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Abstract

:

As one of the major sources of pollutions in the environments, effluents from municipal wastewater recently became a hot topic. This study quantified monthly county-level releases of five heavy metals, i.e., lead (Pb), cadmium (Cd), chromium (Cr), arsenic (As), and mercury (Hg), from municipal wastewater into the environment in the Heilongjiang Province of China, based on sampling, measurement, and modeling tools. Wastewater samples were collected from 27 municipal wastewater treatment plants (MWTPs) in 15 county-level cities of Heilongjiang every month from 2015 to 2017. The concentrations of five heavy metals were analyzed in both influents (Pb: 160 ± 100 μg/L; Cd: 15 ± 9.0 μg/L; Cr: 170 ± 64 μg/L; Hg: 0.67 ± 1.5 μg/L; As: 6.2 ± 4.8 μg/L) and effluents (Pb: 45 ± 15 μg/L; Cd: 5.2 ± 5.1 μg/L; Cr: 57 ± 13 μg/L; Hg: 0.28 ± 0.12 μg/L; As: 2.6 ± 1.4 μg/L). The removal ratios of the five heavy metals ranged from 50% to 67%. Inflow fluxes of Pb, Cr, and Cd displayed increasing trends first then decreased after reaching a maximum value, whereas those of Hg and Pb remained stable. Material flow analysis reveals that constructions of MWTPs are conducive to significantly reduce the releases of heavy metals from urban areas into the aquatic environment in the study area. Additionally, municipal wastewater sludge (used as fertilizer or spread on the land) could be a significant source of heavy metals in the land.
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1. Introduction


Excessive heavy metals accumulation perturbs the environment and causes serious adverse health effects to organisms, including humans [1]. Arsenic (As), cadmium (Cd), and their compounds are classified as human carcinogens by several regulatory agencies [2,3,4]. The adverse effects of lead (Pb) and mercury (Hg) in humans are shown in mental development, causing neurological and cardiovascular diseases, especially in children [5,6]. Although a low dose of chromium (Cr) is essential to mammals, a high dose of Cr could induce significant renal damage, DNA strand breaks in peripheral lymphocytes, and respiratory cancers [7,8]. Human activities (industrial, domestic, agricultural, medical, etc.) significantly accelerate release of the naturally existing heavy metals into the environment [9]. For instance, human activities directly emitted 2500 tons/year of Hg into the atmosphere in recent years, accounting for 31% of the total emissions (including natural background and legacy sources) [10]. Dramatically, a total of 28,600 tons of As is emitted into the atmosphere annually, 14-times greater than emissions from natural sources [11]. Contamination by heavy metals has spread globally, including to all environment matrixes, such as the atmosphere, soil, sediment, fresh water, sea water, etc. [12]. Thus, an exact estimation of the amounts of heavy metals released into environmental systems and their fate is crucial for health risk assessment and policymaking.



While researchers have quantified the release of heavy metals from different sources, most previous studies focused on the atmospheric emission of heavy metals. For instance, Kristensen quantified the atmospheric Pb emission from leaded petrol consumption in Australia from 1933 to 2002, and the total emission was around 240,510 tons [13]. Wang et al. assessed the emission and mass balance of Hg in China’s coal-fired power plants [14]. Han et al. explained the effects of reaction conditions on the emission behaviors of heavy metals during wastewater sludge pyrolysis [15]. Some studies have quantified the flux of heavy metals into other environmental systems on a large scale [12,16,17]. However, due to the relatively scarce observation data, these processes have been rarely updated or refined in the past several decades. Additionally, information on the contributions from other sources is relatively lacking.



Municipal wastewater, a complex mixture including a large variety of pollutants from both domestic and industrial sources, has become an important anthropogenic source of pollution in aquatic environments [18,19,20]. Previous studies have focused on the release of some pollutants associated with municipal wastewater to aquatic environments (such as illicit drugs, phthalate esters, photoinitiators, chlorinated paraffins, polycyclic aromatic hydrocarbons, antibiotics, etc.) [21,22,23]. Liu et al. performed the first estimation of total Hg (including all forms of Hg) and methylmercury (MeHg) releases from municipal wastewater into the environment and found that municipal wastewater could be a significant source based on analyses of total Hg and MeHg in both influents and effluents of sewage across China [24]. A snapshot picture of the release of Hg from municipal wastewater in China was obtained: 160,000 kg of total Hg and 280 kg of MeHg to different environmental systems, respectively. While the study yielded useful insights into Hg release, it did not provide information on temporal variations, and the release of other heavy metals from municipal wastewater in China is still unknown.



The aim of this study was to quantify, for the first time, the monthly county-level release of heavy metals from municipal wastewater into the environment in a particular Province in China. The research was conducted in Heilongjiang Province, China, from 2015 to 2017. Each month, municipal wastewater samples of influent and effluent were collected at 27 municipal wastewater treatment plants (MWTPs) in 15 prefectural and county-level cities that cover all the geographic regions of the province. The concentrations of Pb, Cd, Cr, Hg, and As in the wastewater samples were analyzed to examine the temporal variations in flux and removal. Material flow analysis was applied to provide a comprehensive understanding of the release of target heavy metals from municipal wastewater into various sinks. This study is motivated by our recognition of the contribution of municipal wastewater to heavy metal contamination in the environment, and it is intended to support a further nationwide estimation and policymaking in China.




2. Materials and Methods


2.1. Sample Collection


Wastewater samples were collected from 27 MWTPs in 15 prefectural and county-level cities of Heilongjiang Province, China. In each of these cities, one or two MWTPs were selected for wastewater sample collection, based on the population distribution in Heilongjiang Province (Figure 1). For some major cities in the province with large populations, such as Harbin (9.6 million inhabitants in 2017) [25], wastewater samples were collected from four MWTPs. According to a recent census, the total population of all the selected cities was more than 25 million in the year 2017 [25], representing about 70% of the entire population of Heilongjiang Province. The methods of sample collection and preservation were according to a previous publication [26] and MEE (Ministry of Ecology and Environment of China) methods (HJ/T 91-2002). Time-proportional composite influent and effluent wastewater samples were collected every month from January to December of 2015 to 2017. Days that experienced heavy precipitation were avoided for sampling purposes to minimize the dilution. All samples were carried back to the laboratory and stored at 4 °C for less than 7 days until analysis. Details of the MWTPs and sampling information are listed in the Supplementary Materials (Table S1).




2.2. Analytical Methodology


Standard solutions of Pb, Cr, Cd, Hg, and As were obtained from the Institute for Environmental Reference Materials of Ministry of Environmental Protection (Beijing, China). Hydrochloric acid (HCl), perchloric acid (HClO4), and hydrogen peroxide (H2O2) were purchased from Kemiou Chemical Reagent Co. (Tianjin, China), and nitric acid (HNO3) was purchased from Jingrui Chemical Co., LTD. (Suzhou, China). Ultrapure water was prepared using a Milli-Q ultrapure system (Millipore, MA, USA).



Determination of the heavy metals in wastewater samples was performed based on methods that were commonly used in previous research and on MEE (Ministry of Ecology and Environment of China) methods (HJ 694-2014, HJ 757-2015, and GB/T 7475-1987) with minor modifications [27,28]. Sample pretreatment and determination were performed at the Heilongjiang Kerui Testing Technology Co., LTD (Harbin, China). For As, heating digestion of samples was conducted using nitric–perchloric acid (5 mL, 1:1, v/v) and hydrochloric acid solution (5 mL, 1:1, v/v), then samples were analyzed using an AFS-8220 atomic fluorescence spectrometer (Beijing Titian Instruments Co., LTD, Beijing, China). For Hg, water bath heating (100 °C) digestion (1 h) of samples was conducted using hydrochloric–nitric acid solution (1 mL, 3:1:4, v/v/v), then samples were analyzed via an AFS-8220 atomic fluorescence spectrometer. For Pb and Cd, nitric acid (5 mL) and hydrogen peroxide (10 mL) were employed for sample heating digestion, palladium nitrate (10 mL) was added, then samples were analyzed using a GF-AAS (ASC-990, Beijing Purkinje General Instrument Co., LTD., Beijing, China). For Cr, nitric acid (5 mL) and hydrogen peroxide (3 mL) were employed for sample heating digestion (180/95 °C), ammonium chloride (5 mL) and hydrochloric acid were added, then samples were analyzed using a TAS-990F atomic absorption spectrophotometer (Beijing Purkinje General Instrument Co., LTD., Beijing, China). Influent and effluent wastewater samples were taken in triplicate for analysis. The limits of detection (LOD) for As, Hg, Pb, Cd, and Cr were 1.0 μg/L, 0.10 μg/L, 5.0 μg/L, 0.50 μg/L, and 15 μg/L, respectively. The spike recoveries of the standards of As ranged from 92% to 109%, Hg ranged from 92% to 104%, Pb ranged from 92% to 107%, Cd ranged from 83% to 105%, and Cr ranged from 95% to 107%. All the measurement results were adjusted by individual internal standard spike recoveries.




2.3. Material Flow Analysis


Material flow analysis is widely used as a tool to provide a system-oriented view of the sources, sinks, and relative processes of contaminant transport, such as carbon, nutrients, organic pollutants, and trace elements, in both natural and industrial systems [29,30,31,32]. In the present study, we specifically used this effective tool to quantitatively understand the transport and fate of Pb, Cd, Cr, Hg, and As embodied in municipal wastewater in Heilongjiang province. Estimates of material flows for all the metals considered direct releases into the environments, influent and effluent wastewater of MWTPs, accumulation in wastewater sludge, and a final step of release into the terrestrial ecosystem and landfill [24]. Calculations performed in the analysis were made based on the mass balance of each heavy metal to ensure that the amount of each heavy metal in the source was equal to the amount in the sinks as below:


  S o u r c  e  i j   = U n t r e a t e  d i  + I n f l u e n  t  i j     ,  



(1)




where   S o u r c  e  i j     is the amount of source of heavy metal i (kg/month) in the service area of municipal treatment plant j;   U n t r e a t e  d i    and   I n f l u e n  t  i j     are the amounts of heavy metal i (kg/month) discharged into the aquatic environment and into the treatment plant j, respectively. In Equation (1),   U n t r e a t e  d i    and   I n f l u e n  t  i j     could be further calculated as follows:


  U n t r e a t e  d i  =  C  u n t r e a t e d ,   i   ×  V  u n t r e a t e d   × K ,  



(2)






  I n f l u e n  t  i j   =  C  i n f l u e n t ,   i j   ×  V  i n f l u e n t , j   × K   ,  



(3)




where    C  i n f l u e n t ,   i     is the concentration of heavy metal i (μg/L) in the untreated wastewater;    V  u n t r e a t e d     is the volume of municipal wastewater (m3/month) directly discharged to the aquatic environment;    C  i n f l u e n t ,   i j     is the concentration of heavy metal i (μg/L) in the influent wastewater of municipal treatment plant j that is measured in the present study;    V  u n t r e a t e d , j     is the volume of municipal wastewater (m3/month) discharged into the aquatic environment in the service area in municipal treatment plant j;    V  i n f l u e n t , j     is the volume of municipal wastewater (m3/month) discharged into the municipal treatment plant j; and K in Equations (1) and (2) is a unit conversion coefficient. Similarly, the amount of heavy metal i released from municipal treatment plant j can be calculated as follows:


  E f f l u e n  t  i j   =  C  e f f l u e n t ,   i j   ×  V  e f f l u e n t , j   × K ,  



(4)




where   E f f l u e n  t  i j     is the amount of heavy metal i (kg/month) released from municipal treatment plant j into the aquatic environment;    C  e f f l u e n t ,   i j     is the concentration of heavy metal i (μg/L) in the effluent wastewater of municipal treatment plant j that is measured in the present study;    V  e f f l u e n t , j     is the volume of municipal wastewater (m3/month) discharged from the municipal treatment plant j into the aquatic environment in the service area.



Substantial amounts of heavy metal that are discharged into MWTPs might potentially be stored in wastewater sludge during the treatment process. Following the published literature [24], the amounts of heavy metals that are accumulated in the wastewater sludge of municipal treatment plants were estimated as follows:


  S l u d g  e  i j   = I n f l u e n  t  i j   − E f f l u e n  t  i j     ,  



(5)




where   S l u d g  e  i j     represents the amount of heavy metal i (kg/month) accumulated in the wastewater sludge of municipal treatment plant j. In the present study, the fate of wastewater sludge from MWTPs in Heilongjiang province was investigated, and landfill, cropland, and incineration plants were identified. Based on our investigation in the study area, the fate of the heavy metals in wastewater sludge can be further described as follows:


  S l u d g  e  i j   = L a n d f i l  l  i j   + C r o p l a n  d  i j   + I n c i n e r a t i o  n  i j     ,  



(6)




where   L a n d f i l  l  i j     is the amount of heavy metal i released from municipal treatment plant j that is stored in a landfill (kg/month);   C r o p l a n  d  i j     is the amount of heavy metal i from municipal treatment plant j that is transported to cropland as a fertilizer (kg/month); and   I n c i n e r a t i o  n  i j     is the amount of heavy metal i from municipal treatment plant j that is transported to incineration plants (kg/month). According to our investigation, there is no other application of wastewater sludge in the study area.



Finally, the amounts of heavy metal transported into sinks are equal to the amounts from their sources were ensured, which can be further described by the following equation:


  S i n  k  i j   = L a n d f i l  l  i j   + C r o p l a n  d  i j   + I n c i n e r a t i o  n  i j   + E f f l u e n  t  i j   + U n t r e a t e  d  i j   ,  



(7)







Large or minor amounts of heavy metals might be emitted into the air from the incineration of municipal wastewater sludge. The amounts of metal emissions from incineration were further estimated. According to previous studies, 1%–20%, 40%–60%, <1%, 2%–40%, and 48% of Pb, Cd, Cr, As, and Hg, respectively, might be emitted into the atmosphere during the incineration process [24,33,34].



In the present study, the standard deviation (95% confidence interval) of fluxes of each heavy metal in the material flow analysis was calculated to characterize the uncertainty of the results. The variation of the measured concentration of each heavy metal was considered in the uncertainty analysis. Uniform distribution with a fixed coefficient of deviation (5%) was assumed for the statistical data of the volume of municipal wastewater generation, based on the published literature [24,35].




2.4. Data Sources


Census and incineration data were collected from Heilongjiang Bureau of Statistics [25]. The respective data of influent/effluent flows, power consumption, and produced and disposed sludge were provided by each MWTP.




2.5. Statistical Analysis


Statistical analysis was performed by SPSS 20 (IBM Co., Armonk, NY, USA), and significance levels were determined at p < 0.05 and p < 0.01. Pearson correlation analysis was used to assess the correlation between removal ratios of the five heavy metals and power consumption. Student’s t-test and One-NOVA were used to compare the differences in removal ratios and heavy metals flux in different years.





3. Results and Discussion


3.1. Occurrence of Heavy Metals in Municipal Wastewater


Pb, Cd, and Cr were detected in all the raw influent wastewater samples analyzed, with concentrations ranging from 44 μg/L to 940 μg/L (mean ± STD, 160 ± 100 μg/L), from 7.0 μg/L to 78 μg/L (mean ± STD, 15 ± 9.0 μg/L), and from 88 μg/L to 650 μg/L (mean ± STD, 170 ± 64 μg/L), respectively, in Heilongjiang from 2015 to 2017 (Table 1). Hg and As concentrations were below the LOD in only one and two raw influent wastewater samples, respectively, and above the LOD in the others. The maximum Hg and As concentrations in influent samples were 38 μg/L (mean ± STD, 0.67 ± 1.5 μg/L) and 95 μg/L (mean ± STD, 6.2 ± 4.8 μg/L), respectively (Table 1). The high detection frequencies of the mentioned targets in raw influents indicated that domestic releases are ubiquitous in Heilongjiang, which, in turn, indicated potentially high exposure levels to heavy metals for local inhabitants. Nevertheless, since the influent municipal wastewater in China may partly contain urban surface runoff and industrial wastewater discharge, it is not currently possible to use the heavy metals contained in influent water as an indicator of inhabitant exposure in the study area [24].



The five heavy metals were detected in most effluent samples, with detection frequencies of 99.5% (Pb), 99.5% (Cd), 99.7% (Cr), 99.5% (Hg), and 99.7% (As). Among the five analyzed heavy metals in effluents, Cr (57 ± 13 μg/L) had the highest mean concentration, followed by Pb (45 ± 15 μg/L). The average effluent concentrations of Cd, As, and Hg were all below 10 μg/L. The range, median, arithmetic mean concentrations, and standard deviations (STD) are presented in Table 1. The average influent and effluent concentrations of As, Cd, and Hg in this study were similar to those in other previous studies conducted in Italy, UK, Poland, Chungking, etc., but much lower than those in Spain. For Cr and Pb, the average influent and effluent concentrations were higher than those in most other countries and Chinese cities, but lower than those in Turkey for Cr and in the UK for Pb (Table 2). Compared with other countries (Table 2), the higher Pb concentration found in this study is consistent with the high blood Pb levels of Chinese citizens [36]. There is a relatively large variability in the concentrations of heavy metals in municipal wastewater in China. For instance, the average influent Pb concentrations in different cities in China were found to range from 4.1 to 480 μg/L [37,38,39,40]. The average influent Cd concentrations also ranged from 1.3 to 61 μg/L [37,38,39,40]. A similar situation was also found for the other three metals (Table 1). This reflects that MWTPs in different regions in China might receive heavy metals from different sources (for example, different types of industrial sources) [40]. Further investigation of the sources of heavy metals in municipal wastewater is needed.




3.2. Removal Ratios


The removal ratio was derived by dividing the difference between the influent and effluent concentrations at a MWTP by the influent concentrations. The average removal ratios of Pb (67 ± 9 %), Cd (64 ± 11%), and Cr (64 ± 7%) were higher than 60% in Heilongjiang, while Hg (50 ± 9%) and As (55 ± 9%) had lower removal ratios than the other three heavy metals. This means that more Hg and As compared to other target heavy metals entered receiving waters. The removal ratios of all five heavy metals in both 2016 and 2017 were significantly higher than those in 2015 (p < 0.05), and the lowest value of each target was found in 2015 (Figure 2). However, there was no significant difference in the removal ratio between 2016 and 2017 (p > 0.05). These results indicated that there were increasing trends in the removal ratios for all targets between 2015 and 2016; after 2016, they maintained a stable level (Figure 2). Additionally, the power consumption per ton of municipal wastewater in 2015 was significantly lower than those in 2016 and 2017 (p < 0.05), and no significant difference was found between the latter two years. This trend was similar to that of the removal ratios of the heavy metals. A significant positive correlation was found between the power consumption and removal ratios of all five heavy metals (Figure S1). In general, the removal ratio increases with power consumption. Thus, this correlation implies that the increasing trends of the removal ratios were potentially due to increases in treating efficiencies in these MWTPs. Due to the limitation of the sampling campaign (once a month), no several consecutive days of influent and effluent samples were obtained in a month, removal ratios of heavy metals in different treatment techniques subjected to large variation and cannot be compared in this study.



Compared with previous studies, the removal ratios of the five heavy metals in this study were at a moderate level. Overall, a large variation has been found in the removal ratios of the five heavy metals in different countries (Table 2). For instance, the average removal ratios range from 20% to 97% for As, 10% to 79% for Cd, 33% to 98% for Hg, 50% to 77% for Cr, and 30% to 96% for Pb. This is attributed to the fact that MWTPs are not designed for removing heavy metals, and the apparent removal in most of the cases is the result of the metals partitioning to the solid phase of the treatment systems [52]. Thus, the release of heavy metals from MWTPs into the environment should not be ignored.




3.3. Variations of Heavy Metals Flux


The average inflow flux of Pb was 1100 ± 350 kg/month in the sampled MWTPs; the highest value was 2000 kg/month, occurring in August 2016, followed by 1700 kg/month (March 2016) and 1600 kg/month (March 2017), and the lowest value was 530/month kg (January 2015) (Figure 3). One-NOVA showed that there were no significant differences between Pb flux in different seasons (p > 0.05). Similar results were also found for Cd (average ± STD, 100 ± 17 kg/month), Cr (average ± STD, 1200 ± 250 kg/month), Hg (average ± STD, 5.0 ± 2.6 kg/month), and As flux (average ± STD, 45 ± 15 kg/month) (Figure 3). Although the temperature varies greatly in different seasons (average temperature ranged from −15 °C to 17 °C), there were no significant variations in the inflow flux of heavy metals in the study area. The total flux was 40,000 kg for Pb, 3600 kg for Cd, 44,000 kg for Cr, 180 kg for Hg, and 1600 kg for As from 2015 to 2017. For Pb, Cd, and Cr, the average flux in 2016 was significantly higher than those in 2015 and 2017 (p < 0.05) (Figure 3). The Pb, Cd, and Cr flux during the sampling period displayed an increasing trend initially, then decreased after a maximum value was reached. The flux variations of Hg and As were relatively stable compared with those of the other heavy metals between 2015 and 2017.



The average effluent fluxes of the five heavy metals ranged from 2.1 ± 0.69 kg/month (Hg) to 440 ± 86 kg/month (Cr) from 2015 to 2017 (Figure 3). The variations in effluent flux of the five heavy metals were more stable than those in influent flux due to the high removal ratios. The average Pb, Cd, Cr, Hg, and As fluxed for sludge-landfill were 320 ± 140 kg/month, 27 ± 9.4 kg/month, 330 ± 100 kg/month, 1.2 ± 0.98 kg/month, and 11 ± 5.0 kg/month from 2015 to 2017, respectively. The average fluxes for sludge-fertilizer were 450 ± 190 kg/month (Pb), 37 ± 10 kg/month (Cd), 460 ± 140 kg/month (Cr), 1.7 ± 1.5 kg/month (Hg), and 15 ± 6.0 kg/month (As) in the same period. In total, there were 2800 kg of Pb, 2300 kg of Cd, 28,000 kg of Cr, 100 kg of Hg, and 950 kg of As released from sludge from 2015 to 2017 in the study area. The variations in the five heavy metals’ fluxes in both landfill and fertilizer sludge were similar to those in influents. This means that most of the heavy metal was transferred to sludge during the municipal wastewater treatment process.



County-level inventories of Pb, Cd, Cr, Hg, and As released from municipal wastewater in Heilongjiang, China, in 2017, were constructed based on the fitting models (Figure 4). The results showed that the release of all five heavy metals was mainly concentrated in the cities and counties in the southwestern region of Heilongjiang Province. In this region, Harbin (the provincial capital) was the top contributor to the release of Pb, Cd, Cr, Hg, and As from municipal wastewater, followed by the cities Daqing and Qiqihar, and nearly one order of magnitude higher than other cities and counties. This was attributed to their higher population densities compared to other cities and counties. This result was similar to those of previous studies, which indicated that other anthropogenic emissions, such as black carbon, phosphorus, and antibiotics, are also high in Heilongjiang, China [35,53,54].




3.4. Material Flows from Municipal Wastewater to Sinks


The results of the material flow analysis indicated that substantial amounts of Pb, Cd, Cr, Hg, and As were released from municipal wastewater in Heilongjiang province; these amounts were 15,000, 1400, 16,000, 62, and 610 kg, respectively, in 2017. Meanwhile, relatively small amounts of these heavy metals were directly released into the aquatic environment without any treatment: 1600, 150, 1700, 6.4, and 63 kg of Pb, Cd, Cr, Hg, and As, respectively, in 2017 (Figure 5). On the other hand, 14,000, 1300, 15,000, 56, and 550 kg of Pb, Cd, Cr, Hg, and As, respectively, were discharged into MWTPs in 2017 (Figure 5). Subsequently, 4900, 370, 4900, 24, and 230 kg of Pb, Cd, Cr, Hg, and As, respectively, were released from municipal treatment plants into the aquatic environment in Heilongjiang province in 2017; these values are equal to 35%, 28%, 33%, 43%, and 42% of their discharges into MWTPs (Figure 5). Total amounts of 6500, 520, 6600, 30, and 290 kg of Pb, Cd, Cr, Hg, and As, respectively, were released from municipal wastewater into the aquatic environment in Heilongjiang province in 2017; these values were significantly decreased from the amounts released from municipal wastewater as shown above (Figure 5). These results suggest that constructions of MWTPs are conducive to significantly reduce the releases of heavy metals from urban areas into the aquatic environment in the study area. The results suggest that the overall municipal wastewater management strategy in the study area could serve as a valuable reference, particularly for developing regions that are struggling with inland water contaminations. Nevertheless, it shows that wastewater sludge is an important temporary sink for these five heavy metals from municipal wastewater.



Material flow analysis showed that municipal wastewater sludge could be a significant source of heavy metal pollution in the land. In total, 9400, 920, 9800, 32, and 330 kg of Pb, Cd, Cr, Hg, and As, respectively, were generated in wastewater sludge in 2017 (Figure 5). Approximately half of these heavy metals were stored in landfill, which seems a good choice as a reservoir for heavy metals. Meanwhile, substantial amounts of heavy metals were transported to cropland in wastewater sludge that was used as a fertilizer for crop plants; these amounts were 5000, 490, 5200, 17, and 170 kg for Pb, Cd, Cr, Hg, and As, respectively, in 2017 (Figure 5). This might potentially pose a health risk to humans. For example, previous studies suggested that Hg released into paddy soil could be methylated and accumulated in rice grains, which could subsequently become a significant dietary source for inhabitant Hg exposure [55,56]. Similarly, As, Cd, and Cr can also enter the food chain and become widely distributed throughout plants and animals, and thereby pose a risk to humans and wildlife [57,58,59]. Many publications in the literature also suggest that the application of wastewater sludge to cropland can enhance the accumulation of heavy metals in certain crop plants [60,61,62]. However, inconsistent results are still reported [63,64,65], and the reason for the difference is not well understood. The density of organic carbon in crop soil in Heilongjiang (average: 26 kg/m2) is substantially higher than those in most other regions in China (average in China: 16 kg/m2) [66,67]. Meanwhile, the soil pH value in Heilongjiang (5.5–7.2) is higher than that in Southern China (4.5–5.5) [68]. This might reduce the availability of soil heavy metals in Heilongjiang [69,70,71]. Further investigation of the accumulation of heavy metals from wastewater sludge into crop plants is desirable.



The results from the material flow analysis suggest that relatively small amounts of heavy metal were transported to incineration plants (i.e., 94, 9.2, 98, 0.32, and 3.3 kg of Pb, Cd, Cr, Hg, and As, respectively, in 2017) (Figure 5). Accordingly, 0.94–19, 3.7–5.5, <0.98, 0.15, and 0.066–1.3 kg of Pb, Cd, Cr, As, and Hg were emitted into the atmosphere during the incineration process. This means that the atmosphere is not a significant sink for these heavy metals from municipal wastewater. According to our investigation in Heilongjiang, only 1.0% of the municipal wastewater sludge was transported to incineration plants in 2017 [25]. This value is lower than that reported by the government in 2014 (3.5%, provincial average) [72]. Meanwhile, 65% and 63% of municipal wastewater sludge in Jiangsu and Zhejiang Provinces were transported to incineration plants in 2014, while the proportions in Anhui, Fujian, and Shandong exceeded 20% [72]. From the angle of controlling atmospheric heavy metal emissions, burying wastewater sludge in landfills might be a better option for Heilongjiang and other regions in China [73]. However, landfill leachate might also lead to heavy metal contamination of the surrounding soil, groundwater, and plants, particularly in developing countries [74,75,76,77]. In the study area, no heavy metal releases were identified in other parts of the terrestrial ecosystem besides the aquatic environment and cropland.





4. Conclusions


In this study, monthly county-level monitoring of five heavy metals in municipal wastewater was conducted in a Chinese province, which could fill a data gap in the understanding of the release of heavy metals from municipal wastewater into the environment in Heilongjiang. The five heavy metals in influents and effluents were detected with concentrations of up to 940 μg/L and 170 μg/L, respectively. Inflow fluxes of Pb, Cr, and Cd from 2015 to 2017 displayed an increased trend initially, then decreased after reaching a maximum value. Material flow analysis provided quantified evidence that the construction of MWTPs is conducive to significantly reducing the discharge of heavy metals into the aquatic environment in the study area. In addition, municipal wastewater sludge (used as fertilizer or spread on the land) was shown to be a significant source of heavy metal to the land.
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Figure 1. Locations of the municipal wastewater treatment plants (MWTPs) for this study. The date on the distribution of the population is from the census information in 2018 [25]. 
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Figure 2. Apparent removal ratios of five heavy metals and power consumption (PC) at sampled MWTPs. 
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Figure 3. Temporal variations of five heavy metals flux at sampled MWTPs. 
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Figure 4. Distributions of five heavy metals released (g/km2·yr) from municipal wastewater in Heilongjiang province in 2017. 
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Figure 5. Material flow analysis of five heavy metals from municipal wastewater to sinks (the flow from municipal wastewater to treatment plant represents influent heavy metal of the wastewater treatment plant, while the flow from municipal wastewater to aquatic environment represents the metal discharged from untreated wastewater to aquatic environment directly). 
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Table 1. Statistics of heavy metals concentration in municipal wastewater samples.
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Heavy Metals

	
n

	
DF a (%)

	
Min

	
Median

	
Max

	
Mean ± STD




	
μg/L






	
Influent

	
Pb

	
641

	
100.0

	
44

	
140

	
940

	
160 ± 100




	
Cd

	
641

	
100.0

	
7.0

	
13

	
78

	
15 ± 9.0




	
Cr

	
649

	
100.0

	
88

	
160

	
650

	
170 ± 64




	
Hg

	
651

	
99.8

	
<LOD

	
0.54

	
38

	
0.67 ± 1.5




	
As

	
650

	
99.7

	
<LOD

	
5.6

	
95

	
6.2 ± 4.8




	
Effluent

	
Pb

	
656

	
99.5

	
<LOD

	
45

	
170

	
45 ± 15




	
Cd

	
656

	
99.5

	
<LOD

	
4.5

	
56

	
5.2 ± 5.1




	
Cr

	
656

	
99.7

	
27

	
58

	
130

	
57 ± 13




	
Hg

	
657

	
99.5

	
<LOD

	
0.26

	
1.0

	
0.28 ± 0.12




	
As

	
657

	
99.7

	
<LOD

	
2.4

	
15

	
2.6 ± 1.4








a Detection frequency.
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Table 2. Comparison of influents and effluents concentrations (μg/L) and removal ratios (%) of five heavy metals in different countries.
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Country

	
No. of

MWTPs

	
As

	
Cd

	
Cr

	
Hg

	
Pb




	
In a

	
Ef b

	
Re c

	
In

	
Ef

	
Re

	
In

	
Ef

	
Re

	
In

	
Ef

	
Re

	
In

	
Ef

	
Re






	
Italy [41]

	
5

	
4.3

	
2.2

	
44.5

	
7.5

	
0.10

	
73

	
41

	
10

	
64

	
1.6

	
0.90

	
33

	
7.1

	
7.6

	
36




	
France [42]

	
1

	
n.d. d

	
n.d.

	
n.d.

	
0.60

	
<0.20

	
>67

	
9.0

	
20

	
50

	
n.d.

	
n.d.

	
n.d.

	
18–20

	
<1

	
>95




	
Greece [43]

	
1

	
n.d.

	
n.d.

	
n.d.

	
3.3

	
1.5

	
55

	
40

	
20

	
50

	
n.d.

	
n.d.

	
n.d.

	
39

	
27

	
31




	
Poland [44]

	
1

	
n.d.

	
n.d.

	
n.d.

	
10–20

	
n.d.

	
10–20

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
~50

	
n.d.

	
30–40




	
UK [45,46,47]

	
1

	
11–13

	
2.0–2.5

	
81

	
1.5–2.0

	
0.25–0.50

	
79

	
35

	
10

	
71

	
2.5

	
0.3

	
90

	
600

	
25

	
96




	
France [48]

	
9

	
3.0–10

	
n.d.

	
20

	
≤3.0

	
n.d.

	
40–75

	
10–100

	
n.d.

	
≥75

	
n.d.

	
n.d.

	
n.d.

	
10–100

	
n.d.

	
≥75




	
Indian [49]

	
3

	
1.1

	
0.8

	
30

	
n.d.

	
n.d.

	
n.d.

	
3.5

	
3.1

	
14.00

	
n.d.

	
n.d.

	
n.d.

	
0.20

	
0.10

	
34




	
Turkey [50]

	
2

	
n.d.

	
n.d.

	
n.d.

	
11

	
5

	
55

	
1500

	
240

	
77

	
n.d.

	
n.d.

	
n.d.

	
50

	
21

	
58




	
Spain [51]

	
1

	
n.d.

	
n.d.

	
n.d.

	
5000

	
5000

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
370

	
370

	
n.d.

	
5.21

	
6.1

	
n.d.




	
Jiaozuo, China [37]

	
1

	
15

	
12.7

	
14

	
1.3

	
n.d.

	
n.d.

	
18.2

	
0.4

	
98

	
n.d.

	
n.d.

	
n.d.

	
4.1

	
n.d.

	
n.d.




	
Chungking, China [38]

	
1

	
1.1

	
0.70

	
33

	
1.2

	
0.58

	
53

	
n.d.

	
n.d.

	
n.d.

	
0.55

	
0.13

	
76

	
18

	
13

	
30




	
Xi’an China [39]

	
1

	
0.90

	
0.030

	
97

	
n.d.

	
n.d.

	
n.d.

	
92

	
63

	
31

	
0.43

	
0.06

	
86

	
n.d.

	
n.d.

	
n.d.




	
Yantai, China [40]

	
1

	
n.d.

	
n.d.

	
n.d.

	
61

	
6.1

	
90

	
560

	
46

	
92

	
1.5

	
0.11

	
93

	
480

	
48

	
90




	
This study

(Heilongjiang, China)

	
27

	
6.2 ± 4.8

	
2.6 ± 1.4

	
55

	
15 ± 9.0

	
5.2 ± 5.1

	
64

	
170 ± 64

	
57 ± 13

	
64

	
0.67 ± 1.5

	
0.28 ± 0.12

	
50

	
160 ± 100

	
45 ± 15

	
67








a Influent concentration; b Effluent concentration; c Removal ratio; d no data.
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