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Abstract: The fast development of China’s urbanization has led to a notable release of emerging
pollutants, including microplastics (MPs) and endocrine disruptors (EDCs). Generally, these pollu-
tants enter the coastal environment through the discharge of wastewater treatment plants (WWTPs)
and finally threaten the organisms in the receiving waterbody. The study investigated the envi-
ronmental behavior of MPs and EDCs in two typical WWTPs in one of the megacities in China,
Shanghai. The abundance of MPs in the influent ranged from 321 to 976 items/L. Four shapes
(films, fragments, fibers, and microbead) were found, while fibers and films dominated. Transparent
(31–63%) and white (20–47%) MPs were more frequently observed, while polyethylene terephthalate,
cellulose, and cellophane were the main polymetric materials. The size of the MPs fell between
15.8 µm and 2220 µm, and the smaller one (<500 µm) dominated. The removal efficiencies of the
two WWTPs for MPs ranged from 64% to 92%, and both WWTPs performed better for large pieces
of MPs (>500 µm). For EDCs, total concentrations in the influent were detected, ranging from 113
to 2780 ng/L. Two groups, including phenolic estrogens (PEs) and steroid estrogens (SEs), were de-
tected, and PEs, especially bisphenol A (BPA), were the predominant individuals among the studied
EDCs. Specifically, PEs ranged from 82.8 to 2637 ng/L, while SEs ranged from 27.3 to 143 ng/L. The
removal efficiencies of the WWTPs for EDCs varied (82.8–100%) as well, possibly due to the different
treatment compartments and contamination load in the influent. Seasonal variations for both MPs
and EDCs were observed. Specifically, concentrations of MPs and EDCs in WWTPs influent were
higher in the wet season, as well as the removal efficiency. Furthermore, there was a correlation
observed between the concentrations of MPs and EDCs, suggesting that MPs and EDCs may originate
from the same source and that EDCs released by MPs cannot be ignored during treatment. Finally,
the study evaluated the environmental risk of the effluents. MPs led to a minor risk (Level I), while
EDCs might lead to an adverse impact on algae (RQs = 0.0014–0.024) and fish (RQs = 3.4–30.2). In
summary, WWTPs received considerable amounts of MPs and EDCs. Although the WWTPs removed
the contaminants efficiently, the environmental risk of the effluent needs to be noted.

Keywords: microplastics; EDCs; WWTPs; environmental risk

1. Introduction

In recent decades, the urbanization of China has been fast, and Shanghai, as one of the
most important megacities, uses and releases tons of emerging contaminants (ECs) from
its human activities [1]. ECs included current-use pesticides (CUPs), pharmaceuticals and
personal care products (PPCPs), endocrine disruptors (EDCs), microplastics (MPs), etc.
These ECs are treated by sewage treatment plants, discharged into the coastal environment,
and accumulate, eventually causing negative effects on ecosystems (biodiversity, sex, or age
structure of the population) and aquatic life (individual death, developmental disorders,
dysgenesis, etc.) [2]. However, the WWTPs are not designed for ECs specifically. Generally,
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primary, secondary, and tertiary treatment processes are included in WWTPs, and they
are effective in eliminating pollutants such as organic substances and nutrients. The ECs
could be eliminated via sedimentation, adsorption, and biodegradation [3,4]. However, the
removal efficiencies are not stable, depending on the types, loads, and characteristics of the
contamination. WWTPs have been identified as a non-negligible point source of ECs in the
environment due to their unstable removal and continuous discharge [2].

Among the ECs, MPs and EDCs are receiving more and more concerns due to their
rising adverse environmental impacts. Take MPs, for example; China produced more
than 1.0 billion tons of plastic materials in 2020 (National Bureau of Statistics of China,
2000–2021). Many of the waste plastics are disposed of disorganized and broken into MPs
(<5 mm). MPs in cities are partially discharged into WWTPs and finally released into
the freshwater or coastal environment [5,6]. Thus, WWTP is an important point source
of MPs. As reported, WWTPs in another megacity, Shenzhen in south China, produced
70.6–302 tons of MPs into its connected coast annually [7]. Based on the information
provided by Ren, et al. [7], WWTPs across the country discharge 734–3100 tons of MPs
into surface water each year, of which 220 to 950 tons are discharged annually into the
marine environment. Thus, it is important to confirm and improve the removal of MPs in
WWTPs. Although the WWTPs can achieve acceptable removal of MPs, the removal rate
was unstable, and the removal efficiencies in different compartments were unclear [8]. For
example, MPs could be removed by coagulation/flocculation (primary treatment) with a
ratio of 47–82% and by A2O (secondary treatment) with a range of 47–82%, both of which
fall within a wide range [9]. The removal rates highly depended on the contamination loads
and composition patterns of MPs. Therefore, it is necessary to study the environmental
behavior of MPs in and through the WWTPs in the megacity of Shanghai and evaluate the
environmental risk of effluent that carries MPs.

Plastics and MPs have been confirmed as carriers for EDCs. In the polypropylene resin
granules collected from the coastline in Japan, nonyl phenol (NP) was detected at a level
of 0.13–16 ng/g [10]. During the aging process, plastics and MPs released a considerable
amount of bisphenol A (BPA), and the aged plastics were identified as a continuous source
of BPA [11]. Thus, the presence of MPs might be an indicator of the contamination of EDCs.
It is necessary to study MPs and EDCs comprehensively to explain their environmental
behavior. In addition to MP releases, industrial and medicinal procedures may potentially
release EDCs as well. Specifically, steroid estrogens (SEs), such as estrone (E1), estradiol
(E2), and estriol (E3), are used to regulate the development and reproduction function of
human beings [12], while phenolic estrogens (PEs), such as BPA and NP, are important
materials to produce surfactants, detergents, and paper products [13,14]. These EDCs
were initially piped into the WWTPs and finally discharged into the receiving waterbody,
e.g., the Yangtze River Estuary, in this study. The intensive discharge of EDCs and their
metabolites into the environment might lead to hormonal dysfunction or reproductive
abnormalities and perturb the stability of ecological systems [15]. However, as investi-
gated by Xu, et al. [16], 12 EDCs were observed in the WWTP effluent in Hong Kong,
in which the mean concentrations of E1 and NP were 5.25 ng/L and 4510 ng/L, respec-
tively. Stasinakis, et al. [17] also reported a high level of BPA, which is of up to 5.76 µg/L.
Similarly, the WWTPs are not specifically designed to eliminate EDCs, and the removal
rates vary. The WWTPs in Hong Kong even reported elevated concentrations for some
EDC individuals in their effluent [16]. Research on the removal of EDCs through WWTPs
is essential for assessing the environmental risk of the effluent and improving treatment
techniques, more specifically, for those in megacities that discharge significant amounts of
ECs into the receiving water bodies.

Based on two typical WWTPs in Shanghai, the study evaluated the behavior and
seasonal variation of MPs (sharp, color, polymers, and size) and EDCs (7 individuals) in
and through different compartments in the WWTPs and confirmed removal efficiencies of
different compartments. Then, the source of MPs and EDCs in the influent was identified.
Subsequently, the relationship between the abundance of MPs and the concentration of
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EDCs was analyzed using principal component analysis (PCA). The environmental risk
of MPs and EDCs in the effluent was calculated using the ecological risk index and risk
quotient methods. Finally, the study could provide support for treatment optimization in
WWTPs, as well as pollution management of ECs.

2. Materials and Methods
2.1. Materials and Chemicals

The chemicals for MP sample preparation included hydrogen peroxide (H2O2, ana-
lytical grade) and sodium chloride (NaCl, analytical grade). They were purchased from
Sinopharm Group Chemical Reagent Co., Ltd. (Shanghai, China). For the analysis of
EDCs (7 in total, Tables S3 and S4), their native standard solutions and surrogates (CRM)
were needed. The standard substances, such as SEs (E1, E2, EE2, and E3), PEs (BPA and
NP), and the required isotope-labeled surrogates were obtained from Dr. Ehrenstorfer
GmbH (Augsburg, Germany). Solid-phase extraction (SPE) cartridges (Oasis HLB, 500 mg,
6 mL) to remove the interferences in the samples were provided by Waters Corporation
(Milford, USA). The organic solvents (HPLC grade) were provided by Adamas (Shanghai,
China), while the deionized water was produced by the Milli-Q®system in the laboratory
(18.2 MΩ·cm).

2.2. Field Sampling

The study focused on two typical wastewater plants in Shanghai, namely WWTP-A
(2.8 million tons/day) and WWTP-B (400,000 tons/day). WWTP-A is the largest wastewater
treatment facility in Shanghai, and WWTP-B includes advanced tertiary treatment processes,
like ozone oxidation, which is not usual in traditional WWTPs. The main treatment
processes of WWTP-A and WWTP-B are given in Figure 1. Water samples (n = 3, V = 1 L)
were collected at the outlet of each treatment compartment in wet (July 2023) and dry
(March 2023) seasons, respectively. Considering the hydraulic retention time (HRT) of the
specific WWTP, each influent and effluent was collected and mixed every 24 h. Samples
were kept in an amber bottle that had been rinsed with a solvent and pure water. Afterward,
4 M sulfuric acid (1/2000, V/V) was spiked to reduce biodegradation. The samples were
transported to the laboratory, kept at 4 ◦C, and processed within 48 h.
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2.3. Sample Preparation

Water samples were filtered through glass fiber filters (Whatman GF/F, 0.45 µm, Maid-
stone, UK). The suspended solid and MPs that remained on the filters were reserved for fur-
ther treatment, and the filtrated water was processed with SPE cartridges for EDCs analysis.

The MPs that remained on the filters were washed by H2O2 into bakers, which were
initially rinsed with pure water. Subsequently, the mixtures were placed into a shaker
at a condition of 65 ◦C and 80 rpm for 72 h. Finally, the mixtures were processed again
using membranes with a pore size of 5 µm before further analysis. More details have been
provided by Su, et al. [18]

For EDCs, the filtrates were spiked with 0.2 g Na2EDTA and extracted by SPE with
Oasis HLB cartridges (500 mg and 6 mL, Waters, Milford, MA, USA). The SPE cartridges
were preconditioned with 10 mL methanol and 10 mL Milli-Q water. Then, water samples
were loaded onto the cartridges at a flow rate of 10 mL/min. Afterward, the cartridges
were rinsed with 10 mL of Milli-Q. The EDCs retained on the cartridges were eluted with
8 mL methanol and 8 mL methanol: Acetone (1:1, v/v), then the eluates were condensed
to almost dry using a nitrogen evaporator and re-dissolved in 300 µL acetonitrile: water
(3:7, v/v). The final extract was transferred to a 1 mL amber vial and stored at −18 ◦C
until ultra-high-performance liquid chromatography-tandem mass spectrometry (UHPLC-
MS/MS) analysis.

2.4. Instrumental Analysis

MPs were observed and shot using a stereo microscope and a photographic system
(Nikon SMZ25, Nikon Corporation, Yokohama, Japan). Cooperating with the photographic
system, the software (NIS-Elements D 4.50.00, Nikon Corporation, Yokohama, Japan)
was used to record information about the physical properties of plastics, such as shape,
color, and size. The imageJ (1.5) software was applied to label the scale of the photographic
process. Based on the ratio of the pixel and scale, the size of MPs could be determined. Then,
the polymeric component of MPs was analyzed using a Fourier transform infrared micro
spectrometer (Nicolet iN 10 MX, Thermo Fisher, Waltham, MA, USA) with a transmission
mode-MCT detector. More details of sample preparation for MPs could be found in the
previous study [19].

Identification and quantification of EDCs were conducted using Ultra-High-Performance
Liquid Chromatography-tandem mass spectrometry (UHPLC-MS/MS) equipped with an
electrospray ionization source (Agilent 1290 Infinity UHPLC system and Agilent 6460 triple
quadrupole MS; Agilent, Palo Alto, CA, USA) in multiple-reaction monitoring (MRM)
mode. The analytes were separated on an Agilent Zorbax RR Eclipse Plus C18 column
(95 Å pore size, 3.5 µm particle size, 2.1 mm inner diameter, and 150 mm length). The
column temperature was set at 40 ◦C. The analysis EDCs was carried out using 0.1%
ammonium hydroxide/H2O as eluent A and acetonitrile as eluent B at a flow rate of
0.3 mL/min; the injection volume was 10 µL. The ion source parameters for both positive
(ESI+) and negative (ESI−) modes were selected as follows: gas temperature 300 ◦C, gas
flow 7 L/min (antibiotics) and 10 L/min (EDCs), nebulizer 45 psi, sheath gas temperature
350 ◦C, sheath gas flow 11 L/min, and the capillary was 3500 V. Nitrogen gas was used as
the collision gas. More details on elution gradients and precursors/products after MRM
reaction are given in Tables S2 and S3.

2.5. Quality Control

To ensure the data quality of MPs, all laboratory testing is conducted in a specialized
facility with restricted access. Blank samples are prepared using a blank filter with 1 L of
pure water passing through. To minimize the contamination, all operators were asked to
wear cotton lab coats to minimize the introduction of synthetic fibers. All the glass wares
were rinsed with pure water. Blanks for EDCs were made for each of the ten samples. The
MDL was estimated using a signal-to-noise ratio of 3 (Table S5). For the recovery study,
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water samples were spiked with standards at a concentration of 100 ng/L, and recovery
ratios were also given in Table S5.

2.6. Risk Assessment

Environmental risk of MPs in the influent and effluent water was evaluated using the
ecological risk index method, which was developed by Hakanson [20] and improved by
Peng, et al. [21]. The calculations are given as follows:

Ci
f =

Ci

Ci
n

(1)

Ti
r =

Pi

Ci × Si (2)

Ei
n = Ti

n × Ci
f (3)

RI = ∑n
i=1 Ei

n (4)

Ci
f is the pollution index which could be yielded using the measured abundance

(Ci) divided by the criterion reference value (Ci
n), which in this case refers to the safe

concentration of MPs in surface water (6650 items/m3) estimated by Everaert, et al. [22].
Ti

n is the ecotoxicity response factor representing the toxicity and bio-sensitivity of the MPs.
According to the study of Lithner, et al. [23], Pi is the abundance of specific MP polymer
(i), and Si is the hazard index of polymer (i) (Table S6). Ei

r is the potential ecological risk
index, which is determined based on Ti

r and Ci
f of each polymer. RI is the total ecological

risk index of all types of MP polymers. As given in Table 1, ecological risk is classified as
level I, II, III, and IV according to different RI values.

Table 1. Risk-level criteria for microplastic pollution.

Potential Ecological Risk Factor Ecological Risk level

<10 I

10–100 II

100–1000 III

>1000 IV

The ecological risk caused by EDCs was quantified based on the risk quotient method
(RQ), which could be calculated by the measured concentration (MEC) divided by the
predicted no-observable concentration (PNEC) [24]. The total RQ values (ΣRQ) of all the
studied EDCs could be determined by summing up all the RQ values of individuals. If
ΣRQ values are lower than 0.01, no risk could be identified. Low risk could be identified if
ΣRQ values fall between 0.01 and 0.1. If ΣRQ values fall between 0.1 and 1.0, the risk is at
an intermediate level. If ΣRQ values > 10, the risk is at a high level [25]. The PENC values
used in the environmental risk assessment are shown in Table S7. The effluent in this study
was discharged into the Yangtze River Estuary generally, and PNEC values for algae and
fish were selected. This evaluation is important to quantify the impact of the EDCs on the
primary productivity and ecosystem structure in the receiving waterbody.

3. Result and Discussion
3.1. Behavior of MPs in and through Two Typical WWTPs in Megacity
3.1.1. Contamination Patterns of MPs in the Influent and Source Analysis

The abundances of MPs in the influent from the two WWTPs were different, and a
significant seasonal variation was also noted. Specifically, the abundances were 93 items/L
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in WWTP-A and 163 items/L in WWTP-B in the wet season, while 54 items/L WWTP-A
and 140 items/L in WWTP-B in the dry season (Table S8). The observed abundance in
this study was comparable to those found in India (42–150 items/L) [26]. Furthermore,
the abundance in the wet season was significantly higher than that in the dry season.
Similar seasonal variation was found in previous studies [27,28]. As previously reported
for ions and solids, increased concentration of MPs in influent during the wet season
(July) could be explained by sun irradiation, which enhances water evaporation [29]. The
higher temperature in the wet season also leads to more plastic consumption and washing
activities [8,30]. More water evaporation, plastic consumption, and washing activities
(major sources of fibers) comprehensively increased the MPs abundance in the influent.

Four sharps of MPs were detected, namely film, fragment, fiber, and microbeads
(Figure 2a). In WWTP-A, fiber, which is primarily from domestic washing, was dominated
with a ratio of 50–60%. This finding was the same as previous studies [31]. During
washing activities, superfine fibers are flushed from the synthetic clothing into the sewage
system [32]. As estimated, approximately 100 fibers in 1 L of laundry wastewater enter
WWTPs [33]. Insufficient removal of fibers occurs due to their smaller size and lower
density [6] and the residues are introduced into the receiving environment finally. The
second dominant sharp was film, generally from the plastics used in packaging [34]. In
WWTP-B, the sharp film dominated, followed by fiber, indicating a different source of MPs
in the influent. The abundance of microbeads that were used as ingredients in toothpaste
and personal care products exhibited the lowest level, indicating the positive effect of the
prohibition of microbeads in personal care products [35].
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Transparent (31–63%) and white (20–47%) were the most common colors, followed by
black (11–40%) and other colors (Figure 2b). Transparent and white MPs were primarily
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from packaging materials, such as bottles and plastic tableware. The color of MPs deter-
mines the hazardous potential to the biota. Transparent and white MPs are easily ingested
by zooplankton, fish, and other species, causing environmental risks [36]. Therefore, it is
crucial to characterize the color of MPs and assess their potential risks.

Polymeric distribution of the MPs was determined. Polyethylene glycol terephthalate
(PET) (50%) and cellulose (50%) dominated WWTP-A, while PET (50%) and cellophane
(50%) dominated WWTP-B (Figure 2c). No significant seasonal variation in polymeric
distribution was observed. PET was the major polymer in all the samples, mainly due
to its extensive application in synthetic clothing and food packaging [37]. Cellulose has
been used widely in industries such as mechanical engineering and biopharmaceutical [38],
indicating a wastewater source from these industries in WWTP-A. Cellophane has been
confirmed to be generated from washing activities, suggesting a domestic source [39].
Different polymeric distributions indicate a different water source for the two WWTPs.

3.1.2. Behavior of MPs through the WWTP

The behavior of MPs through the WWTP in different seasons was studied. In general,
the abundance of MPs reduced. The removal rates in WWTP-A in the wet and dry seasons
were 82.1% and 63.9%, while those in WWTP-B were 92.1% and 88.6% (Table S6). Removal
rates in the wet season were higher than those in the dry season.

Figure 3 shows the changes in size and polymeric distribution of MPs in different
compartments. MP size determined the removal efficiency significantly. Generally, the
MPs with sizes >500 µm were reduced significantly from influent to secondary treatment
(Table S9) in both WWTPs. However, it is noted that the abundance of MPs with sizes
500–1000 µm and ≥1000 increased with a ratio of 27 (Table S9) in the dry season in WWTP-
A. The last step in primary treatment in WWTP-A is a sedimentation tank, which may
release the settled or adsorbed MPs back into the water phase [40]. Also, there is a slight
increase after the secondary sedimentation of the tertiary treatment, possibly due to the
resuspension from the sludge in this process [40]. For those MPs between 100 and 500 µm,
the abundance did not change significantly in WWTP-A, while it reduced notably in
WWTP-B. For the MPs even smaller (<100 µm), the primary treatment did not perform
well, while the tertiary showed better efficiency. Finally, in the effluent, the MPs within the
100–500 µm range were more frequently observed, followed by those smaller than 100 µm.
The smaller pieces float more easily, which impedes their settling into the sludge [41].
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PET was removed sufficiently for the most abundant polymer. Especially in WWTP-B,
PET was removed at a rate of 100% (Table S10). The high reduction of PET in the WWTP
was likely due to its high density (1.38 g/cm3) [28,42]. However, PET concentration was
elevated after the tertiary treatment compartment. The release of PET from sludge or
adsorption materials may explain this increase. Furthermore, the polymer polypropylene
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(PP), which was not detected in the influent in both WWTPs, was observed in the effluent,
indicating a considerable release from the PP pipelines used in the WWTPs system [43].
Conclusively, WWTPs performed well for MPs, especially for those with large size and
high density.

3.2. EDCs in the WWTPs
3.2.1. EDCs in the Influent and Source Diagnosis

In this study, seven EDCs were analyzed in the samples collected in March (dry season)
as well as in July (wet season) from the WWTPs. The results are shown in Figure 4a,b,
and Table S11, where ∑EDCs concentrations in the influent from WWTP-A were found
to be 485.46 ± 10.98 ng/L in the wet season and 381.85 ± 0.54 ng/L in the dry season,
while those from WWTP-B were 2780.45 ± 59.03 ng/L and 113.85 ± 0.61 ng/L, respectively.
Five target EDCs (BPA, NP, E1, E2, and E3) were detected in the influent water from both
WWTPs, and the dominant individuals were BPA and NP. BPA is generally from paper
mills, fine chemical facilities, and plastics production, while NP comes from the production
of detergent products and textile auxiliaries [14,44]. The presence of BPA and NP also
suggested that industrial wastewater is a significant influent source of the two WWTPs.
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3.2.2. The Removal Efficiencies of EDCs through Different Treatment Compartments

After the treatments, the concentration was reduced significantly (Figure 4a,b, and
Table 2). Specifically, the removal rates of total EDCs were 93.22% and 96.52% in the wet
and dry seasons in WWTP-A, while 99.64% and 98.98% in WWTP-B, respectively.
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Table 2. The removal rates of the EDCs through the two typical WWTPs in different seasons.

Wet Dry

Primary
Treatment

Secondary
Treatment

Tertiary
Treatment

Total
Removal

Rate

Primary
Treatment

Secondary
Treatment

Tertiary
Treatment

Total Removal
Rate

WWTP-A

BPA 58.25% 77.97% 69.90% 97.23% 34.17% 96.12% 34.40% 98.32%

NP 26.26% 91.46% 24.10% 95.22% 40.29% 87.84% 22.26% 94.36%

E1 21.74% 84.41% −3.31% 87.39% 27.83% 68.44% 24.26% 82.75%

E2 −178.99% 78.91% 65.90% 79.93% 37.33% 91.01% 44.88% 96.89%

E3 15.50% 16.47% 13.60% 39.02% −4.53% 100.00% 100.00% 100.00%

∑ EDCs 40.91% 80.67% 40.62% 93.22% 35.30% 92.63% 26.92% 96.52%

WWTP-B

BPA 63.25% 92.98% 97.86% 99.76% −447.56% 98.95% 76.17% 98.63%

NP 46.13% 88.03% 91.03% 99.42% −1513.88% 94.80% 99.45% 99.54%

E1 2.67% 96.44% 64.68% 98.77% −146.65% 81.77% 90.55% 95.75%

E2 20.73% 40.23% 100.00% 100.00% −115.30% 96.64% 100.00% 100.00%

E3 13.33% 18.24% 100.00% 100.00% −33.71% 77.80% 100.00% 100.00%

∑ EDCs −23.54% 90.57% 96.89% 99.64% −585.78% 95.71% 96.52% 98.98%

In terms of the removal efficiencies in different treatment compartments, the primary
treatment in WWTP-A eliminated total EDCs with a rate ranging from 35.3% (dry) to
40.9% (wet), and the secondary process removed EDCs with a percentage of 80.7% (wet)–
82.6% (dry) (Table 2). Tertiary treatment, as well as disinfection before discharge, did not
significantly remove EDCs. Unlike WWTP-A, primary treatment in WWTP-B elevated
EDCs concentration in both studied seasons (Figure 4a,b, Tables 2 and S11), which may be
related to the re-suspended of these EDCs from the sludge. The secondary and tertiary
treatments (ozone oxidation included) performed well, with their removal rates higher than
90%. Filtration, sedimentation, and adsorption are basic processes in the primary treatments
to remove contaminants; biodegradation and bio-absorption are major processes in the
secondary treatments, and in tertiary treatments, the contaminants could be eliminated
through advanced oxidation or adsorption processes. In conclusion, it is demonstrated
that the principal process for removing EDCs from wastewater is biochemical degradation
during secondary treatment. Advanced oxidation is another effective process, as confirmed
by WWTP-B.

In addition, there were large differences in the removal efficiency of the five detected
EDC individuals. As shown in Figure 4c, in WWTP-A, removal variations of phenolic
estrogen in different seasons were not significant, while those of steroid hormones in
different seasons were significantly non-negligible. The performance in the wet season is
better than in the dry season. As concluded in the last paragraph, the principal processes for
removing EDCs from wastewater are biochemical degradation during secondary treatment,
and higher temperature leads to enhanced biodegradation [45]. Also, E2 and E3 were
released during the primary treatment. This may be due to the reconversion of inactive
conjugated steroidal estrogens to active forms, ultimately leading to an increase in their
concentrations [46]. In the tertiary treatment, the EDCs were removed but with a low
removal efficiency (Table 2). Our result was comparable to previous studies in that micro-
activities removed EDCs rather than sedimentation [47].

EDC individuals exhibited different behaviors in WWTP-B. Concentrations in WWTP-
B were magnitudes higher in the wet season than those in the dry season. As plotted
in Figure 4d, there were significant releases of BPA and NP after the primary treatment.
Aeration processes in the primary treatment may lead to a release of BPA and NP from
the sludge [45]. E1, E2, and E3 increased as well due to the uncoupling of the sulfate
and glucuronide affixes of EDCs during the treatments [48]. This result emphasized that
conjugate compounds play a non-negligible role in the removal of EDCs and deserve further
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exploration. Although there were releases from the primary treatment, the secondary
treatment in WWTP-B showed a good removal for all five monomers. The phenolic
estrogens (88.03% to 98.85%) were removed more efficiently than steroidal estrogens (18.24%
to 96.64%) (Table 2). In summary, although some monomers presented an elevated trend in
certain treatment compartments, both wastewater plants can remove more than 80% of the
EDCs. The compartment (secondary treatment) based on biodegradation played a more
important role.

3.3. Relationship between EDCs and MPs

To further confirm the possibility of MPs and EDCs as each other’s indicators, a
principal component analysis (PCA) was applied, and the result is given in Figure 5. As
indicated, the concentration of EDCs and MPs with small size (<100 µm) was significantly
correlated, indicating a potential of these MPs carrying or releasing the EDCs [49]. In a
previous study on the environmental behavior of plastic additives [50], it was demonstrated
that the presence of BPA in the water column is highly related to the migration of additives
from plastic containers. Additionally, EDC levels negatively correlated to the abundance of
PP, PA, and PE. These components of MPs possibly absorbed and accumulated EDCs on
their surface due to the homogeneous structure and strong hydrophobicity, finally reducing
EDC concentration in the dissolved phase. In summary, the correlation between EDCs and
MPs suggested that the size and composition of MPs may affect the concentration of EDCs.
More research regarding MPs as a contamination indicator for EDCs should be carried out
in the future.
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3.4. Risk Reduction by the WWTPs

Compared to the safe value (6650 items/m3) proposed by Everaert, et al. [22], the
abundances in the influent (53,500–162,667 items/m3) and effluent (12,833–22,677 items/m3)
were significantly higher than the safe concentration. Although the MPs were removed
efficiently, possible risk still could be initiated by the effluent. Comparatively, the MPs
abundances in both influent (171,000 items/m3) and effluent (12,800 items/m3) from a
WWTP from Spain were higher than the safe concentration [51]. Similar results were
found in another WWTP in a big city, Xi’an, in China [52]. To evaluate the environmental
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risk more accurately, the ecological risk index of the WWTP wastewater was determined
(Table 3). As given in the table, the wastewater would induce a risk at level II without
WWTP treatments. After a series of treatments, the risk index values were reduced to a
range of 1.89 to 4.28, which were at an I level. From the influent (RI = 8.1–24.5) to effluent
(RI = 1.25–4.28), WWTPs significantly reduced the environmental risk initiated by MPs. It
is noted that the risk value was not considered for cellulose and cellophane due to their
limited hazardous data. The RI values were only calculated based on the PE, PA, PP, PEVA,
and PET, leading to a possible underestimation.

Table 3. MPs risk evaluation in the influent and effluent in the WWTPs.

WWTPs Sampling
Season Influent RI Risk Level of

Influent Effluent RI Risk Level of
Effluent

Risk Reduction
Rate (%)

WWTP-A
Wet 14.0 II 1.89 I 86.51%

Dry 8.1 II 1.25 I 84.42%

WWTP-B
Wet 24.5 II 3.43 I 85.97%

Dry 21.1 II 4.28 I 79.68%

The risk of EDCs was assessed based on the risk quotient method. As given in Table 4,
both influent (RQ = 0.106–3.08) and effluent (RQ = 0.0014–0.024) pose limited risk to algae.
The reason is that the EDCs primarily target endocrine systems, which algae does not
have. After WWTPs, the risk of EDCs for algae reduced from intermediate to low. Algae is
an important primary producer in an ecosystem. The removal of the EDCs reduced the
environmental pressure on algae and protected the stability of the ecosystem. For fish,
the risk of EDCs from WWTPs could not be ignored. Although the risk reduction rates
(83.9–98.8%) were high, the residual levels of EDCs still trigger high risk to fish. Specifically,
the RQ values of effluent ranged from 3.40 to 30.1, and the risk was primarily induced by
E1 and BPA. The receiving water of the two WWTPs is an important waterbody for rare or
endangered species, such as Chinese sturgeon and estuarine taper tail anchovy. Similarly,
previous studies found environmental threats due to EDCs (BPA, E1, and E2) in the effluent
from WWTPs in Europe [53,54].

Table 4. EDCs risk evaluation in the influent and effluent in the WWTPs.

Risk to Algae

WWTPs Sampling
Season Influent RQ Influent Risk

Level Effluent RQ Effluent Risk
Level

Risk Reduction
Rate (%)

WWTP-A
Wet 0.547 Intermediate 0.024 Low 95.7%

Dry 0.428 Intermediate 0.0175 Low 95.9%

WWTP-B
Wet 3.08 High 0.0126 Low 99.6%

Dry 0.106 Intermediate 0.0014 Low 98.7%

Risk to fish

WWTP-A
Wet 239 High 30.1 high 87.4%

Dry 160 High 25.8 high 83.9%

WWTP-B
Wet 648 High 7.54 high 98.8%

Dry 87.8 High 3.40 high 96.1%

Thus, technical improvement is needed in WWTPs, especially for EDCs. Advanced
oxidation is an effective option for the removal of EDCs. Some studies found that ad-
vanced oxidation using ozone could remove more than 90% of the residual EDCs [55–57],
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and WWTPs coupled with wetlands may further reduce the environmental risk of the
effluent [58–60].

4. Conclusions

This study confirmed that the influence of the two WWTPs in the megacity of Shanghai
was from both domestic and industrial wastewater. The abundance of MPs was higher in
the wet season due to the higher temperature, increased plastic consumption, and washing
activities. The removal of MPs in the WWTPs was good, and the wet season performed
better than the dry season. MPs of large size and density were more easily removed by
sedimentation, while those with small size and density were more difficult to remove.
For EDCs, the removal was good as well, ranging from 93.2% to 99.6%. However, the
removals of different EDC individuals varied considerably in different seasons and WWTPs.
MPs could also be considered an indicator of EDC contamination in the WWTPs. MPs
possibly released EDCs during the water treatment processes. Finally, the WWTPs cut
off the environmental risk of wastewater significantly and reduced the environmental
pressure on the receiving water bodies. The environmental risk caused by MPs in the
effluent is low, but EDCs still cause non-negligible negative environmental impacts on fish
and ultimately threaten the stability of the ecosystem. Technical improvement is needed in
WWTPs, especially for EDCs. Advanced oxidation techniques, such as ozone oxidation,
should be applied. WWTP coupled with wetlands is another alternative option. Also, the
reuse of effluent water in a particular industry or agriculture instead of directly discharging
it should be considered.
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