & 4).

3.1.3. Comparison of retinoids and EDCs between the influent and effluent
The composition profiles of the individual retinoids and EDCs in the

effluents collected from the three STPs were similar to those in their
corresponding influents (Figs. 2b, d, 3 & 4). A significantly positive
correlation was found for the retinoids' concentrations of the influent
and effluent in the Shatin STP (r=0.939, p < 0.001) and the Stone-
cutters Island STP (r=0.966, p < 0.001) (Fig. 5a). However, there
was no significant correlation between the retinoid levels of the influent
and effluent in the Stanley STP (r=0.304, p > 0.05), indicating that
the treatment processes or mechanisms of retinoids may be different
between this relatively freshwater STP (5‰ salinity) and the other two
saline STPs (20‰ salinity). A significant positive correlation was found
for the EDCs' concentrations of the influents and effluents for all of the
three studied STPs (Fig. 5c). High influent concentrations of EDCs
usually lead to the correspondingly high effluent concentrations, re-
gardless of the wastewater salinity and treatment technology.

3.1.4. Aqueous removal efficiencies of retinoids and EDCs
Among the three STPs, total removal efficiencies in the aqueous

phases ranged from 41 to 82% for total retinoids, and 31–79% for total
EDCs, respectively (Tables S4–S6). The highest total removal efficiency
for retinoids was found in the Shatin STP (82% removal) and that for
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EDCs was observed in the Stanley STP (79% removal). Removal effi-
ciencies of the individual retinoids varied between 34% and 87% across
the three STPs. However, the removal efficiencies for some species of
EDCs were unexpectedly negative after the sewage treatment processes.
For example, the removal efficiencies for TCC were− 131%
and− 80% in Shatin STP and in Stanley STP, respectively, probably
due to its resuspension from the sludge to the aqueous phase.

In the Shatin STP, only 31% removal was found for the EDCs during
the entire treatment, with the exception of TCC, which showed an

increase in its concentration (Table S4). The concentrations of the re-
tinoids increased during the primary treatment, while biological treat-
ment (75% removal) and UV treatment (55% removal) played the
dominant role in the removal of the retinoids (Table S4). In the Stanley
STP, biological treatment played a role in the removal of retinoids (24%
removal), while it contributed little to the removal of most of the EDCs
(Table S5). During final sedimentation, clear removals were found for
all of the retinoids (47% removal) and EDCs (69% removal) with the
exception of TCC, while chlorination was not effective for the removal

Table 1
Recoveries (%), matrix effects (%), limits of detection (LOD) and quantitation (LOQ) for the investigated compounds in the influent wastewater and in the sludge.

Compound Abbreviation Influenta Sludgea

Recoveryb Matrix effect LODc (ng/L) LOQc (ng/L) Recoveryb Matrix effect LODc (ng/g) LOQc (ng/g)

Retinoids
All-trans-retinoic acid At-RA 65 ± 8 78 ± 5 0.32 1.1 70 ± 12 85 ± 4 0.37 1.2
13-cis-retinoic acid 13c-RA 107 ± 1 101 ± 8 0.40 1.3 136 ± 12 77 ± 10 0.25 0.83
9-cis-retinoic acid 9c-RA 80 ± 3 86 ± 10 0.83 2.8 86 ± 6 146 ± 11 0.63 2.1
All-trans-4-oxo-retinoic acid At-4-oxo-RA 160 ± 21 222 ± 23 0.18 0.60 158 ± 10 181 ± 24 0.17 0.56
13-cis-4-oxo-retinoic acid 13c-4-oxo-RA 96 ± 9 232 ± 12 0.24 0.81 104 ± 9 174 ± 31 0.31 1.0
9-cis-4-oxo-retinoic acid 9c-4-oxo-RA 78 ± 8 194 ± 14 0.39 1.3 75 ± 6 202 ± 39 0.85 2.8

Endocrine disrupting chemicals
4-Nonylphenol 4-NP 152 ± 18 70 ± 70 1.8 6.1 63 ± 19 106 ± 11 9.3 31
4-tert-Octylphenol 4-t-OP 109 ± 128 112 ± 159 2.3 7.7 117 ± 27 128 ± 11 3.1 10
Bisphenol-A BPA 113 ± 32 106 ± 23 2.5 8.3 182 ± 23 97 ± 12 2.6 8.6
Estrone E1 100 ± 14 109 ± 24 6.4 21 97 ± 25 132 ± 21 1.2 4.1
Diethylstilbestrol DES 154 ± 15 159 ± 28 3.9 13 88 ± 7 71 ± 8 2.7 9.0
Triclosan TCS 114 ± 68 123 ± 15 0.92 3.1 96 ± 4 79 ± 17 4.3 14
Triclocarban TCC 101 ± 21 147 ± 10 0.085 0.28 135 ± 50 111 ± 8 0.35 1.2

a Mean ± SD (%, n=3).
b Spiked level. Influent: 60 ng/L each of six retinoids, 600 ng/L 4-NP, 300 ng/L each of 4-t-OP and BPA, 150 ng/L each of E1, DES, TCS and TCC. Sludge: 30 ng/g

each of six retinoids, 15,000 ng/g 4-NP, 7500 ng/g 4-t-OP, 300 ng/g BPA, 75 ng/g each of E1 and DES, 1500 ng/g TCS and 3000 ng/g TCC.
c LOD, limit of detection; LOQ, limit of quantitation. LOD and LOQ for each investigated compound were calculated based on the signal-to-noise ratio (SNR) near

the target peak. LOD is defined as three times of SNR, and LOQ is ten times of SNR.

t

Fig. 2. Total concentrations (ng/L, n=3; a&c) of the retinoids and endocrine disrupting chemicals (EDCs), and the fraction (b&d) of each of the retinoids and EDCs
in the wastewater samples collected from different stages of the three sewage treatment plants (STPs): Shatin STP, Stanley STP and Stonecutters Island STP (SI STP),
and in the seawater samples collected from the adjacent coastal marine environments of the three STPs in Hong Kong.
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of the retinoids and EDCs (Table S5). In the Stonecutters Island STP, the
chemical treatment process (i.e., CEPT) played the dominant role in the
removal of all of the retinoids (45% removal) and EDCs (54% removal),
while chlorination and dechlorination contributed little in this regard
(Table S6).

Generally, about two-thirds of the retinoids and EDCs were removed
in the three STPs (Tables S4–S6). In the two STPs (i.e., Shatin STP and
Stanley STP) that use secondary biological treatment processes, most of
the retinoids were clearly removed during the biological treatment,
whereas most of the EDCs were not removed (Tables S4–S5). The re-
moval of EDCs in the Stanley STP was attributed mainly to final sedi-
mentation, while little removal of the EDCs was found in the Shatin STP
during the entire treatment process. For the Stonecutters Island STP
that uses the CEPT process, large proportions of the retinoids and EDCs
were removed during the chemical treatment process (Table S6).

3.1.5. Retinoids and EDCs in the dewatered sludge
Total concentrations of the retinoids in the dewatered sludge sam-

ples of the three STPs ranged from 14 to 26 ng/g, and those of EDCs
ranged from 8009 to 37,071 ng/g (Table 2). Only two (at-RA and 13c-
RA) of the six retinoids and all of the seven EDCs were detected in the
dewatered sludge samples of the three STPs (Table 2). EDCs were
dominated by 4-NP in the Shatin STP and Stanley STP, accounting for
62% and 46% of the total EDC content, respectively. However, TCC and
TCS were the two predominant EDCs in the Stonecutters Island STP,
and these two EDCs contributed 48% and 36% of the total EDC content,
respectively (Table 2).

3.1.6. Mass balance analysis
Total mass loads of the retinoids in the influents of the Shatin STP,

Stanley STP and Stonecutters Island STP were 7.4 g/d, 0.058 g/d and
30 g/d, respectively, and those of the EDCs in the influents were 786 g/
d, 48 g/d and 10,906 g/d, respectively. The mass loss percentage for the
total retinoid content accounted for 77% of the total mass loads in the
Shatin STP, while it accounted for only 21% and 16% in the Stanley STP
and Stonecutters Island STP, respectively (Table S7). These results in-
dicated that the removal of the retinoids in the Shatin STP was mainly
attributed to degradation, whereas those in the two other STPs were
attributed to sorption in the sludge (25–27%), followed by degradation
(16–21%) (Table S7). For the saline Shatin STP and relatively fresh-
water Stanley STP using the activated sludge process, the difference in
the removal of the retinoids between these two STPs may be due to the
different microbial communities present in the activated sludge that are
significantly influenced by the salinity. The mass loss percentage for the
total EDC content was −99% in the Shatin STP, suggesting the release
of EDCs from the sludge or their transformation from the chemicals
with similar structures. The mass loss percentages for the total EDC
content were 67% and 18% in the Stanley STP and Stonecutters Island
STP, respectively, while their sludge fractions were 12% and 34%, re-
spectively (Table S7). These results showed that the removal of EDCs
was attributed mainly to degradation for the Stanley STP and to sorp-
tion for the Stonecutters Island STP.

3.2. Occurrence of retinoids and EDCs in seawater

3.2.1. Retinoids and EDCs in seawater
The total concentrations of the retinoids in the seawaters of the

receiving water bodies adjacent to the three STPs ranged from 2.0 to
4.3 ng/L, and those of the EDCs ranged from 71 to 260 ng/L (Fig. 2a &
c). Five of the six retinoids were detected in the seawater samples, and

Fig. 3. Concentrations (ng/L, n=3) of the four major species of retinoids in the wastewater samples collected from different stages of the three sewage treatment
plants (STPs): Shatin STP, Stanley STP and Stonecutters Island STP (SI STP).
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the retinoids were dominated by 13c-4-oxo-RA that accounted for
50–57% of the total retinoid content, followed by at-4-oxo-RA
(26–41%; Figs. 2b & 3). No 9c-RA was found in any seawater samples.
EDCs were dominated by 4-NP that accounted for 62–68% of the total
EDC content, followed by either BPA (12–27%) or 4-t-OP (8–21%)

(Figs. 2d & 4). E1 was not found in any of the seawater samples.

3.2.2. Comparison of retinoids and EDCs between effluent and seawater
Across all three STPs, concentrations of both groups of chemicals in

the seawaters increased with those in the corresponding effluents

Fig. 4. Concentrations (ng/L, n=3) of each of the endocrine disrupting chemicals (EDCs) in the wastewater samples collected from different stages of the three
sewage treatment plants (STPs): Shatin STP, Stanley STP and Stonecutters Island STP (SI STP).
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(Fig. 5b & d). The compositions and ratios of the detected retinoids or
EDCs in the receiving seawaters of the three STPs were similar to those
of the respective effluents of the three STPs with the exception of the
9c-4-oxo-RA that was only found in the receiving seawater of the
Stanley STP (Figs. 2b, d, 3 & 4). A significant positive correlation was
found for the retinoids' concentrations of the seawaters and the ef-
fluents in the Shatin STP (r=0.599, p < 0.01) and Stonecutters Island
STP (r=0.727, p < 0.001) (Fig. 5b). No significant correlation was
found for the Stanley STP (r=0.271, p > 0.05), mostly likely due to
the dilution by seawater, and either adsorption or degradation by
marine organisms in the seawater adjacent to this relatively freshwater
STP. A significant positive correlation was found for the EDCs' con-
centrations of the seawaters and the effluents for all of the three studied
STPs (Fig. 5d), suggesting that sewage effluents of the STPs were an
important source of EDCs for the coastal marine waters in Hong Kong.

3.3. Assessment of the ecological risk posed by retinoids and EDCs to marine
organisms

The hazard quotient (HQ=MEC/PNEC) is usually used to assess
the ecological risk of a chemical. A HQ greater than one implies that the
chemical poses a high risk so that further risk management action is
required. The results of the ecological risk assessment of these two
groups of chemicals based on the HQ are shown in Fig. 6. Four EDCs
(i.e., 4-NP, 4-t-OP, BPA and TCS) exhibited high risks (HQ > 1) to
marine organisms in the effluents of all three STPs. In seawaters, re-
tinoids, 4-NP, 4-t-OP, and in some cases BPA exhibited medium or high
risks to marine organisms. However, other chemicals (i.e., E1, DES, TCS
and TCC) posed low or no risks to marine organisms in seawater
(Fig. 6).
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Fig. 5. Comparison of the concentrations of the retinoids or endocrine disrupting chemicals (EDCs) between the effluents and influents (a&c) or the receiving
seawaters (b&d) adjacent to the three sewage treatment plants (STPs): Shatin STP, Stanley STP and Stonecutters Island STP.

Table 2
Concentration (ng/g, mean ± SD, n=3) and respective ratio (%, in parentheses) of the retinoids and endocrine disrupting chemicals (EDCs) in the sludge samples
collected from three sewage treatment plants (STPs). N.D.: not detected.

Compound Shatin STP Stanley STP Stonecutters Island STP

Retinoids
At-RA 4.8 ± 2.0 (35% ± 7%) 10 ± 0.68 (48% ± 4%) 17 ± 0.92 (65% ± 0%)
13c-RA 9.4 ± 4.5 (65% ± 7%) 11 ± 1.3 (52% ± 4%) 9.0 ± 0.38 (35% ± 0%)
9c-RA N.D. (0%) N.D. (0%) N.D. (0%)
At-4-oxo-RA N.D. (0%) N.D. (0%) N.D. (0%)
13c-4-oxo-RA N.D. (0%) N.D. (0%) N.D. (0%)
9c-4-oxo-RA N.D. (0%) N.D. (0%) N.D. (0%)
Total retinoids 14 ± 6.4 21 ± 1.2 26 ± 1.3

Endocrine disrupting chemicals
4-NP 22,900 ± 4643 (62% ± 3%) 3705 ± 724 (46% ± 9%) 1045 ± 165 (9% ± 1%)
4-t-OP 9318 ± 3252 (25% ± 5%) 198 ± 50 (2% ± 1%) 134 ± 19 (1% ± 0%)
BPA 230 ± 152 (1% ± 1%) 111 ± 41 (1% ± 0%) 683 ± 86 (6% ± 0%)
E1 7.5 ± 6.0 (0% ± 0%) 19 ± 7.4 (0% ± 0%) 14 ± 5.6 (0% ± 0%)
DES N.D. (0%) 283 ± 152 (3% ± 2%) 13 ± 6.7 (0% ± 0%)
TCS 1201 ± 841 (3% ± 2%) 1852 ± 556 (23% ± 7%) 4610 ± 1241 (36% ± 3%)
TCC 3415 ± 461 (10% ± 3%) 1841 ± 404 (23% ± 5%) 6050 ± 1084 (48% ± 1%)
Total EDCs 37,071 ± 6967 8009 ± 163 12,548 ± 2514
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4. Discussion

4.1. Occurrence and fate of retinoids and EDCs in STPs

4.1.1. Retinoids
In this study, retinoic acids (at-RA and 13c-RA) and their metabo-

lites (at-4-oxo-RA and 13c-4-oxo-RA) were found in the wastewaters
(7.1–29 ng/L in influents, and 3.7–9.1 ng/L in effluents) of three STPs in
Hong Kong. Our results were comparable with those reported in the
previous studies on the identification of these compounds in China and
Japan (Zhen et al., 2009; Wu et al., 2010; Sawada et al., 2012). In some
cases, the highest retinoid levels were observed in the middle treatment
stages (e.g., the primary sedimentation process in the Shatin STP),
which may be due to the deconjugation of their glucuronide conjugates
caused by the microbial activities in the STPs (Zhen et al., 2009). We
observed variable removal efficiencies (41–82% removal) in the aqu-
eous phase for the total retinoid content during the wastewater treat-
ment in the three STPs, indicating that these chemicals could be par-
tially removed by microbial activities or chemical treatment. For the
Shatin STP, the removal of the retinoids was attributed mainly to de-
gradation, while it was attributed to sorption by sludge or degradation
for the other two STPs (Table S7); these results are similar to the results
reported by Inoue et al. (2013).

In the present study, retinoids were dominated by at-4-oxo-RA and
13c-4-oxo-RA in wastewaters, but only at-RA and 13c-RA were found in
the three STP sludges, implying that at-4-oxo-RA and 13c-4-oxo-RA
were relatively unstable in the anaerobic sludge, and/or the oxidation
of retinoic acids was inhibited in the anaerobic sludge. The amounts of
the retinoids in the sludge accounted for 25% of their total content in
the Stonecutters Island STP but only for 5% of the total retinoid content
in the Shatin STP, indicating that the retinoids were more readily ac-
cumulated in the CEPT sludge than in the sludge from the activated
sludge process, most likely due to the greater degradation provided by
the microbial activity during the activated sludge process. This study
represents the first study to investigate the fate and removal of the
retinoids in the STPs that receive saline wastewaters from toilet
flushing with seawaters. Our results clearly showed the potential dif-
ference in the levels and removal of the retinoids among the STPs that
employ different wastewater treatment technologies.

4.1.2. EDCs
Our results showed that the concentrations of each of the EDCs in

the wastewaters of the three STPs were highly variable, ranging from
ng/L to μg/L levels. Such high variabilities were noted in previous
studies conducted in different parts of the world (Johnson and Sumpter,
2001; Melvin and Leusch, 2016; Ahmed et al., 2017). In good agree-
ment with our results (Fig. 2d), alkylphenols (NP and OP) and BPA were
often found to be the most abundant EDCs and were the most frequently
detected EDCs in wastewater of STPs (Nakada et al., 2006; Xu et al.,
2014). Although NP and BPA have weaker oestrogen-mimicking po-
tentials than the natural oestrogens, these chemicals may be the most
important endocrine disrupters in the aquatic environments where their

total concentrations are> 1 μg/L (Johnson and Sumpter, 2001). In
addition to alkylphenols and BPA, in this study, TCC and TCS were
found at higher concentrations in the various stages of the wastewater
treatment. In the following discussion, we will focus on these five
dominant EDCs (i.e., 4-NP, 4-t-OP, BPA, TCC and TCS).

As shown in this study, the removal efficiencies of alkylphenols
varied between the three STPs, and the levels of alkylphenols in some
cases even increased after the wastewater treatment process, most
likely due to the degradation of their alkylphenol ethoxylates (APEs)
parent compounds (Johnson and Sumpter, 2001). According to mass
balance analysis (Table S7), alkylphenols were mainly removed by
degradation in the Stanley STP, whereas they were removed by accu-
mulation in the sludge in the other two STPs. Our results are in
agreement those reported in other studies in the literature (Johnson and
Sumpter, 2001; Ahmed et al., 2017). Although the concentrations of the
alkylphenols in wastewaters were comparable among the three STPs in
this study (Fig. 4), their concentrations in the sludge of the Shatin STP
were much higher than those values from the other two STPs. The low
levels of alkylphenols in the sludge of the Stonecutters Island STP may
be attributed to the strong chemical degradation in the presence of
flocculant (i.e., ferric chloride).

Removals of BPA in wastewaters were comparatively efficient
(64–76%) in the Shatin STP and Stonecutters Island STP, whereas only
11% removal of BPA was found in the wastewater of the Stanley STP
(Tables S4–S6). Sorption of BPA by sludge contributed only 2–3%, and
the removal of BPA was attributed mainly to degradation (Table S7).
This result was supported by the study of Nakada et al. (2006) who
found that the high removal efficiency (> 92%) of BPA was due to
aerobic biodegradation rather than adsorption onto solids. Moreover,
Fernandez et al. (2009) reported that 52–100% of BPA was removed in
a STP in Spain that used the activated sludge process, while no ad-
sorption or accumulation was found in the sludge, demonstrating the
great water solubility of BPA with no partitioning to the sludge. BPA
levels (mean 530 and median 280 ng/g dw) similar to those found in
the current study were found in the sludge of several STPs in Greece
that used the activated sludge process (Stasinakis et al., 2008). A rapid
sorption of BPA on the activated sludge and subsequent biodegradation
are the key removal mechanisms (Zhao et al., 2008). BPA (111–230 ng/
g dw) accounted for only 1% of the total EDCs accumulated in the
sludge in the two STPs that used the activated sludge process, while
BPA (683 ng/g dw) represented 6% of the total EDC content in the
Stonecutters Island STP that used the CEPT process (Table 2), implying
that BPA could be more easily degraded by the microorganisms in the
activated sludge.

The levels of TCS (80–428 ng/L, Fig. 4) in the influents of the three
STPs in Hong Kong were comparable to those found in the STPs in other
countries including Germany (Bester, 2003), Switzerland (Singer et al.,
2002) and USA (Heidler and Halden, 2007; Lozano et al., 2013).
However, the removal efficiencies (no or negative removal) of TCS in
the three STPs of Hong Kong were far lower than those in other jur-
isdictions. Previous studies indicated that over 90% of TCS can be re-
moved in the STPs with the activated sludge process (Bester, 2003;

Fig. 6. Calculated hazard quotients (HQs) of the retinoids and endocrine disrupting chemicals (EDCs) detected in the effluent and seawater samples.
0.01≤HQ < 0.1, 0.1≤HQ < 1 and HQ≥ 1 indicate low risk, median risk and high risk, respectively. At-RA EQs: at-RA equivalents.
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Heidler and Halden, 2007; Lozano et al., 2013). The removal of TCS
was mainly due to sorption by the sludge (Singer et al., 2002; Heidler
and Halden, 2007; Lozano et al., 2013), and its subsequent degradation
or transformation by microbial activity to its derivatives such as me-
thyltriclosan (Lozano et al., 2013), and mineralization to CO2 (Singer
et al., 2002). In this study, no TCS was removed in the three STPs, while
TCS was found with high concentrations (1200–4610 ng/g) in the
sludge. These concentrations were similar to those reported in other
studies (Bester, 2003; Ying and Kookana, 2007). Apparently, TCS can
be easily accumulated in the STPs with low degradation efficiencies,
while the TCS in the sludge during the treatments may be released to
the aqueous phase; this contributes to the high concentrations of TCS in
the effluents. Bester (2003) reported that 30% of TCS was adsorbed to
the sludge, and 5% was dissolved in the effluent. Heidler and Halden
(2007) reported that 50% of TCS was accumulated in the sludge, and
2% of TCS was found in the effluent. According to mass balance ana-
lysis (Table S7), the amounts of TCS in the effluent were close to those
in the sludge, suggesting a low removal efficiency of this compound for
the three STPs in Hong Kong. Such a low removal efficiency was most
likely related to the overall design and daily operation of the STPs, the
input loading of the pollutants and the hydraulic retention time (Ying
and Kookana, 2007; Lozano et al., 2013).

The levels of TCC in the influents (16–30 ng/L) and effluents
(17–68 ng/L) of the three STPs of Hong Kong were far lower than those
reported in the STPs in the USA (4.9–6.1 μg/L in influents, and
0.12–0.17 μg/L in effluents) (Heidler et al., 2006; Lozano et al., 2013)
but are comparable to the values obtained for a STP in mainland China
(the TCC levels in the influent and effluent were 57 ng/L and 30 ng/L,
respectively; Zhou et al., 2014). The TCC removal values for the three
STPs in Hong Kong were similar to their TCS removal values (negative
removal) with the exception of 38% of TCC removed by the Stone-
cutters Island STP (Tables S4–S6). The TCC removal efficiencies found
in this study were lower than those reported in the STPs in the USA
(approximately 97%) and in mainland China (48%) (Heidler et al.,
2006; Lozano et al., 2013; Zhou et al., 2014). However, we found that
the amounts of TCC in the sludge were much higher than those in the
effluents (Table S7), which was not consistent with the results for TCS.
These results indicated that TCC was easily accumulated in the sludge
of the STPs, as was also suggested in the previous studies (Heidler et al.,
2006; Lozano et al., 2013).

4.1.3. Comparison among the STPs with different treatment processes and
salinities

Conventional activated sludge process is commonly used to treat
sewage in STPs worldwide. Our study indicated that not all of the re-
tinoids and EDCs were removed in the two STPs (i.e., the Shatin STP
and Stanley STP) using the activated sludge process, which is consistent
with the results of the previous studies (Johnson and Sumpter, 2001;
Inoue et al., 2013). It was reported that the conventional activated
sludge process showed a comparatively poor overall removal for EDCs
(Melvin and Leusch, 2016), but appeared to be more efficient in re-
moving the retinoic acid activity than for the other STPs (i.e., lagoon-
based STPs) (Allinson et al., 2011). Based on this study, better removal
of the retinoids and alkylphenols was obtained in the aqueous phase of
the two STPs using the activated sludge process (i.e., the Shatin and
Stanley STPs) than in the Stonecutters Island STP that uses the CEPT
process, while the latter STP was more advantageous for the removal of
BPA, TCS and TCC than the two former STPs. In particular, degradation
contributed to the removal of BPA, while sorption contributed to the
removal of TCS and TCC. Both sorption and degradation were essential
for the overall removal of other EDCs from the STPs.

Salinity can affect the composition of the microbial community and
the pollutants removal performance during the wastewater treatment
process (Wu et al., 2008; Jang et al., 2013). Both the Shatin and Staley
STPs employ the activated sludge process, but the salinity of the was-
tewater in the Shatin and Staley STPs of with 20‰ and 5‰,

respectively, are significantly different. Such a salinity difference most
likely lead to the markedly different microbial communities present in
the activated sludge and thus may have influenced the degradation or
accumulation efficiency of retinoids and EDCs in the wastewater and
sludge. It was reported that Proteobacteria was dominated by α-Pro-
teobacteria that accounted for 18.5–25.7% of the total bacterial effective
sequences in the activated sludge of the saline Shatin STP (Zhang et al.,
2012). However, in the freshwater Stanley STP, the δ-Proteobacteria was
the most dominant class in the sludge, accounting for 12.9% of the total
(Zhang et al., 2012). In this study, the Shatin STP showed better re-
moval of retinoids in the aqueous phase but less removal of EDCs than
the Stanley STP, indicating a potential difference in the removal of the
contaminants between the saline and freshwater STPs.

Generally, the removal efficiency of contaminants in wastewater
increased with increased retention time (Ejhed et al., 2018). The hy-
draulic retention time (HRT) values were 20 h and 13.6 h for the Shatin
and Stanley STPs, respectively (Table S2). Compared to these two STPs
that use the activated sludge process, the Stonecutters Island STP that
uses the CEPT process did not show any obvious advantage for the
removal of the contaminants. On the one hand, as the world's largest
STP that uses the CEPT process, the Stonecutters Island STP had an HRT
of only 1.5 h, consuming less energy and saving capital cost during
wastewater treatment. On the other hand, the CEPT sludge contains a
large amount of organics and phosphorus that are valuable resources
that can be recovered. Thus, a novel technology integrating wastewater
treatment with the CEPT process and resource recovery is expected to
be developed and used in the future.

4.2. Assessment of the risk posed by retinoids and EDCs to marine
organisms

4.2.1. Retinoids
Herrmann (1995) reported that a short-term exposure of zebrafish

Brachydanio rerio embryos at 900 ng/L at-RA from stage 13 to 23 (i.e.,
5–28 h) led to deformities of their brain and tail. Degitz et al. (2003)
reported that exposure of 600 ng/L at-RA for three days (stages 8–41)
caused craniofacial deformities in embryos of Xenopus laevis frogs. The
levels of retinoids in the effluents of STPs were usually found to be
much lower than the concentration that triggered the toxicological ef-
fects, and thus the researchers declared that retinoids in STP effluents
were unlikely to give rise to deleterious effects on aquatic organisms
(Inoue et al., 2011; Sawada et al., 2012). However, toxicity may be
underestimated by these short-term laboratory studies because long-
term continuous exposure of such contaminants is expected in field
conditions. The value of the benchmark dose low (BMDL) of mortality
occurrence induced by at-RA was calculated as 30.9 ng/L (Wu et al.,
2010) based on the exposure experiment of at-RA to the X. laevis em-
bryos (Degitz et al., 2003). The present study adopted this value as
PNEC to perform the risk assessment of at-RA for marine organisms.
Considering that RAs and 4-oxo-RAs have roughly equivalent RAR
agonistic activity (Zhen et al., 2009; Wu et al., 2010; Sawada et al.,
2012) and similar mode of action (Herrmann, 1995), we assessed the
total ecological risk posed by these retinoids in the effluents and in
seawaters to the marine ecosystems of Hong Kong. The at-RA equiva-
lents of the samples were calculated by summing the concentration of
each of the detected retinoids multiplied by their respective at-RA
equivalency factor (0.04 for 13c-RA, 0.15 for 9c-RA, 3.87 for at-4-oxo-
RA, 0.46 for 13c-4-oxo-RA, 0.46 for 9c-4-oxo-RA; Zhen et al., 2009; Wu
et al., 2010). Overall, only medium risk of retinoids to marine organ-
isms (HQ: 0.1–1) was found in the effluents and seawaters.

Wu et al. (2010) investigated the occurrence of retinoids in Liao-
dong Bay and its adjacent rivers. They found that the retinoids were
widely distributed in the rivers, but they did not find any retinoids in
their seawater samples (Wu et al., 2010). Our study is the first report on
the measurable ambient concentrations of retinoids (i.e., retinoic acids
and their metabolites) in coastal seawater samples. Conventionally,
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development of imposex in marine female gastropods has been linked
solely to exposure to synthetic organotin compounds in the marine
environment (e.g., Leung et al., 2006) by binding with the retinoid X
receptor (Nishikawa et al., 2004). In this study, the direct finding of the
presence of retinoids in natural seawater challenges this simplistic view
of organotin-induced imposex because laboratory-based exposure ex-
periments have shown that pure retinoic acids can also induce the de-
velopment of imposex in female gastropods (Nishikawa et al., 2004;
Horiguchi et al., 2008). Thus, retinoids originating from the effluents of
STPs may also contribute to the imposex development in female gas-
tropods in the marine environment of Hong Kong where 100% of the
females of the whelk R. clavigera showed imposex. The results of this
study can improve our understanding on the source, level, risk and
management of retinoids in coastal seawaters, and open up a new area
of research in ecotoxicology of retinoids.

4.2.2. EDCs
In the past several years, EDCs have been detected in the seawaters

around the world (Figs. 7 & S3; Table S8). Generally, 4-NP and BPA had
high environmental concentrations in seawaters, 4-t-OP and TCS were
found in medium concentrations, while other EDCs (i.e., E1, DES and
TCC) were found in low concentrations in seawaters worldwide (Fig. 7;
Table S8). Overall, the concentrations of each EDCs in seawaters of
Hong Kong derived from this study was average compared to the cor-
responding levels in the seawaters worldwide (Fig. 7; Table S8), even
though the EDCs still posed risks to local marine organisms (Fig. 6).
Alkylphenols and BPA usually exhibited medium or high risks to marine
organisms in seawaters, but they exhibited high risks in the effluents
from STPs. Other chemicals (i.e., E1, DES, TCS and TCC) had low or no
risks to the marine organisms in seawaters, even though their risks were
still present in the effluents from STPs (Fig. 6). These data were also
supported by previous studies that found the effluents of STPs and/or
seawaters in the protected marine areas of Hong Kong exhibited oes-
trogenic activities (Xu et al., 2015, 2016) and elicited a transcriptional
response of the genes related to the endocrine disruption pathways in
the marine medaka fish Oryzias melastigma (Xu et al., 2014, 2015). In
those studies, the protected marine areas of Hong Kong exhibited high
concentrations of 4-NP (13–497 ng/L), BPA (3.4–408 ng/L), and 4-t-OP
(1.3–18 ng/L) (Table S8) (Xu et al., 2014, 2015, 2016) that were
comparable with the results of the present study.

5. Conclusions

In the present study, the HPLC-MS/MS methods were successfully

developed and applied for the determination of retinoids and oestro-
genic EDCs in wastewater, sludge and seawater samples. Globally, the
current study represents the first comprehensive examination of re-
tinoids and EDCs in saline wastewater and sludge collected from each
treatment process of the STPs and their adjacent seawaters. High con-
centrations of retinoids and EDCs were found in the wastewater and
sludge samples collected from three STPs of Hong Kong which is one of
the most highly populated coastal cities in the world. The retinoids
were dominated by their oxidative metabolites (i.e., at-4-oxo-RA or
13c-4-oxo-RA) in the wastewater, whereas at-RA and 13c-RA were the
most abundant in the sludge (i.e., without oxidation). EDCs were
dominated by alkylphenols and BPA in the wastewater, and by alkyl-
phenols, TCS or TCC in the sludge.

The present results indicated that the sewage treatment processes of
the three STPs in Hong Kong could remove the retinoids and EDCs from
wastewater by 41–82% and 31–79%, respectively. Hence, the treated
effluents from the STPs and the adjacent seawaters still exhibited re-
latively high concentrations of these two groups of chemicals, posing
medium risks to marine organisms living in the coastal marine en-
vironment of Hong Kong. Considering the additive or synergistic effects
of these chemicals, and the occurrence of other undetected retinoids
(e.g., retinal) and EDCs in seawaters, the risks of these chemicals to
marine organisms were likely to have been underestimated by this
study. Thus, future studies should focus on the combined risk assess-
ments of these chemicals to marine organisms. Moreover, more ex-
tensive samplings of wastewater and seawater throughout the year are
needed to obtain a better understanding of the distribution and fate of
the retinoids and EDCs of concern in different seasons. Bioaccumulation
and biodegradation of the retinoids and dominant EDCs by marine or-
ganisms should also be investigated to better reveal their impact on the
marine ecosystem.
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