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Introduction: Endocrine-disrupting chemicals (EDCs) in effluent and residual sludge from wastewater treatment plants (WWTPs) pose significant environmental and human health risks due to their persistence, bioaccumulation, and difficulty in detection and degradation. This study investigates the environmental exposure and risks associated with EDCs in effluent and sludge from four WWTPs: Tangxi River (TXH), Zipeng Mountain (ZPS), Lianxi (LX), and Wang Xiaoying (WXY).
Methods: Environmental exposure indexes of EDCs were assessed in the effluent and sludge of the four WWTPs across four seasons (spring, summer, autumn, and winter) from October 2017 to October 2018. Detection rates of various pollutants, their seasonal and spatial characteristics, and removal rates were analyzed. Positive matrix factorization (PMF) was used for source analysis under influent data, and an ecological risk assessment was conducted using the risk quotient (RQ) method.
Results: The study found 4-n-nonylphenol (NP) and di-2-ethylhexyl phthalate (DEHP) had 100% detection rates in the effluent of all four WWTPs, while only DEHP showed a 100% detection rate in the sludge. Bisphenol A (BPA) exhibited the highest concentration in the TXH effluent during autumn. Benzo(a)pyrene (B(a)P) was detected only in the sludge during spring and summer and in the effluent of TXH and WXY. PMF source analysis indicated industrial wastewater discharge as the primary source of pollutants. Ecological risk assessment revealed a high RQ for estriol (E3) in TXH effluent during autumn, and DEHP presented a potential carcinogenic risk through drinking water.
Discussion: The findings highlight significant seasonal and spatial variations in EDC concentrations and removal rates across the WWTPs. The persistent presence of DEHP and the high-risk levels of E3 in specific seasons underscore the need for improved treatment processes and stricter industrial discharge regulations to mitigate EDC-related risks. Further research is recommended to explore advanced detection and degradation techniques for EDCs in WWTPs.
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1 INTRODUCTION
Endocrine-disrupting chemicals (EDCs) are a group of emerging pollutants known for their high toxicity (Charitos et al., 2022) and ability to bioaccumulate (Ashfaq et al., 2018). These compounds have been detected in a range of products, including pharmaceuticals, personal care products, pesticides, surfactants, and various other items (Andra et al., 2015; Careghini et al., 2015). They are subsequently often detected in water bodies; the effluent, influent, and sludge of wastewater treatment plants (WWTPs); even in human body, the geometric mean urinary concentration geome Of BPA in Chinese young adults was 2.23 ng mL−1 (Gao et al., 2016). Unlike traditional pollutants, EDCs tend to be persistent and stable in the environment, where they are present in low concentrations. However, they can migrate long distances in the environment, accumulate in organisms, and then spread through food webs via mechanisms such as blood circulation and trophic level amplification (Vandenberg, 2021). Their presence in organisms causes the abnormal development of spermathecae in male animals and even in hermaphrodites (Godfray et al., 2019), and mimics hormones and their activity, disrupting the human endocrine and reproductive systems, resulting in different pathologic complications (Ghosh et al., 2022). Endocrine-disrupting chemicals are frequently detected in water bodies. In a 2018 study, 14 phthalate ester (PAE) pollutants were detected in the water and sediments of Asan Lake in South Korea, with concentrations up to 2.29 μg·L−1 in water and 3.6–8,973 μg kg−1 dry weight in sediment (Lee et al., 2019). Twenty-one EDCs were also detected in groundwater samples from the United States, with concentrations in the range of 0.6–3.0 μg L−1 (Landers, 2019). The situation in China is also concerning. The Yangtze River basin is one of the most polluted regions in China, and several common endocrine disruptors, including bisphenol A (BPA), 4-n-nonylphenol (NP), and tert-butylphenol (TBP) have been detected in the surface water of the Yangzi River, with maximum values of 112.1, 8.58, and 5.63 μg L−1, respectively (Liu et al., 2017). Additionally, the investigation showed that the EDC concentrations in the influent, effluent, and sludge of urban WWTPs in China differed significantly between the four seasons and between the north and south of the country. It is possible that the discrepancies might be driven by a distinction of population size served by the WWTP, the urban characteristics where the WWTP is located, and the influent quality (Lopez-Velazquez et al., 2021; Yu et al., 2022).
EDCs are widely sourced from domestic and industrial wastewater. For example, BPA is mainly used in resin coatings and polycarbonate plastics, while EE2 is mainly used in contraceptives (Song et al., 2014). The main treatment processes used to control EDC levels in urban WWTPs are activated sludge, membrane bioreactor (MBR), and artificial wetlands (Qiang et al., 2013), among the numerous WWTPs surveyed, 47.5% of 17α-ethinylestradiol (EE2) was removed during the primary treatment process, 55.3% was removed through biological filtration, and 71.5% was removed through activated sludge treatment (Tang et al., 2021). The biological treatment removal efficiency of BPA in Shanghai WWTPs is over 95% (Xu et al., 2016). Some EDCs in the wastewater can be adsorbed in the sludge to achieve removal effects, but they are also easily entering the water environment, respectively, and WWTP is considered to be the main source of EDCs in the environment (Eli et al., 2020). According to statistics, South Korean sewage treatment plants process 25 million tons of wastewater every day and produce three million tons of sludge annually (Lee et al., 2015). There has been only limited monitoring of EDCs in the large WWTPs in China, which is concerning given the significant amount of industrial and domestic wastewater being generated, resulting in the production of influent and effluent water, as well as contaminated sludge. The total EDC concentrations in the influent and effluent water of three WWTPs in Hong Kong were reported to be 3.107–5.83 μg L−1 and 1.23–2.64 μg L−1, and alkylphenols and BPA are the main pollutants in wastewater (Zhou et al., 2019). Although these concentrations are low, they could still result in adverse health effects (Shahid et al., 2021). A better understanding of the spatial and temporal characteristics and ecological risks of EDCs in WWTPs would therefore be helpful to realize their effective removal from the water environment.
In this study, four representative WWTPs in the Chaohu Lake basin, China, were selected, each of which operated a relatively effective wastewater treatment process. The environmental exposure characteristics of 18 typical EDCs in the WWTP effluents were obtained through an experimental analysis. A source analysis was conducted, and the entropy method was applied to assess the ecological and health risks of typical EDCs. The findings are expected to lead to an improvement in the removal effect of EDCs in the WWTPs, and to lay a good foundation for the establishment of the model and its application in practice.
2 MATERIALS AND METHODS
2.1 Sample collection
The Tangxi River WWTP (TXH) is located in Binhu District, Hefei City, with a service area of approximately 7.9 square kilometers and a population of approximately 150,000 people. The main treatment process is the anaerobic/anoxic/aerobic -membrane bioreactor (A/A/O + MBR) membrane reaction tank process (Figure 1B); The Zipeng Mountain WWTP (ZPS) is located in Zipengshan Town, Feixi County, with a service area of about 17 square kilometers and a population of about 50,000 people. The main treatment process is the secondary anoxic/aerobic (AO) process (Figure 1C); The Lianxi WWTP (LX) is located in Cuo Town, Feidong County, with a service area of approximately 21 square kilometers and a population of approximately 326,000. The main treatment processes are air flotation + hydrolysis acidification and sequencing batch reactors (SBR) +air flotation filtration processes (Figure 1D); The Wang Xiaoying WWTP (WXY) is located in Baohe District, Hefei City, with a service area of approximately 61 square kilometers and a population of approximately 759,000. The main treatment processes include secondary sedimentation tank + activated sand filter, and BAF aerated biological filter (Figure 1F).
[image: Figure 1]FIGURE 1 | Schematic diagram of the research area and WWTPs and sampling sites.
Water and sludge samples were taken at four seasonal time points (27 September 2017, 11 January 2018, 7 March 2018, and 1 June 2018) and at different sampling points at each WWTP. The detailed process of wastewater and sludge treatment and the location of sampling points are shown in Figure 1. For each sample, a volume of 1 L was collected in brown glass sampling bottles that were transported back to the laboratory in a timely manner to complete the pre-treatment of the samples. All samples were kept in a refrigerator prior to processing. Samplers and sample bottles were soaked in dilute HCl solution before sampling, rinsed with distilled water, washed with methanol for a second time, and finally rinsed with distilled water and ultrapure water. They were then left to dry naturally.
2.2 Experimental material
In this study, 18 typical EDCs from four classes (estrogens, PAEs, polycyclic aromatic hydrocarbons (PAHs), and polychlorinated biphenyls (PCBs)) were selected as the target compounds for the study. The estrogens were EE2, estrone (E1), E2, estriol (E3), NP, and BPA. The phthalates were dimethyl phthalate (DMP), diethyl phthalate (DEP), dibutyl phthalate (DBP), di-2-ethylhexyl phthalate (DEHP). The PAH was benzo(a) pyrene (BaP). And the PCBs were a commonly used set of PCB standards including seven specific congeners: 28, 52, 101, 118, 138, 153, and 180. Standard solutions of these compounds were purchased from Shanghai Amperexperiment Technology Co., Ltd. (China). The other reagents used in the study were methanol, dichloromethane (HPLC first-grade chromatographic purity, Tianjin Siyou Company, China), acetone (analytical purity, Xilong Chemical Company, China), and n-hexane (HPLC chromatographic grade, Tianjin Daimao Company, China).
2.3 Sample pretreatment
The pretreatment of water samples was performed by solid phase extraction (SPE). One liter of water was filtered through a 0.45 μm glass fiber membrane, passed through a chromatography column with 2.5 mL of methanol and 3 mL of purified water at a flow rate of 5 mL min−1, and then rinsed with 5 mL of methanol and 5 mL of ultrapure water in a C18 column. The 1 L water sample was passed through the C18 SPE column at a flow rate of 5 mL min−1, and then the column was vacuum dried for 1.5 h. The residual water in the column was removed by elution with 10 mL of methanol. The eluate was collected in a glass centrifuge tube, blown to near dryness with nitrogen for subsequent instrumental analysis, as described in 2.4 (Yu and Wu, 2011).
The pre-treatment of sludge was carried out by ultrasonic extraction, and the sludge was freeze-dried for 48 h. 1 g sludge sample was placed into a 10 mL glass centrifuge tube, and 5 mL of dichloromethane and 5 mL of n-hexane were added. An ultrasonic extraction was carried out for 15 min, and the supernatant was centrifuged at 4,000 r·min−1 for 3 min, and then poured into a cigar-shaped bottle. The extraction was then repeated with the addition of 5 mL of dichloromethane, 5 mL of n-hexane, and ultrasonic extraction for 15 min. The supernatant was removed and centrifuged at 4,000 r·min−1 for 3 min. The resulting supernatant was then transferred back into the original container. The container was subjected to rotary evaporation until the volume was reduced to 1 mL. Subsequently, the silica gel column was activated with 6 mL of dichloromethane and 6 mL of n-hexane, and the small sample column was rinsed with 10 mL of n-hexane. The eluent in the glass centrifuge tube was nitrogen-blown to near-dryness for subsequent instrumental analysis, as described in 2.4.
2.4 Instrumental analysis
The estrogens were analyzed by UPLC on a Waters Acquity UPLCTM BEH C18 column (50 × 2.1 mm, 1.7 μm) at 40°C with an injection volume of 5 μL. Mobile phase A was ammonium acetate at a concentration of 5 mmol L−1. Mobile phase B was acetonitrile at a flow rate of 0.2 mL/min. The gradient elution conditions are shown in Supplementary Table S1.
The PAEs, PAH, and PCBs were analyzed on a Thermo TSQ Quantum XLS Ultra triple quadrupole gas chromatograph with a DB-1MS capillary column (dimensions, 30 m × 0.25 mm × 0.25 μm). The operating conditions were as follows: injection volume: 1 μL; detection temperature: 280°C; inlet temperature: 270°C, non-split injection; programmed temperature increase: 60°C for 1 min; increase to 180°C at 30°C/min and held for 1 min, and increase to 290°C at 10 C/min and held for 4 min; carrier gas 99.99% helium, 1.2 mL min−1; tail gas: nitrogen, 20.0 mL min−1.
The ionization mode conditions were as follows: EI; capillary voltage: 3.0 kV; source temperature: 150°C; nebulized gas temperature: 700°C; nebulized gas flow rate: 1000 L h−1; cone pore gas flow rate: 50 L h−1; MS1 low/high end resolution: 2.80/14.70; MS2 low/high end resolution: 3.0/14.18; MS1/MS2 ion energy: 0.6/0.7; Collision gas flow rate: 0.15 mL min−1; secondary cone bore voltage: 3.0 V; collision chamber inlet/outlet voltage: 30.0/30.0. The parameters of the mass spectrometry detection conditions are shown in Supplementary Table S2 and S3.
2.5 Quality control
Accurately extract a mixed standard sample of the target compound, and dilute it with methanol to create a series of standard working solutions with different concentration gradients. Analyze these solutions under optimized chromatographic and mass spectrometry conditions to determine the concentration range with a significant linear relationship for the target compound, thereby constructing a standard curve. The limits of detection (LOD) and quantification (LOQ) were determined as 3 and 10 times the signal-to-noise ratio, respectively (Table 3). Conduct spiked recovery rate experiments using water and mud samples from the sewage treatment plant, with three parallel samples at each concentration level. The processing procedure is the same as the sample analysis process, and the results meet the requirements for residual analysis.
2.6 Source analysis and risk assessment
2.6.1 The positive matrix factorization (PMF) model
Positive matrix factor analysis is a novel source apportionment method developed based on factor analysis methods. Similar to principal component analysis, the PMF algorithm mainly utilizes data on the chemical composition of receptor points, converts monitoring data into matrices based on samples and components, and splits this matrix into source distribution matrix and source contribution matrix (Manousakas et al., 2015). By monitoring the EDCs of different sources, different fingerprints corresponding to different sources were obtained. By comparing the data of the actual measured EDCs with the source fingerprints corresponding to the sources, the different sources of the EDCs at the monitoring points could be determined (Mandariya et al., 2016). The PMF base equation was:
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where Xij is the concentration of species j measured on sample i, p is the number of factors contributing to the sample, fki is the concentration of species j in the factor profile k, gik is the relative contribution of factor k to the sample i, and eij is the error of the PMF model for species j measured on sample i. Minimization of the objective function Q allows each species and profile, and thus the stability of the solution, to be assessed. It is defined as:
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where Uij is the uncertainty of species j in sample i. Uncertainty estimation is a critical part of the PMF application, where each data value is assigned an estimated uncertainty that takes into account the analytical uncertainty and method detection limit (MDL). If the concentration of the substance in the sample is ≤ MDL, the uncertainty is calculated as:
[image: image]
If the concentration is > MDL, the formula is:
[image: image]
where Unc is the uncertainty; Uel is the error factor, and c is the measured concentration of the component. The error factor in this study was assumed equal to 10%.
2.6.2 Ecological risk assessment
An ecological risk evaluation is commonly conducted using RQ method, and characterizes ecological risk in a quantitative way (Kalf et al., 1997). It is calculated as follows:
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The ratio of the actual detected environmental exposure concentration (MEC) of the target compound to the predicted no effect concentration (PNEC) of its toxicity in the effluent, expressed as a risk quotient (RQ), T represents acute and chronic toxicity data, AF represents safety factor. In many cases, receptors may be directly exposed to wastewater and sludge from sewage treatment plants, especially if the treatment process is incomplete, or there are equipment failures or pipeline leaks. Wastewater and sludge may directly enter the surrounding environment, causing direct impacts on biological receptors and human receptors. According to the EU guidelines on risk assessment, the minimum half effective concentration (EC50) or maximum unobserved effect concentration (NOEC) values are used as the basic data for PNEC, as shown in Supplementary Table S4 and S5.
For B (a) P, the threshold effect concentration value of B (a) p = 150 ng g−1 is selected as the PNEC. The PNEC of PCBs is 0.5 μg L−1. When the ecological RQ is used to characterize the degree of ecological environmental risk, the environmental risk can be divided into three levels according to its magnitude: low risk is when 0.01< RQ ≤ 0.1, medium risk is when 0.1< RQ ≤ 1, and high risk is when RQ > 1 (Lahnsteiner et al., 2005).
2.6.3 Health risk assessment
The treated sewage will eventually be discharged into the water for human use, and most environmental hormone pollutants come into contact with the human body through drinking water. In this study, the effluent of the sewage treatment plant is directed towards the Chaohu water system, which is the largest freshwater lake in Anhui and a very important drinking water source in Hefei. Therefore, in this study, the human health risks of drinking water sources were evaluated. Non-carcinogenic risk is usually described using the hazard quotient (HQ) as a risk index, with this value defined as the ratio of the long-term chronic daily intake (CDI) to the reference dose (US EPA National Center for Environmental Assessment, 1986), and is calculated as follows:
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The carcinogenic risk (R) is the product of the long-term CDI and the carcinogenicity slope factor (SF), the value of which is expressed as the R value and is calculated as follows:
[image: image]
The long-term CDI for the different exposure routes is calculated as follows:
[image: image]
where Ci is the EDC concentration in the effluent, U is the daily water consumption, EF is the exposure frequency, ED is the exposure duration, BW is the average body weight, AT is the average exposure time, DEHP has a certain carcinogenic risk and a reference SF (Supplementary Table S6).
When the HQ is < 1, the exposure dose does not pose a non-carcinogenic risk to humans; when the HQ is > 1, the exposure dose poses a non-carcinogenic health risk to humans. When the R value is < 10−6, the risk can be considered as negligible; when the R value is in the range of 10−6 to 10−4, the exposure dose poses a potential risk to humans; and when the R is > 10−4, the exposure dose poses a risk to humans (Tohyama et al., 2001).
3 RESULTS AND DISCUSSION
3.1 Pollution characterization of EDCs in influent and effluent
Endocrine-disrupting chemicals were detected in the influent and effluent water of the four WWTPs at different concentrations (Table 1). Among the 18 target compounds, the detection rates of BPA, NP, DBP, and DEHP exceeded 80% in the effluent of the four WWTPs, and NP and DEHP had the highest detection rate of 100%, while B(a) P was present in all samples at a concentration below the limit of quantification (LOQ) and was considered to be non-detectable. There were no PCBs detected in the WWTP effluents. From the detection rates, it was apparent that estrogenic and phthalate substances were widely present in the WWTPs, and both types of substance could present a serious threat to the water quality of receiving water bodies (Ismanto et al., 2022) and the health of Chaohu Lake residents (Zhang et al., 2019).
TABLE 1 | Concentration and removal rate of EDCs in the influent and effluent of WWTPs.
[image: Table 1]The average BPA concentrations in the effluent water from the four WWTPs in the different seasons were 0.34, 0.05, 2.41, and 0.2 μg L−1. The average NP concentrations in the effluent water in the different seasons were 0.32, 0.62, 0.93, and 0.21 μg L−1. The E1, E2, and E3 concentrations were 0.242, 0.106, and 1.739 μg L−1, with each compound detected only in the autumn (Figure 2). The concentration of estrogen in TXH effluent is relatively high compared to other WWTPs, and the concentration of estrogen compounds detected in autumn effluent is 120%–568.9% higher than that in influent (Table 1). The average concentration of BPA detected in the influent of TXH in autumn is 1.35 μg L−1, while its average concentration detected in the effluent is 9.43 μg L−1, which may be due to the low rainfall in the Chaohu Lake basin at this time of the year. Without the dilution of precipitation, and because the humidity and temperature were lower than in the summer, various migratory and transformation behaviors were inactive in autumn. The difficulty of effectively removing estrogenic pollutants at this time of the year resulted in high concentrations (Gong et al., 2012).
[image: Figure 2]FIGURE 2 | Seasonal distribution characteristics of EDCs in effluent.
The concentration ranges of the four PAEs were ND (<LOQ)−0.19 μg L−1 for DMP, ND−0.22 μg L−1 for DEP, ND−1.59 μg L−1 for DBP, and 0.18–19.34 μg L−1 for DEHP, with the highest values occurring in the WXY effluent in summer. The total PAEs in the WXY effluent ranged from 2.15 to 6.49 μg L−1, with an average concentration of 4.57 μg L−1. Dimethyl phthalate was detected only in summer, and DEP was detected in spring, summer, and winter, with average concentrations in the effluent in the different seasons of 0.0075, 0.027, and 0.2 μg L−1. The average DBP concentrations in the effluent in the different seasons were 0.078, 0.19, 0.44, and 0.22 μg L−1. The average DEHP concentrations in the effluent of the different seasons were 0.54, 4.12, 0.91, and 11.78 μg L−1. All four PAEs had seasonal distributions with significantly higher concentrations in summer and lower concentrations in autumn. In the TXH influent, the average concentration of DBP detected in summer reached 19.61 μg L−1, while the average concentration of DEHP in the ZPS influent in summer reached 9.87 μg L−1. This may be due to the wide use of PAEs in plastics, cosmetics, and other daily necessities. Under the high temperatures experienced in summer, PAEs are more likely to escape from plastics, leading to higher pollutant levels in summer than in the other three seasons (Sun et al., 2021).
The BPA concentrations in the Tangxi River (TXH), Zipeng Mountain (ZPS), Lianxi (LX), and WXY effluents had peak concentrations of 9.03, 0.22, 0.68, and 0.25 μg L−1, their influent concentrations are 1.35, 0.13, 0.03, and 1.35 μg L−1, therefore the BPA removal rate of WXY is positive, while the BPA removal rates of other WWTPs are negative, indicating that WXY’s treatment process has a good removal effect on BPA. There is enrichment phenomenon in other WWTPs treatment processes. The NP in the TXH, ZPS, LX and WXY effluents had peak concentrations of 2.60, 0.44, 0.59, and 1.31 μg L−1, their influent concentrations were 0.98, 0.31, 0.88, and 4.14 μg L−1. Similarly, the removal efficiency of NP at higher concentrations is better under the WXY treatment process. The concentration of estrogenic substances was highest in the TXH effluent and lowest in the ZPS effluent. E1, E2, and E3 detected in TXH effluent. Estrogens in the remaining three WWTPs were not detected. The concentrations of total estrogen-like compounds followed the order TXH > WXY > LX > ZPS. TXH effluent is prone to high concentration enrichment of estrogen in autumn, this may have been because two-thirds of the service area radiating from the TXH WWTP is a newly constructed stormwater diversion channel with a strong sewage collection capacity (Zhang et al., 2010).
The average DMP concentrations in the TXH, ZPS, LX, and WXY effluents were 0.048, ND, 0.033, and 0.04 μg L−1, respectively; Except for ZPS, DMP was not detected (<LOD), and all other WWTPs were only detected once. The average DEP concentrations in the TXH, ZPS, LX, and WXY effluents were 0.05, 0.07, 0.06, and 0.07 μg L−1. The average DBP concentrations in the TXH, ZPS, LX, and WXY effluents were 0.18, 0.08, 0.09, and 0.58 μg L−1. The average DEHP concentrations in the TXH, ZPS, LX, and WXY effluents were 3.085, 5.61, 1.795, and 6.87 μg L−1, the reason for the high concentration of DEHP is that, on the one hand, it has a wide range of sources, and on the other hand, based on the calculation of influent concentration, the removal rate of DEHP is also relatively low. The concentrations of total PAEs followed the order WXY > ZPS > TXH > LX. The concentrations of total PAEs were highest in the WXY effluent and lowest in the LX effluent, which may be due to the WXY WWTP servicing a larger area within the main urban area.
3.2 Characterization of EDC contamination in sludge
Estrogenic substances were detected in the sludge of the four WWTPs, with the detection rate following the order BPA = NP > E2 > E1. Neither E3 nor EE2 were detected in the sludge samples, and E1 and E2 were detected only in spring. The detection rates of BPA and NP were 87.5%, which indicated relatively serious pollution levels. The DEHP detection rate was 100%, and the detection rates of DMP, DEP, and DBP were 25%, 56.25%, and 75%, respectively, with the detection rates of DEHP > DBP > DEP > DMP, and B(a) P was not detected in autumn and winter.
The average BPA concentrations in sludge in the different periods were 0.12, 0.1, 0.03, and 0.09 mg kg−1, and it can be seen that the concentration is higher in spring and summer (Figure 3). The average NP concentrations in sludge in the different periods were 0.65, 1, 0.58, and 0.15 mg kg−1, also, the average concentration in summer is relatively high. The E1 and E2 average concentrations were 0.06 and 0.02 mg kg−1, with both compounds only detected in spring; EE2 and E3 were not detected in the sludge from all WWTPs in all time periods. In terms of their total concentration, the six estrogenic pollutants displayed a seasonal distribution of higher pollutant concentrations in summer and lower concentrations in winter in the sludge from each WWTP.
[image: Figure 3]FIGURE 3 | Seasonal distribution characteristics of EDCs in sludge.
DMP was only detected in summer, with a peak concentration of 0.19 mg kg−1. DEP was detected in spring, summer, and autumn, with seasonal average concentration of 0.05, 0.004, and 0.003 mg kg−1. DBP was not detected in winter, and the peak concentrations in the other three seasons were 0.07, 9, 0.27 mg kg−1 (Table 2), DEHP was detected throughout the sampling cycle, with peak concentrations of 4.63, 2077.1, 3.17, and 1.3 mg kg−1, respectively. Overall, the concentration of pollutants in sludge was much higher in summer than in the other three seasons.
TABLE 2 | Concentration of EDCs in the sludge of WWTPs(mg kg-1).
[image: Table 2]The peak BPA concentrations in the TXH, ZPS, LX, and WXY sludges over the study period were 0.41, 0.11, 0.16, and 0.15 mg kg−1, the corresponding influent concentrations are 1.38, 0.31, 0.03, and 1.13 μg L−1. The influent concentrations of TXH and WXY are relatively high, but the concentration of BPA in sludge in WXY is lower, which may indicate that the BPA treatment efficiency of WXY WWTP is higher, which is consistent with the conclusion in the effluent. The peak NP concentrations in the TXH, ZPS, LX, and WXY sludges over the study period were 1.18, 0.35, 1.43, and 1.8 mg kg−1, the corresponding influent concentrations are 1.03, 0.31, 0.49, and 4.41 μg L−1, similarly, WXY’s NP treatment capacity may be better in sludge. The peak E1 and E2 concentrations of 0.004 and 0.006 mg kg−1 were detected in the TXH sludge. The total E1 and E2 concentration followed the order WXY > LX > TXH > ZPS.
The peak DMP concentrations in the TXH, ZPS, LX, and WXY sludges over the study period were 0.043, 0.045, 0.047, and 0.19 mg kg−1, the influent concentration in TXH is 0.97 μg L−1, and the remaining WWTPs are ND; there is an enrichment phenomenon of DMP in ZPS, LX, and WXY sludge in the summer. The peak DEP concentrations in the TXH, ZPS, LX, and WXY sludges over the study period were 0.055, 0.054, 0.057, 0.056 mg kg−1, they were all detected and reached their maximum value in the spring. The peak DBP concentrations in the TXH, ZPS, LX, and WXY sludges over the study period were 5.79, 4.91, 6.1, and 9 mg kg−1, the peak DEHP concentrations in the TXH, ZPS, LX, and WXY sludges over the study period were 18.94, 6.82, 12.22, and 2077.1 mg kg−1. Obviously, the concentrations of DBP and DEHP in sludge are relatively high in the summer. Except for ND (<LOD) in WXY influent, other WWTPs have higher concentrations in influent, which may be due to the use of more care products and PVC products in summer. There is also a high concentration enrichment phenomenon in sludge, indicating that DBP and DEHP are easily adsorbed by sludge. The total PAE concentration followed the order WXY > TXH > LX > ZPS.
The peak B(a) P concentrations were 0.11 and 0.1 mg kg−1 in summer and spring, respectively. The B(a) P concentrations in the TXH, ZPS, LX, and WXY sludges were 0.14, 0.11, 0.08, and 0.26 mg kg−1. The total PAH concentration followed the order WXY > TXH > ZPS > LX.
3.3 Source analysis of EDCs
At present, the source apportionment of EDCs is not yet very mature in China. By comparing various types of source apportionment methods, this study chose the PMF source apportionment method and used the latest EPA PMF 5.0 software model as the computational tool. The sewage treatment plant is the end of the municipal sewage pipeline network, and the concentration of pollutants in its inflow can reflect the overall level of environmental hormone pollutants in the service area of the sewage treatment plant and a total of six sources of pollution were identified. According to the algorithm of Vecchi’s research team, the objective function Q is minimized to obtain the pollution source distribution matrix and pollution source contribution matrix. When the number of factors is 4, the Q value is 36.8, when the number of factors is 5, the Q value is 29.32, and when the number of factors is 6, the Q value is 15.47. Therefore, there are six possible sources of pollution for EDCs in Hefei WWTPs.
The main pollutants in factor 1 were DMP and DEP, with DMP accounting for 77.7% (Figure 4A). Dimethyl phthalate is mainly used in cosmetics and personal skin care products, while DEP is commonly used in the production of perfume and as a plasticizer of cellulose resin due to its small relative molecular mass. These materials can therefore be considered sources of pollution in urban and rural wastewater and industrial wastewater. Factor 2 consisted of NP (42.3%) (Figure 4B), which is commonly used in household and laundry detergents. These materials can therefore also be considered sources of pollution in urban and rural wastewater and industrial wastewater. Factors 3 and 5 were dominated by DEHP (81.4%) and DBP (83.1%) (Figures 4C,E), both of which are widely used as plasticizers in production processes in the chemical industry (Chen et al., 2021). These materials can be considered industrial wastewater pollution sources. Factor 4 contained E1, E2, and E3 (Figure 4D), which are endogenous estrogens that mainly originate from animals and human excreta, as well as the use of hormone drugs such as contraceptive pills. Additionally, BPA was present, largely from the production of polycarbonate plastics and epoxy paints (Jahromi et al., 2020). These materials can therefore be considered sources of pollution mixtures in industrial wastewater, and urban and rural sewage. The B(a) P in factor 6 originated from the combustion of biomass and coke (Figure 4F), as well as emissions from motor vehicles and was therefore categorized as a source of coal-fired traffic pollution (Wan et al., 2006).
[image: Figure 4]FIGURE 4 | Factor profiles and their contributions to total EDC concentrations based on PMF Model Analysis.
In summary, it was concluded that industrial wastewater discharges were the main source of pollution, with a contribution rate of 60.3% (Figure 4G). Previous studies have shown that industrial wastewater discharges from an iron and steel company are the main source of PAHs in the Chaohu Lake basin. This was followed by urban and rural sewage discharges, with a contribution rate of 13.4%, which was likely related to the development of an animal husbandry and aquaculture industry in the Chaohu Lake region (Tang et al., 2015).
3.4 Ecological risks of EDCs in WWTPs
3.4.1 Ecological risks of EDCs in effluent
Throughout the sampling cycle, the RQ of estrogenic substances ranged from 0.3 to 2,318.67 (Figure 5), with the highest RQ value 2,318.67 was recorded for E3 in TXH in the autumn, which was due to its low predicted no-effect concentration (PNEC). Therefore, even if the concentration was very low, it still had a very high environmental risk (Sun et al., 2014; Wu et al., 2014; Cheng et al., 2020). Half of the RQ values for the estrogenic substances ranged from 0.1 to 1, while 33% were <0.1 and 17% were >1, indicating that the overall ecological risk level of estrogenic pollutants in the effluent of the WWTP could be classed as medium; however, the estrogenic substances BPA, E2, and E3 presented a high ecological risk in autumn. Overall, the estrogenic pollutants in the ecosystem of the Chaohu Lake basin presented a medium ecological risk. The ecological risks from PAEs were evaluated for three populations: algae, trematodes, and fish (Supplementary Table S5). It was found that the risk was highest for algae, followed by fish (Table 3), while the risk was lowest for trematodes. The RQ of DEHP for trematodes was always >1, which presented a high threat to their populations (Thomaidi et al., 2015). The B(a) P and PCB concentrations were lower than the LOQ or were not detected, and were therefore considered to present a low ecological risk.
[image: Figure 5]FIGURE 5 | Ecological risk assessment of estrogenic pollutants in effluent.
TABLE 3 | Ecological risk evaluation of PAEs in effluent.
[image: Table 3]3.4.2 Ecological risks of EDCs in sludge
The RQ values of most estrogenic substances in sludge were <0.1 and were therefore considered to present a low ecological risk. The only exception was E1, which had a spring RQ between 0.1 and 1, and was therefore considered to present a medium risk (Figure 6). Among the four PAEs, the RQ of DBP for the different test populations was much larger than that of the other three pollutants, with a value >1. The ecological risk presented to aquatic organisms by sludge from ZPS was greatest for algae, followed by trematodes and fishes (Table 4). According to the Control Standards for Agricultural Use of Sludge from Urban WWTPs (GB4284-2018), the no-effect concentration of B(a) P in surface sediments is 0.15 μg g−1. Based on this level, a high ecological risk was presented in the spring sludge samples from WXY. The remaining samples all indicated a medium ecological risk. Overall, B(a)P was considered to present a high risk of harm to the ecosystem in the spring sludge samples, and a medium ecological risk in the summer.
[image: Figure 6]FIGURE 6 | Ecological risk evaluation of estrogenic contaminants in sludge.
TABLE 4 | Ecological risk evaluation of sludge PAEs.
[image: Table 4]3.4.3 Human health risk evaluation of EDCs in WWTPs
The results of the human health risk evaluation of the five key EDCs in the WWTP effluent are shown in Table 5. In order to explore the maximum potential impact of EDC in health risk assessment, the degradation of EDC through environmental media and water quality purification after effluent were omitted, this study considers the effluent of WWTPs as a source of tap water. On a seasonal basis, only DEHP in the effluent samples from summer presented a human health hazard, and the cumulative HQ values for each pollutant in the other seasons were <1, while the carcinogenic risk (R) of DEHP was >10−4, indicating that DEHP presented a cancer risk to humans. Previous studies have shown that EDCs exhibit cumulative or synergistic toxic effects (Wang et al., 2005). The pollutants in the effluent water could therefore present a threat to human health and serious attention to pollution control measures should be given by the regulatory authorities (Wee and Aris, 2017; Akhbarizadeh et al., 2021).
TABLE 5 | Cumulative non-carcinogenic/carcinogenic risk index for EDCs in the drinking water pathway.
[image: Table 5]4 CONCLUSION
The experimental results showed that nine of the 18 EDCs were detected in the effluent and sludge of the WWTPs in the Chaohu Lake basin, with BPA and DEHP in the effluent and DEHP in the sludge detected at high concentrations. This indicates that not all EDCs are completely removed in the treatment plants and hence pose a threat to ecosystems, especially aquatic environments. Therefore, managing the sources of EDCs is crucial to reduce pollution and minimize their impact on the environment. This could be achieved by considering the results of the PMF model analysis of industrial wastewater streams carrying EDCs. The largest source contributions to EDC pollution were determined to be the discharge of domestic sewage, agricultural wastewater, seepage from solid waste filtration, traffic emissions, and the incineration of domestic waste. Once the sources of EDCs are known, control measures can be strengthened. Blocking and controlling the migration of EDCs is a crucial step in wastewater management and treatment. Sewage treatment is an important part of wastewater treatment, and there is a need to accurately monitor the source and migration of pollutants to prevent the accumulation of EDCs in this stage of the process. According to the pollution characteristics of the EDCs it could be possible to optimize the relevant treatment process and promote the resourceful use of wastewater, improving the quality of wastewater treatment. Finally, assuming receptors are directly exposed to wastewater and sludge from WWTPs, and EDCs enter the human body through drinking pathway, a risk assessment revealed that E1, E3, and DEHP were the pollutants that presented the highest risk, and TXH and WXY were the WWTPs with the highest frequency of ecological and health risks due to the presence of EDCs in effluent and sludge. There could be a cancer risk for humans due to DHEP exposure and EDCs will be harmful to the ecosystem of the Chaohu Lake basin. To further clarify how the EDCs entering the environment will impact the water body, aquatic organisms, and human health, it is necessary to construct a comprehensive evaluation model and expand the existing EDC evaluation models to fully consider the pollutant migration and exposure pathways, and use the annual average data of EDCs to consider long-term exposure to improve the risk evaluation method.
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