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Abstract

:

It is very important to understand the distribution and sources of typical potentially toxic elements in industrial sites in order to provide essential information for risk assessment and the process of land reclamation selection. Here, around 29 soil column samples of 6 m depth were collected using a geoprobe drill rig from a typical electroplating site located in the Yangtze River Delta, which has been operating for more than 20 years. Analysis in the laboratory, including measurement of elemental concentrations using ICP-OES, was carried out. The distribution and sources of typical heavy metals were investigated, and correlated risks were assessed using positive matrix factorization. As, Pb, and Cr were the dominant heavy metal pollutants, with ranges of 3.20–154 mg/kg, 13.9–9271 mg/kg, and 27.2–2970 mg/kg, which were 1.28 times, 11.6 times, and 3.71 times higher than the Chinese national standard, respectively. Pb was found to be accumulated in the top 0–2 m and As in the top 0–3 m due to the presence of a typical clay and loamy soil. Additionally, Cr could be transferred into the groundwater, with a maximum concentration of 497 mg/kg, due to frequent interaction between the groundwater and soil. A PMF model showed that the dominant sources of pollution were the electroplating process section, the glass melting process section, the production process section, and the electroplating wastewater. Pb, As, and Cr were mainly generated from the industrial production process, glass melting process, and electroplating process. The pH and CEC appeared to influence the chemical speciation greatly, with higher content observed bound to carbonates as a result of exchange processes in the case of high CEC and low pH conditions. Both the Pb and As observed could contribute to non-carcinogenic and carcinogenic health risks, respectively, based on PMF-HRA analysis, which should receive greater attention in risk management strategies for polluted sites. Identification of the main sources of heavy metals in a site could provide a basis for potential land reclamation.
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1. Introduction


The rapid increase in urbanization and industrial restructuring has resulted in the emergence of a large number of contaminated sites [1]. The legacies of chemical manufacturing accounted for the most significant proportion of these in a recent investigation of 625 industrial areas in China, providing sources of heavy metals including Cr, Pb, Cd, Zn, Ni, and As [2]. As is a widely distributed quasi-metallic element in the environment [3]. Therefore, in the following manuscript, As will be referred to as a heavy metal. Through soil investigation at eight pollution points in five provinces in southeastern China, it was found that Pb, Ni, and Cd were the main pollutants in industrial sites [4]. Coke/chemical processing and oxygen production in steel plants lead to Pb, Cd and Hg pollution [5]. In the electroplating industry, the production process generates a large amount of Cr pollution [6]. The Yangtze River Delta is the economic center of modern China, accounting for almost a quarter of China’s gross domestic product (GDP), though its land area is less than 2.3% [7]. Therefore, the rational use of land resources in the Yangtze Delta is very important. A large number of electroplating, printing and dyeing, and chemical companies have settled here [8], with electroplating industries having been widespread in this area. Taking Shanghai as an example, approximately 452 electroplating companies were present in the past, with 75% of these having relocated in the past ten years due to industrial renewal and adjustment. As a result, these sites should be reclaimed to mitigate the environmental and health risks associated with heavy metal contamination. On the other hand, in the YRD area, the shallow groundwater table and frequent interaction between the groundwater and soil have increased the diffusion of heavy metals. The nature of heavy metals present plays a crucial role in their mobility and their potential risks in soil, which should be considered during the investigation of contaminated sites [9].



Various assessment indicators have been used to assess the ecological risks and pollution levels associated with heavy metals in soil, such as the Nemerow index, the single pollution index, the potential ecological risk index, and health risk assessment [10,11]. The individual contamination index and the Nemerow index have been widely applied for the assessment of heavy metals risks, although individual heavy metal risks cannot be evaluated separately [12]. The Nemerow index approach has often been employed to evaluate the level of heavy metal pollution in the environment. Apart from the concentrations of heavy metals, an ecological risk index has also been used to evaluate the ecological harm in sediments by taking into account factors such as the toxicity level and ecological effects [13]. The use of a health risk assessment model can provide a more specific assessment of the impact of heavy metals in terms of the carcinogenic and non-carcinogenic effects through oral and respiratory routes and skin exposure as intake pathways [14]. Both the pollution and the associated risk should be considered when assessing contaminated sites.



Identifying the primary sources of heavy metal pollutants and their individual contribution is important [15,16]. In recent years, many source apportionment methods have been used to analyze the sources of heavy metal pollution, such as chemical mass balance (CMB) [17], principal component analysis/multiple linear regression (PCA-MLR) [18], the UNMIX model [19], and positive matrix factorization (PMF) [20]. PMF has been widely used for analyzing the sources of heavy metals in soil and is one of the most popular methods. PMF was used to identify quantitatively pollution sources for inorganic pollutants in the surface water and the groundwater on the southern edge of the Junggar Basin [21]. Combination of a PMF model and a health risk assessment model may provide an effective solution for the quantification of contributions to health risks.



In this work, a typical working electroplating site was selected for the assessment of heavy metal pollution after 20 years of operation, in order to evaluate the real situation of the transportation and diffusion of heavy metals in such a special area, and to determine the frequency of interactions between the groundwater and the soil. The distribution, chemical forms, sources, and health risks of heavy metals were investigated at an actual electroplating site in the YRD. Soil column samples of 6 m depth were collected to identify the diffusion of heavy metals in this complex site. The objectives were: (1) to correlate the typical heavy metal species with soil properties; (2) to identify pollution factors, to quantify the contribution rates of heavy metals in each process section, and to assess the degree of harm posed by heavy metals using the PMF model, a potential risk index, and health risk assessment; and (3) to assess the sources of heavy metal health risks by combining the PMF model with a health risk assessment model.




2. Materials and Methods


2.1. Study Area and Soil Sampling


A 31,000 square meter legacy site of a bulb factory was selected in the coastal plain area of the YRD region (located at 121°17′30″–121°17′42″ E and 31°22′51″–31°22′59″ N). The site comprised an inspection workshop, machine repair room, electroplating workshop, glass workshop, grinding machine workshop, overhaul room, and warehouse. Based on preliminary survey, the electroplating workshop and glass workshop were identified as the main areas for heavy metal application. The glass workshop (the sampling point A) and the electroplating workshop (the sampling point B) were selected as heavily polluted areas, while other areas in this site (the sampling point S) were considered as low-pollution areas. A total of 29 soil column samples were collected using a geoprobe drill rig; their locations are shown in Figure 1. Stones were removed from the samples and the samples were then air-dried under natural conditions. The samples were then ground and sieved into two parts. The samples were stored in polyethylene bags. One part was passed through a 0.15 mm sieve for elemental analysis. The other part was passed through a 2 mm sieve for general soil property analysis.




2.2. Chemical Analysis


The classic soil parameters, including soil moisture, pH, TOC, CEC, and soil texture, were analyzed according to the national standard methods, as shown in the Supplementary Materials. Heavy metals were digested according to the U.S. EPA Method 3050. Approximately 0.500 g of sample powder was weighed and placed into a microwave digestion tank with 6 mL of nitric acid, 3 mL of hydrochloric acid, and 2 mL of hydrofluoric acid. The sample was then heated in a microwave digestion device for 7 min to 120 °C, followed by holding for 3 min, heating for 5 min to 160 °C, holding for 3 min, heating for 5 min to 190 °C, and holding for 25 min. After passing through a 0.45 μm filter membrane, the volume was fixed to 50 mL, and an inductively coupled plasma optical emission spectrophotometer (ICP-OES, Agilent, Santa Clara, CA, USA) was used for measurement. The speciation of the heavy metals was determined using Tessier’s sequential extraction procedure [22], which included five fractions: exchangeable (F1), bound to carbonates (F2), bound to iron and manganese oxides (F3), bound to organic matter (F4), and residual (F5), with the details summarized in Table S1. All the analyses of the soil samples were performed in triplicates.




2.3. Source Analysis


PMF, recommended by the US EPA, is a well-established and useful factor analysis tool that can be employed to quantify contamination pollution sources using receptor information. According to the user guide [23], the calculation formula is as follows:


    X   i j   =   ∑  k = 1   p      g   i k     f   k j   +   e   i j      



(1)




where f is the species distribution of each source, g is the number of masses contributed by each element to each sample, p is the number of factors, and eij is the residual for each sample. Xij represents the measured concentration of the j substance in the i sample, gik represents the contribution of the k source to the i sample, eij represents the residuals corresponding to the samples or species, and fkj represents the contribution of the j substance from the k sample to the model. In PMF 5.0, the factor distributions and contributions are obtained by optimizing the weighted objective function Q under non-negative constraints. The calculation formula is as follows:


  Q =   ∑  i = 1   n      ∑  j = 1   m            x   i j   −   ∑  k = 1   p      g   i k     f   i k         u   i j         2        



(2)




where, uij represents the estimated uncertainty associated with the j species in the i sample. The calculation formula of uij is as follows:


    u   i j   =   5   6   M D L       c ≤ M D L  



(3)






    u   i j   =      E r r o r   f r a c t i o n × c     2   +     0.5 × M D L     2                c > M D L  



(4)




where c is the sample concentration, MDL is the method detection limit, and the Error fraction is the relative standard deviation.




2.4. Evaluation of Heavy Metal Pollution


The single risk index (Pi) and the Nemerow index (PN) are used as the basic means to evaluate heavy metal pollution in soil profiles [24].



The Pi and PN calculation formula is as follows:


    P   i   =     C   i    /    S   i      



(5)






    P   N   =              C   i       S   i         m a x   2   +         C   i       S   i         a v e r a g e   2     2       



(6)




where Pi is the single risk index, PN is the Nemerow pollution index, Ci is the average value of the i-th heavy metal concentration measured in the site, and Si is the minimum pollution limit. The calculation is based on the soil environmental quality risk control standard for soil contamination of development land [25]. The classification of PN [26] is listed in Table S2.




2.5. Health Risk Assessment


The health risk assessment model is widely used in the assessment of human health risk [27]. This model categorizes the population into two groups—adults and children—and assesses the carcinogenic and non-carcinogenic effects of heavy metals and organic compounds through three routes of exposure: oral ingestion, skin contact, and respiratory ingestion.



The exposure calculation formulae are as follows:



Oral intake:


    C R   i   =   C   i   ∗ I R ∗ C F ∗ F I ∗ E F ∗   E D   B W ∗ A T    



(7)







Skin contact:


    C R   i   =   C   i   ∗ A F ∗ C F ∗ S A ∗ A B S ∗ E F ∗   E D   B W ∗ A T    



(8)







Respiratory intake:


    C R   i   =   C   i   ·   P M   10   ∗ D A I R ∗ P I A F ∗ F S P O ∗ C F ∗ E F ∗   E D   B W ∗ A T    



(9)




where CRi is the long-term intake dose, and Ci is the mean value of the i heavy metal concentration measured in the field (mg/kg·d) [28,29]. Details of the other parameters in the model are shown in Table S3.



The risk assessment models are calculated as follows:


    H Q   i   =     C R   i    /  R f D    



(10)






    C R   i   =   ∑  j = 1   3      C R I   i j     S F   i j      



(11)




where SF is the carcinogenic slope factor of the contaminant and RfD is the non-carcinogenic reference dose of the pollutant. The specific values are shown in Table S4. 𝑆𝐹𝑖𝑗 is the slope coefficient of the j exposure route of carcinogenic heavy metal i, and CRi is the single health risk index of carcinogenic heavy metal i. When the value is more than 1, it means that there is a non-carcinogenic health risk; when 𝐻𝑄𝑖 < 1, it means that the non-carcinogenic health risk can be ignored. The EPA recommended carcinogenic risk index (CR) soil treatment standard is 1 × 10−6 [30].





3. Results and Discussion


3.1. Distribution of Heavy Metals in the Site


3.1.1. Spatial Distribution of Heavy Metals


The heavy metal horizontal and vertical distribution patterns are shown in Figure 2. The concentrations of Zn, Pb, Cu, Cr, Ni, and As were in the range of 53.8–8010, 13.9–9271, 13.4–3750, 27.2–2970, 12.6–721, and 3.20–154 mg/kg, respectively, with Zn having the highest average concentration (521 mg/kg), followed by Pb (204 mg/kg), Cu (156 mg/kg), Cr (131 mg/kg), Ni (62.1 mg/kg), and As (26.6 mg/kg). The concentrations of all the heavy metals were found to be lower than the soil environmental quality risk control standard for soil contamination of development land [25], The detailed standard values are summarized in Table S5, indicating that the degree of heavy metal pollution in most areas was not serious. However, the heavy metal concentrations were still higher than the average background value for soil in Shanghai, where the pollution site is located, suggesting that these pollutants had accumulated in significant quantities and may pose potential risks to ecological security.



The heavy metal Pb was exclusively detected in area A. The maximum concentration of Pb, which was 9271 mg/kg (11.6 times than national standard), was observed at a depth of 2 m, after which the concentration declined rapidly with increased depth. Cr pollution was observed in area A and the southeast corner of the site. Unlike Pb, which migrated almost vertically downward, Cr tended to migrate horizontally towards the southeast with the site’s runoff due to its stronger lateral migration ability. This is because the acidity and organic matter could promote the leaching of Cr [6]. In addition, Pb is the element that is hardest to mobilize in the environment [31]. The highest concentration of Cr, which was 2970 mg/kg (3.71 times than national standard) was observed at a depth of 2 m in the southeast corner of the site. It was widely detected in the studied area, mainly due to the use of arsenic oxide as a clarifying agent during glass processing. During the glass melting process, arsenic oxide is easily volatilized and polluted the entire site. Its pollution in area A was more serious than in area B. The maximum concentration of As was 154 mg/kg (1.28 times the national standard). Soil pH levels can affect the binding form and solubility of As [32]. Various types of metallic elements and organic matter also have strong As ad-sorption ability, which determines the migration ability of As [33]. The precipitation–dissolution and/or adsorption–desorption processes on the soil surface are the main mechanisms controlling the migration of As in the soil [34]. At a depth of 2 m, the range and intensity of As pollution were greater than those in the surface soil, which was possibly due to the weak adsorption capacity of the surface soil for As, which can diffuse downwards during rainfall and groundwater fluctuations.




3.1.2. Source Analysis of Heavy Metals


The heavy metal source analysis results using the PMF model are shown in Figure 3. The dominant sources of pollution were identified as the electroplating process section, the glass melting process section, the production process section, and the electroplating wastewater. Specifically, the electroplating process section was responsible for 59.3% of Cu, 87.1% of Zn, and 54.5% of Cr pollution. This section plated Zn on Cu to enhance conductivity, resulting in Cu- and Zn-associated pollution, and caused Cr pollution through subsequent passivation processes. The glass melting process section contributed to 82.0% As pollution mainly due to the utilization of arsenic oxide as a clarifier during glass processing, which was easily volatilized during the glass melting process. The production process section contributed to 83.3% of Pb, 65.1% of Cd, and 37.7% of Hg pollution. Pb and Hg were added to improve the clarity of glass, while CdS was used as a melting aid and catalyst for organic reactions in the glass production process. Electroplating wastewater contributed to 77.7% of F-, 73.8% of Ni, and 83.9% of Co pollution. Co was added during the functional Ni plating process to enhance coating hardness and wear resistance, while F- was used to protect metal component stability and durability during electroplating. The pH value of the acidic electroplating wastewater was also affected.





3.2. Correlation between Heavy Metal Forms and Soil Properties


The chemical properties and basic physical properties of the soil samples are shown in Table S6. The pH values ranged from 2.5 to 10.1, with most of the soil samples in the study area being weakly alkaline, and only a few samples being acidic. The soil moisture content ranged from 9.03% to 67.6%, while the cation exchange capacity (CEC) ranged from 1.42 to 202 cmol/L. The TOC content ranged from 7.78 to 18.6 g/kg. The site was mainly composed of clay and loamy soil, with clay, loam, and sand particles making up an average of 39.1%, 29.8%, and 31.1%, respectively.



The correlation between the heavy metal speciation and the soil physicochemical properties is shown in Figure S1. The correlation analysis revealed that pH and CEC were the main controlling factors for heavy metal speciation, which is consistent with previous studies [35,36]. High CEC values indicated that the soil particles had a strong affinity for adsorbing or complexing heavy metals, thereby affecting their speciation in the soil. For instance, an increase in the CEC content of soil can significantly decrease the proportion of exchangeable and carbonate-bound forms of Cd [37]. The vertical distributions of the chemical speciation of Pb, Zn, Cu, Ni, Cr, and As in the soil are shown in Figure 4. The surface soil contained 59.8% of the first four forms of As, which decreased to 25.1% at a depth of 3 m. This reduction in exchangeable As can likely be attributed to a decrease in CEC [38]. The binding ratios of Pb to Fe/Mn oxides at 0, 2, and 3 m were 58.4%, 37.7%, and 36.5%, respectively. In contrast, the residues ratios increased to 31.1%, 49.6%, and 63.4%, respectively. In slightly alkaline soil environments, Pb combines with alkaline ions (such as OH−) in the soil to form fixed states such as Pb(OH)2 or Pb(OH)3−, which means it is more prone to exist in organic-bound, iron-manganese oxide-bound, and residual states [39]. The Pb levels were relatively safe because of low mobility under the conditions of neutral or weak alkalinity [31]. Under slightly acidic soil environments, Pb mainly exists in exchangeable and carbonate-bound states because the increased H+ ions in the soil easily adsorb exchangeable Pb ions on soil particles [40,41]. In slightly acidic soil environments, Pb in the water, exchangeable, and carbonate fractions can easily dissolve from the soil and pollute the environment. The high amounts of Pb associated with carbonates and exchangeable fractions in the soil are possibly attributable to anglesite (PbSO4) and cerussite (PbCO3) [42], which are slightly soluble in water and more soluble in acetate solution as a result of the formation of Pb-acetate complexes [43]. The residues accounted for 37.1%, 63.4%, and 94.7% of Cr, at depths of 0, 2, and 3 m, respectively. Cr (VI) in the soil mainly exists in an exchangeable form and binds to carbonates [44]. However, this part only accounted for 0.5% of the total Cr, indicating that the majority of Cr in the soil occurred in the form of Cr (III).




3.3. Risk Assessment of the Site


3.3.1. Nemerow Index and Health Risk Assessment


The Nemerow index values are shown in Table S7. There were a total of five that exceeded standard points within the site, with an exceeding rate of 17.24%. There were three points that reached the pollution limit, and the remaining 21 points were all below the safety limit of 0.7. According to the results of the Nemerow index, the topsoil in Area A was selected for health risk assessment; the results are shown in Table S8. The health risk of skin contact for adults was higher than that for children due to the larger skin absorption area of adults. The health risks of respiratory pathway and oral intake for children were greater than those for adults due to their different behavior patterns and physiological characteristics [45,46]. For example, children often suck their fingers, which is the main pathway for toxic substances to be ingested through the mouth [47,48].



Regarding non-carcinogenic risk, Pb was found to pose the highest risk for both children and adults, followed by As, Cr, Cu, Ni, and Zn in descending order. Only Pb exceeded the non-carcinogenic health risk limit of 1, while the other heavy metals did not pose non-carcinogenic health risks. This result indicated Pb pollution should be paid more attention, especially for children. The results are consistent with the research results of Zhang et al. [49]. and Yu et al. [50]. Exposure can lead to an increased risk of cancer in humans over the long term [51,52]; the results showed that, for adults, the risk of carcinogenesis due to oral intake was relatively high, while the risk of carcinogenesis due to skin exposure and inhalation was negligible. For children, the carcinogenic risk of As through oral intake was 3.28 × 10−4, which translated to 3.28 out of 10,000 people suffering from cancer, and was considered unacceptable for the public. The carcinogenic risk of respiratory inhalation was also relatively high for children, while the carcinogenic risk of skin exposure was negligible. As may represent the main factor for carcinogenic risk. Therefore, remediation methods, such as leaching, should be carried out on Pb- and As-contaminated soil to eliminate the pollution source as soon as possible.




3.3.2. Source-Oriented Health Risk Assessment


The source-oriented health risk assessment (PMF-HRA) approach was employed to assess the health risks of different pollution sources on this site. The contribution rates of various pollution sources to human health risk are shown in Figure 5. The contribution rates of various pollution sources to non-carcinogenic risks (HQi) were similar for adults and children, which is consistent with the findings of Ma et al. [53]. The identical carcinogenic risk of various pollution sources for children and adults was due to the presence of only one carcinogenic element, As, on the site. The production process section was the largest non-carcinogenic health risk contributor for both adults and children, accounting for 63.1% and 65.4%, respectively. This was mainly because the production process section contributed 83.3% of Pb pollution on the site, which was a significant source of non-carcinogenic health risk. The glass melting process section was a significant contributor to carcinogenic risk, accounting for 81.9%, because it was the primary source of the heavy metal As.






4. Conclusions


Around 29 soil columns were collected from the legacy electroplating site located in the YRD, and the sources and chemical speciation were investigated in terms of the horizontal and vertical distributions. The concentrations of Zn, Pb, Cu, Cr, Ni, and As were in the range of 53.8–8010, 13.9–9271, 13.4–3750, 27.2–2970, 12.6–721, and 3.20–154 mg/kg, respectively, with Zn having the highest average concentration (521 mg/kg), followed by Pb (204 mg/kg), Cu (156 mg/kg), Cr (131 mg/kg), Ni (62.1 mg/kg), and As (26.6 mg/kg). The main pollutants found were As, Pb, and Cr, which exceeded the national standards by 11.6 times, 1.28 times, and 3.71 times, respectively. In the horizontal direction, these heavy metals mainly accumulated in the glass workshop area, and the electroplating workshop area. In the vertical direction, As and Cr migrated faster, while Pb migrated more slowly. The pH and CEC of the soil were identified as the key factors controlling heavy metal chemical speciation, with exchangeable and carbonate-bound forms being more prevalent under high CEC and low pH conditions. Pb existed in the form of Pb(OH)2 or Pb(OH)3− under alkaline conditions, and in the form of anglesite (PbSO4) and cerite (PbCO3) under acidic conditions. The PMF model identified the electroplating process, the glass melting process, the production process, and the electroplating wastewater as the major sources of heavy metal pollution. The 𝐻𝑄𝑖 of Pb for oral intake in adults and children was 1.12 and 3.99. The CR for oral intake in adults and children was 9.18 × 10−5 and 3.28 × 10−4. Pb and As were the main heavy metals for non-carcinogenic and carcinogenic health risks, respectively, and oral intake was the most important exposure pathway. The production process was the largest non-carcinogenic health risk source for both adults and children, and the glass melting process was an important source of carcinogenic risk. Pb and As also cause severe health risks, which should be paid more attention in the risk management of polluted sites. The investigation of heavy metal pollution in contaminated sites is an essential process for controlling residual site pollution and potentially enabling site reuse and is of great significance for the sustainable development of land.
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Figure 1. Distribution of functional areas and sampling points in the plant. 
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Figure 2. Spatial distribution of heavy metals in the soil profile, (a), (b), (c), (d), (e), and (f) represent As, Cr, Pb, Ni, Cu, and Zn, respectively. 
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Figure 3. Source analysis of heavy metals by the PMF model (Factor 1: electroplating process section; Factor 2: glass melting process section; Factor 3: production process section; Factor 4: electroplating wastewater). 
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Figure 4. Heavy metal speciation in the site at different depths. 
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Figure 5. Contribution rate of various pollution sources within the site to human health risks: (a) Non-carcinogenic health risks in adults; (b) Non-carcinogenic health risks in children; (c) Carcinogenic health risks in adults; (d) Carcinogenic health risks in children (HQi: health quotient index CR: carcinogenic risk). 
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