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A B S T R A C T

The presence of trace organic pollutants in the effluent of wastewater treatment plants (WWTPs) poses consid-
erable risks to aquatic organisms and human health. A large-scale survey of 302 trace organic pollutants in the
effluent of 46 Chinese WWTPs was conducted to gain an improved understanding of their occurrence and
ecological risks. The survey data showed that 216 compounds in 11 chemical classes had been detected in ef-
fluents. The sum concentrations of the trace contaminants in effluent ranged from 1,392 ng/L to 35,453 ng/L,
with the maximum concentration of perfluoroalkyl substances (PFASs) recorded as the highest (30,573 ng/L),
which was markedly less than the reported 185,000 ng/L for the 38 American WWTPs. The concentration of
bisphenol analogs (BPs) was up to 4,422 ng/L, significantly higher than those reported in France, Germany,
Japan, Korea, and the U.S. PFASs and BPs were the major pollutants, accounting for 59% of the total pollution.
Additionally, a total of 119 contaminants were found to have ecological risks (RQ > 0.01). Among these, 23
contaminants (RQ > 1.0) warrant higher attention and should be prioritized for removal. This study lists valuable
information for controlling contaminants with higher priority in WWTP effluent in China.
1. Introduction or μg/L [6]. Trace pollutants pose a serious concern to both the envi-
Wastewater treatment plants (WWTPs) collect and purify domestic and
industrial wastewater, which is a major engineering measure to prevent
water pollution [1]. WWTPs are required to meet stringent discharge
standards to keep the quality of surface water within a safe and acceptable
range. These standards primarily control aerobic organics (such as
Chemical Oxygen Demand and Biochemical Oxygen Demand) and nutri-
ents (N and P) [2]. At the same time, heavy metals are also an important
evaluation index, particularly for industrial wastewater [3]. However,
until now, some trace organic pollutants have rarely been included in
assessment andmanagement, especially in some underdeveloped areas [4,
5]. It has been documented that the effluents of WWTPs are a significant
source of these trace pollutants, leading to concerns about their ecological
and environmental risks.

Trace organic pollutants generally refer to a large group of organic
pollutants present in the aqueous environment at concentrations of ng/L
y to this work.
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ronmental and ecological risks and human health since they may be
long-lasting [7], bioaccumulative [8,9], and highly toxic [6]. Traditional
persistent organic pollutants (POPs) like polycyclic aromatic hydrocar-
bons (PAHs), bisphenol analogs (BPs), polychlorinated biphenyls (PCBs),
endocrine disrupting chemicals (EDCs), UV filters (UVs), and organo-
chlorine pesticides (OPs) are among these trace pollutants, as well as the
emerging organic pollutants of concern, including perfluoroalkyl sub-
stances (PFASs), antibiotics, plasticizers (PAEs), flame retardants (FRs),
pharmaceutical products (PhAs), and others [8]. The above-mentioned
groups of trace organic contaminants include thousands of compounds.
In particular, EDCs, antibiotics, and PhAs have been proven to diffuse
across the membrane in the process of WWTP. In addition, other pol-
lutants with high hydrophobicity, polarity, and neutral charges could be
adsorbed to the membrane polymer [10]. Trace organic pollutants
generally have antibacterial properties and inhibit microbial degradation
in the treatment process [11]. These organic pollutants are impossible to
eptember 2023
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remove completely at WWTP owing to the above reasons and can further
discharge effluent into natural aqueous.

As a result of recent developments in analytical technology, a significant
amount of work has been done on monitoring and assessing the risks of
trace organic pollutants in the effluent ofWWTPs [1,12,13]. Most previous
studies focusedon assessing the risk of one type of trace organic pollution at
only one location [13–16] gathered information on the make-up of 473
trace organic pollutants found in surface water, the ocean, and ground-
water globally, highlighting 53 pollutants that require immediate global
control. Zhou et al. [17]measured the concentrations and risks of 17 PFASs,
25 pharmaceutical and personal care products (PPCPs), and 8 heavymetals
in the inlet and outlet water of six WWTPs in China and found that the risk
of PPCPswas 1–2 orders higher than that of PFASs, except for heavymetals.
However, results are barely transferrable to specific locations and aquatic
bodies due to the study's global approach to world pollution situation
analysis and the absence of systematic data within a region.

To date, there has not been a systematic survey to analyze major
chemical classes at the level of hundreds of trace organic pollutants in the
effluent of dozens of WWTPs in a single country. Some major knowledge
gaps remain in the area including the relative levels of ecological risks of
different chemical classes/compounds of the trace organic pollutants and
the control strategies for the pollutants exhibiting higher risks. To
address the knowledge gaps, it is ideal to conduct large-scale surveys of
trace organic pollutants and their ecological risk levels in the effluent of
many WWTPs for wide areas, particularly in regions where limited in-
formation has been obtained previously. This would allow the results to
be obtained with consistent sampling and analytical methods. Such
studies would be more helpful for water and environmental managers to
gain an improved understanding of the occurrence and ecological risks of
trace contaminants and develop effective measures to control the high-
risk contaminants identified.

As such, this study aimed to determine the chemical classes and levels
of the contaminants in the effluent of 46 WWTPs in China and investigate
the impact of spatial differences on the survey results. The ecological risks
of trace organic pollutants were quantified to compare the differences in
ecological risks under different spatial conditions. The top contaminants
that resulted in a high ecological risk were determined, which would
significantly enrich the database for monitoring and developing control
measures for the high-risk trace organic pollutants in China.

2. Materials and Methods

2.1. Chemicals and reagents

A total of 302 trace organic contaminants in 11 chemical
classes including 30 antibiotics, 137 pesticides, 15 PFASs, 10 UVs, 14
pharmaceuticals, 14 PAEs, 9 BPs, 16 PAHs, 23 EDCs, 16 OPs, and 18
PCBs, were quantified for the effluents of 46 WWTPs in China. Standard
pollutants were purchased from Jiangsu Aikon Co., Ltd. and Shanghai
Anpel Co., Ltd. The purity of these contaminants was all higher than
97.0%. There were 216 trace organic contaminants that were detected in
this study. The detailed full names and corresponding abbreviations,
Chemical Abstracts Service, purity, provider, and detection rates of
chemical compounds are summarized in the Appendix file.1. Stock so-
lutions of the standards of the compounds were prepared separately with
methanol. A mixed standard stock solution was configured for each
chemical class, and the concentration of each contaminant was 1 mg/L.

2.2. Sampling

Water samples were collected from the final effluents of the WWTPs
from June 1 to June 30, 2022, and the locations of 46 WWTPs are shown
in Fig. S1. Each water sample was directly collected in a 1-L brown glass
bottle (10 bottles) with screw caps with Teflon liners, and no air bubbles
should be introduced during the sampling process. The water samples
were filled to the mouth of the bottles, and upon tightening the caps, the
22
bottles were turned over for inspection. If any air bubbles were found, the
samples were re-collected. To prevent organic pollutants from degrading
due to high temperatures (above 30 �C) and strong light, water samples
should be collected and stored for a short time. The sample storage
bottles should be kept away from light as much as possible. In summer,
ice should be used in the storage box to lower the temperature. The
samples should be mixed from multiple points and processed in the
laboratory within 24 h of storage.

2.3. Pre-treatment and analyses of samples

The extraction and determination of pesticides [18], PAHs [19], anti-
biotics and pharmaceuticals [20], PFASs [21], BPs [22], PAEs [23], UVs
[23], EDCs [24], PCBs [25], and OPs [26] are modified based on corre-
sponding references. Waters Oasis HLB (500 mg 6 cc) and Waters Oasis
WAX (200 mg 6 cc) solid-phase extraction columns were used to enrich
1,000mL of filtrate for the target contaminants. Briefly, HLB columns were
used to collect pesticides and PAHs, antibiotics, pharmaceuticals, BPs,
PAEs, UVs, EDCs, PCBs, and OPs by preconditioningwith 5mL ofmethanol
(MeOH) and 5 mL of ultra-pure water. While WAX columns for collecting
PFASs were first activated using methanol containing 0.10% ammonium
hydroxide (NH3⋅H2O). The column tips were kept wet during the activa-
tion. After activation, the filtrate was passed through the HLB or WAX
tandem columns at 3–5 mL/min. After enrichment, the column was blown
dry using nitrogen gas to reduce moisture interference. Then, the eluates
were collected in polypropylene (PP) tubes. In particular, WAX elution was
performed with 10 mL MeOH containing 5.0% NH3⋅H2O, and HLB elution
was used with 10 mL MeOH at 1 mL/min. The eluates were blown using
nitrogen to near dryness, fixed to 1 mL with methanol (except PAHs, PCBs,
DDTs), and hexane (for PAHs, PCBs, DDTs), filtered using 0.22 μm organic
phase filter membranes, placed in 2 mL PP injection vials, and stored at
�20 �C for measurement. The recovery of the extraction methods for the
compounds of each chemical class was determined to validate the
methods. The extraction recovery range of 40%–140% and each chemical
class of pollutants under different concentrations are shown in Table S1.

The trace organic pollutants, such as pesticides, antibiotics, phar-
maceuticals, PFASs, BPs, PAEs, UVs, EDCs, and OPs, were mainly
determined by using HPLC-MS/MS (Waters ACQUITY UPLC Xevo TQ),
and like PAHs, PCBs, and DDTs were measured by GC–MS/MS (Agilent
GC–MS 7890B 5977). The main chromatographic and mass spectrometry
parameters, including column, mobile phase, and ionization mode, were
set differently for different chemical classes of pollutants and were given
in Supporting Information.

2.4. Quality control

In this study, one process blank was run for each batch of 10 samples
during sample pre-treatment. In addition, instrument blanks were pre-
pared to monitor the residual effects or contamination of target com-
pounds and to ensure the confidence of the analytical methods. One
instrument blank was set for each batch of 10 samples during instru-
mental analysis. The concentration of the target compounds in the
samples was quantified by standard methods. The standard curve was set
in the concentration range of 0.1 ng/L–10 μg/L (the concentrations of the
standards were 0.1 ng/L, 1 ng/L, 10 ng/L, 50 ng/L, 100 ng/L, 500 ng/L,
1,000 ng/L, and 10,000 ng/L, respectively). If the concentration of
samples was beyond the standard curve, the samples should be re-diluted
to ensure a concentration range of 0.1 ng/L–10 μg/L. The linearity and
reproducibility of the standard curve for each contaminant were deter-
mined to meet the requirements (R2� 0.99) before each batch of samples
was tested. The instrumental limit of quantification (LOQ) was defined as
the concentration corresponding to a 10-fold signal-to-noise ratio (S/N)
of the target compound at the lowest point of the constructed standard
curve. The method detection limit (MDL) was 3 times the standard de-
viation of the process blank. For targets where the process blank was not
detected, the MDL was calculated directly using its LOQ divided by the
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corresponding enrichment factor. All values below the MDL were indi-
cated by n.d. as non-detected in this study.

2.5. Ecological risk evaluation

The ecological risk quotients of each chemical class of pollutants or
the various pollutants in the aquatic system were determined by using
the risk entropy valuemethod as reported in the literature in Eq. 1 [1,27].
The risk quotient (RQ) value represents the ratio of the actual measured
concentration (MEC) of a single contaminant to the predicted no-effect
concentration (PNEC) of that contaminant. The PNEC is calculated by
taking the lowest toxicity data of at least three species [28,29], con-
taining fish, algae, bacteria, invertebrate, or daphnia. The PNEC values
used in this study were obtainedmainly from the literature (see Appendix
file. 2 for details of PNEC values for various contaminants). The values of
RQ� 1.0, 0.1< RQ< 1.0, and RQ� 0.1 indicate the ecological risk levels
of high, medium, and low risk, respectively.
Fig. 1. The spatial distribution of concentrations range of target pollutants (a), detec
of trace organic pollutants in WWTP effluents. The vertical bar represents the averag
indicating the detection rate (b). WWTP, wastewater treatment plant.

23
RQ¼ MEC
PNEC

(1)
In this study, the ecological risk of a WWTP (RQTotal) for each
chemical class pollutant was determined as the sum of the RQ values of
individual compounds detected in the WWTP, as shown in Eq. 2 [30].

RQTotal ¼
Xn

i¼1

RQi (2)

3. Results

The spatial distribution of the concentration levels of 11 different
chemical classes of trace organic pollutants at the 46 sampling locations
is shown in Figs. 1a and b. Among all chemical classes under this study,
the concentrations of UVs, PAHs, EDCs, and PCBs were in the range of
n.d. to 200 ng/L. The concentrations of PFASs, BPs, and PAEs were higher
than 200 ng/L. The highest concentrations of PFASs and BPs were more
tion rates (b), and concentration percentages (c) of 11 different chemical classes
e concentration of each chemical class, and the triangle points to the right axis,
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than 5,000 ng/L. The detection rates of 11 different chemical classes of
trace organic pollutants in 46 WWTPs are shown in Fig. 1b. These
detection rates were observed to be 100% for all classes except for OPs
(93.5%) and EDCs (87.0%), These results indicated the high occurrence
of the 11 different chemical classes of trace organic pollutants in the
effluents of all WWTPs under this study. Additionally, the pollution levels
(based on the concentration percentage calculation) of these 11 chemical
classes are shown in Fig. 1c. BP accounted for 31.01% with the highest
pollution level, followed by PFASs (28.43%) and PAEs (16.45%). The
total concentration of BPs, PFASs, and PAEs could be up to 75% in 11
chemical classes of pollution. In general, the results obtained in this study
were consistent with several previous studies [13,28,31,32]. Notably, in
the studied areas in China, the residue of trace organic pollutants in the
effluent of domestic wastewater should gain more attention, especially
for BPs, PFASs, and PAEs.

The concentration ranges and detection rates of various contaminants
are shown in Fig. 2. For the chemical class of antibiotic pollutants, the
detection rate of ofloxacin (OFX) was the highest (100%), and the
detection rates for roxithromycin (ROX), erythromycin (ERY), and sulfa-
methoxazole (SMZ) were higher than 90%. The maximum detection
concentration for ROXwas 250 ng/L (Fig. 2a). The detection rates of three
pesticides, difenoconazole (DFC), propiconazole (PPZ), and carbendazim
(CBD), were 100%. In particular, the detection concentration of tebuco-
nazole (TEB) could be as high as 1,500 ng/L (Fig. 2b). Five PFASs and five
UVs were all detected at all WWTPs, including perfluorononanoic acid
(PFNA), pentadecafluorooctanoic acid (PFOA), perfluoroheptanoic acid
(PFHpA), perfluorohexanoic acid (PFHxA), perfluorobutanesulfonic acid
(PFBS), and octocrylene (OC), 2-ethylhexyl 4-methoxycinnamate
(EHMC), 2-ethylhexyl salicylate (EHS), benzophenone-3, benzophenone,
with the concentrations of PFBS and EHS being up to 1,000 ng/L and
100 ng/L, respectively (Fig. 2c and d). For the chemical class of common
pharmaceuticals, caffeine (CFI) exhibited the highest detection rate and
concentration of 97.8% and 124 ng/L, respectively (Fig. 2e). Detection
rates of 100% were found for di-n-octyl phthalate (DNOP), dibutyl
phthalate (DnBP), diisobutyl phthalate (DiBP), diethyl phthalate (DEP),
and dimethyl phthalate (DMP), with amaximum average concentration of
1,000 ng/L (Fig. 2f). For the chemical classes of BP and PAH pollutants,
bisphenol A (BPA), phenanthrene (PHE), and naphthalene (NAP) were
detected at all WWTPs, amongwhich the highest detection concentrations
of BPA and PHE were 2,500 ng/L and 50 ng/L, respectively (Fig. 2g and
h). The detection rates of EDC, OP, and PCB pollutants were less than
100%, with the highest concentration of 200 ng/L�1 (Fig. 2i–k). The
concentrations of PCBs ranged between 0.2 and 2 ng/L, which was
markedly lower than that of other pollutants. These chemical classes of
pollutants and contaminants detected in this study were comparable to
the results of Stevens et al. [33]. They surveyed the digested sludge from
14 U.K.WWTPs and obtained contemporary data on the concentrations of
certain classes of persistent organic compounds including PAHs, PCBs,
pesticides, pharmaceuticals, PPCPs, and UV-filters. Our findings align
with a report by Stevens et al. [33], suggesting that certain trace organic
pollutants in the different chemical classes were frequently found
in WWTP effluents around the world and should be targeted
in monitoring and risk management.

4. Discussion

A total of 216 trace organic pollutants in 11 chemical classes were
detected in the effluents of the 46 WWTPs. Among them, BPs, PFASs, and
PAEs exhibited the highest concentration percentages, ranging from 500
to 1,500 ng/L. Conversely, the concentrations of PAHs, UVs, EDCs, and
PCBs were lower, with the highest concentration mostly below 100 ng/L.
It is worth noting that in our study, there were only three sample sites in
the west of China, and all demonstrated the lowest concentrations of
pollutants. Conversely, the concentrations of pollutants in other sample
sites showed a significant trend; that is, the concentrations of the eastern
sample sites were clearly higher than those of the western sample sites.
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There are many factors contributing to this difference such as water re-
sources, economic levels, living habits, treatment processes, and the
emission standard of typical pollutants. Although this study lacked some
relevant data to make the relevant analysis, its results were consistent
with the spatial distribution of China's economic level, indicating that the
economic level was an important factor influencing the concentrations of
pollutants in the effluent.

In addition, although few studies have detected more than ten
chemical classes of trace organic pollutants over a large area, the data for
individual chemical classes of pollutants in individual regions showed
significant distinctions from other countries (Fig. 3). For related refer-
ences and detailed data, please refer to Table S23 and the appendix file.
3. The concentrations of antibiotic, pesticide, UV, pharmaceutical, PFAS,
PAE, PAH, EDC, OP, and PCB pollutants detected in the effluents of other
countries were significantly higher than those in this study. In addition,
the concentration of trace organic pollutants also showed individual
characteristics of different types of WWTPs. For example, in Spain, 14
WWTPs accepting industry wastewater showed PCB concentrations of
102,500 ng/L and 20,700 ng/L in the domestic wastewater, and
74,800 ng/L in the mixed wastewater, which exceeded the concentra-
tions found in this study by three orders of magnitude. In contrast, the
concentration of BPs in the effluent in this study was much higher than
that reported in other regions such as France, Germany, Japan, Korea,
and the U.S.. The distribution of pollutants in wastewater effluent varied
between different countries. Thus, we hypothesized that the concentra-
tion of pollutants in the effluent of WWTPs in each country was related to
consumption, economics, and living habits.

The number of chemical classes and pollutants measured has a great
influence on the evaluation of effluent. In this study, 11 chemical classes
containing 216 contaminants have been detected, with detection rates
ranging from 2.17% to 100%. Unlike most studies, a significantly larger
number of contaminants were measured for each of the major chemical
classes of trace organic pollutants in the present work. In particular, 72
contaminants classified as pesticides have been detected in this study,
making it the most prevalent chemical class detected. However, it is
worth noting that the total concentration of pesticides was not the
highest. In contrast, the number of contaminants (PFASs, BPs, and PAEs)
detected was much lower than that of pesticides. Furthermore, the sum
concentration of PAHs was less than the sum concentrations of PFASs,
BPs, and PAEs, respectively. The results indicated that the order of
magnitude of the sum concentration of each chemical class of pollutants
remained consistent despite variations in the number of contaminants
detected for each chemical class of pollutants. These results suggested
that the total concentration of each class could reflect the actual pollution
levels in each treatment plant and could be used for relative comparison
among different classes of pollutants.

The ecological risk of trace organic pollutants depends on their con-
centrations and toxicity. The RQTotal of each chemical class of pollutants
in the 11 different chemical classes of pollutants was determined and is
shown in Fig. 4. The descending order of RQTotal can be seen as follows:
PAEs, antibiotics, PAHs, pesticides, PFASs, and BPs. Among the 11
different chemical classes of pollutants, the concentrations of antibiotics
and PAHs with high levels of ecological risk were at medium levels of
concentration. This was mainly because the large number of antibiotic
contaminants detected in this study led to a large cumulative value of
ecological risk. Moreover, the high toxicity of PAHs also led to a high risk
level. Additionally, despite the relatively low acute toxicity of PFASs,
their high concentration still resulted in an elevated overall risk of
various PFAS contaminants. RQTotal of UVs and EDCs was less than 1.0,
indicating a medium risk level, whereas OPs and PCBs showed an
insignificant risk. These results underscore the importance of not only the
concentrations of the pollutants but also their actual ecological risks
when assessing the impact of the pollutants.

The spatial distribution of RQTotal values for different classes of pol-
lutants in the effluent varied across regions (Fig. 4). The eastern and
southern regions had medium to high ecological risks (RQTotal > 0.1)
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from various classes of pollutants, except for antibiotics, PAEs, and PAHs.
The western region, especially Xinjiang Province, had low to medium
ecological risks (RQTotal< 0.1) frommost classes of pollutants. This trend
Fig. 2. The concentration ranges and corresponding detection rat
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was similar to the spatial distribution of China's economic level, sug-
gesting that economic development was a key factor influencing the
pollutant levels and risks in wastewater effluents [34,35].
es of various contaminants in the effluents of the 46 WWTPs.



Fig. 3. Comparison of the concentrations of 11 different chemical classes of pollutants detected in the effluent in other countries with this study.
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This research was aimed at identifying the contaminants that pose the
highest ecological and environmental risk in WWTP effluent in China.
The RQ values of various contaminants were calculated and ranked, as
shown in Fig. 5. The RQ of each contaminant calculated by literature data
Fig. 4. Spatial distribution of ecological risk levels of 11 different ch
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might introduce some errors in this study, which, however, did not alter
the overall trend. Hence, RQ would also reflect the observable difference
in ecology and environmental risks for each contaminant. The RQ value
of PFBS was the highest, exceeding 30 and indicating a serious ecological
emical classes of pollutants in effluents of 46 WWTPs in China.
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risk (Fig. 5a). According to previous studies, RQ > 1.0 means that con-
taminants pose a serious ecological and environmental risk [16]. It was
found that a total of 23 contaminants had high ecological risks (Fig. 5a),
including 7 pesticides [Fipronil suifide (FPS), Ametryn (AME), Metola-
chlor (MTC), Tebuconazole (TEB), Imidacloprid (IDC), Triazophos
(TRA), Isocarbofos (ISC)], 6 antibiotics and pharmaceuticals [OFX, ROX,
Enrofloxacin (EOF), Bezafibrate (BZB), diclofenac (DCF), CFI], 3 PAHs
[PHE, Acenaphthyene (ANY), Benzo(k)Fluoranthene (BkF)], 2 PFASs
Fig. 5. Distribution of ecological and environmental risks (risk quotient

27
[PFBS, Perfluoro(2-methyl-3-oxahexanoic) acid (HFPO-DA)], 2 PAEs
(DMP, DNOP), 2 UVs (EHS, EHMC), and 1 BP (BPA). These 23 contam-
inants require more attention and should be removed with higher pri-
ority [17]. Fig. 5b shows 46 contaminants posing medium risks
(1.0 > RQ > 0.1), including 20 pesticides, 12 antibiotics and pharma-
ceuticals, 3 PAHs, 3 PAEs, 3 PFASs, 1 UV, 2 OPs, 1 EDC, and 1 BP. Effi-
cient technologies are needed to enhance their removal and reduce their
concentrations in effluent water.
values) caused by various contaminants in the effluent of this study.
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Additionally, 50 contaminants had RQ values between 0.01 and 0.1,
indicating a low risk level (Fig. 5c). Of the 216 pollutants detected in this
study, 97 contaminants had RQ values below 0.01, indicating an insig-
nificant risk level (Fig. 5d). It was observed that 27 pesticides and 16
antibiotics posed high and medium ecological risks. This may be because
pesticides originate from pesticide residues on vegetables and fruits, and
antibiotics are commonly used pharmaceuticals in daily life [36]. The
detection rates and concentrations of pesticides and antibiotic pollutants
were higher than those of other pollutants. Moreover, the concentrations
of pesticides and antibiotics were mostly around 100 ng/L, and nearly
half of the contaminants posing a medium to high risk were pesticide and
antibiotic compounds. These results suggest that to minimize the
ecological risks of certain contaminants, as identified above, we need to
prevent various forms of pesticide and antibiotic pollutants from entering
WWTPs [16].

PAHs, PFASs, PAEs, UVs, and BPs pose high risks, mainly originating
from air, clothes, cooking utensils, toys, drinks, cosmetics, and other
PPCPs. Therefore, besides pesticides and antibiotics, trace organic pol-
lutants, such as PAHs (PHE, ANY, BkF), PAEs (DMP, DNOP), PFASs
(PFBS, HFPO-DA), UVs (EHS, EHMC), and BP (BPA), should be properly
managed by monitoring, input control, and removal. These trace organic
pollutants in the effluent of WWTPs would ultimately enter rivers and
lakes, albeit with some potential for dilution and natural degradation in
aqueous environments. However, the increase in the variety of pollutants
can aggravate the toxicity of fish, microalgae, plankton, and microor-
ganisms, leading to the destruction of aquatic ecosystems. Thus, it is
more effective to calculate the RQ for one pollutant or the RQTotal for
pollutants of one chemical class when evaluating the risk induced by one
pollutant or pollutants of one chemical class. Meanwhile, these values
could also draw researchers' or regulators' attention to certain pollutants
that warrant closer scrutiny. In general, mitigating the ecological risks of
pollutants in municipal WWTP effluent necessitates a dual approach.
First, there should be a focus on improving the removal efficiency
of pollutants through the adoption of promising technologies. Simulta-
neously, it is crucial to enforce relevant laws and regulations to restrict
the use of certain chemical compounds in various sectors. For instance,
stricter standards for pesticide residues on fruits and vegetables may be
implemented to ensure human and environmental health. Moreover, we
should apply advanced treatment technologies such as biological or
natural removal techniques, to further remove the trace organic pollut-
ants from the effluents.

5. Conclusions

The large survey of this study revealed that hundreds of trace
organic pollutants were present in the effluents of the WWTPs in China
and posed serious ecological risks. These pollutants include 27 pesti-
cides, 16 antibiotics, and 26 PPCPs that have high or medium risk
levels. The monitored trace organic compounds belonged to 11
different classes of pollutants, which would provide more comprehen-
sive information about their occurrence and ecological risks than most
previous studies focusing on only one or very limited classes. The sur-
vey showed that in effluent water, 23 contaminants with RQ > 1.0 had
caused serious ecological risk, including 7 pesticides (FPS, AME, MTC,
TEB, IDC, TRA, ISC), 6 antibiotics and pharmaceuticals (OFX, ROX,
EOF, BZB, DCF, CFI), 3 PAHs (PHE, ANY, BkF), 2 PFASs (PFBS, HFPO-
DA), 2 PAEs (DMP, DNOP), 2 UV-filters (EHS, EHMC), and 1 BP (BPA).
These 23 contaminants require more attention and should be controlled
or removed with higher priority. Additionally, 46 contaminants with
RQ values falling between 1.0 and 0.1 have posed medium risks,
including 20 pesticides, 12 antibiotics and pharmaceuticals, 3 PAHs, 3
PAEs, 3 PFASs, 2 UVs, 2 OPs, 1 EDC, and 1 BP. This underscores the
need for researchers to develop technologies that improve the removal
efficiency and minimize the associated risks. Therefore, this study
provides valuable information for controlling certain contaminants
with higher priority and lists the organic trace pollutants that need
28
more efficient removal technologies to reduce the concentration in
WWTP effluent and eliminate ecological risks.
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