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Abstract

:

Our study focuses on examining the effects of treated wastewater irrigation (TWWI) on agricultural soils in water-scarce regions, with a specific emphasis on the presence and accumulation of polycyclic aromatic hydrocarbons (PAHs). This issue is particularly significant due to its potential threats to environmental security. During our research, we discovered the existence of 16 different PAHs in these soils, which are known to have harmful impacts on ecosystems and human health. The concentration of total PAHs ranged from 163.9 ng g−1 to 9177.4 ng g−1, with 4- and 5-ring PAHs being the most dominant contributors. The PAHs Fluoranthene and Pyrene were found to be the most prevalent in all soil samples. Comparing the PAH concentrations in our research area to those reported in other studies, we observed that the agricultural areas in our study were more contaminated. Through positive matrix factorization (PMF) and diagnostic ratios (DRs) analyses, we identified petroleum combustion, vehicular emissions, as well as coal, grass, or wood combustion as the primary sources of PAH contamination. We also noted a negative correlation between clay, silt, pH, and PAH concentrations, while a significant positive relationship was observed between total organic carbon (TOC), sand, and PAHs. Based on the computed environmental risk index value, the presence of PAHs in the area poses a moderate to high level of ecological risk. TWWI was identified as the main contributor to PAHs in the agricultural soils we studied. Therefore, it is crucial to establish and enforce standards for wastewater reuse in agricultural fields before irrigation takes place.
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1. Introduction


The shortage of freshwater and untreated or partially treated wastewater is widespread in the agricultural fields near urban areas [1]. The countries use non-conventional water for agricultural production due to freshwater needs [2]. However, effluents from wastewater treatment plants (WWTPs) could include persistent organic contaminants and heavy metals originating from household and industrial discharges [3,4]. Persistent organic compounds (POPs) have been reported through many studies, and these POPs pose a serious environmental concern. These toxins are capable of migrating from water and soil into various media, including bushes, angles, and food chains. The study suggests that POPs can damage the liver, conception defects, fatal death, cancer, and other chronic abnormalities [5,6] because these can pass from water and soils to different trophic levels in the food chain. Due to their detrimental effects on human health and the environment, organic pollutants have become more of a worry than other types of toxins [7]. Polycyclic aromatic hydrocarbons (PAHs) are a class of persistent organic pollutants composed of numerous aromatic rings consisting of carbon and hydrogen atoms. These organic pollutants are semi-volatile; most of them are toxic and belong to one of the ubiquitous groups of numerous persistent organic compounds [8]. Due to their ability to cause cancer, mutagenesis, and poisoning, PAHs are listed among the top poisons by the United States Environmental Protection Agency (USEPA) [9]. Sixteen specific PAH chemicals have been identified by the USEPA as priority pollutants. Seven PAHs were identified by the International Agency for Research on Cancer (IARC) as probable human carcinogenic pollutants [10]. The species, exposure course, and molecular structure are capable of the harmfulness of PAHs [11]. Two or more aromatic rings are arranged linearly or angularly in PAHs. Based on their molecular weight (MW), they are divided into two categories: low-MW PAHs (LMW PAHs) and high-MW PAHs (HMW PAHs) [12]. Compared to LMW PAHs (3 or lesser ring PAHs), HMW PAHs (4 or higher ring PAHs) are more lipophilic, less volatile, and pose serious risks to humans [13,14]. In several cases, it has been studied that the main source of PAHs is human-initiated, consequential from anthropogenic input through oil spills; partial combustion of wood, lawns, and fossil fuels; urban runoff; industrial wastewater discharges; domestic and industrial emissions; and vehicle exhaust. A considerable amount of PAHs are also released by certain natural processes, including diagenesis, volcanic eruptions, and the Savanah Fire [15,16,17,18]. Attributable to their physicochemical properties, PAHs tend to combine with sediment/mud, air, water, and biota to a different extent [19]. The wastewater treatment facility is well acknowledged as a major source of dangerous contaminants, such as PAHs [20]. Treated wastewater (TWW) quality fluctuates according to the origin of the effluent. Treatment methods are likely to contain many OPs, so they are not effective in completely eliminating trace pollutants from wastewater. Sewage irrigation is a practice that is predominantly found in countries with limited water resources. This method involves using treated wastewater for irrigation purposes, effectively conserving freshwater reserves. However, it is crucial to consider the chemical composition of the wastewater, as it plays a significant role in determining the level of contamination. The presence of hazardous chemicals and pollutants in wastewater can have detrimental effects on the environment and public health. Therefore, careful monitoring and treatment of wastewater are essential to ensure that the practice of sewage irrigation remains sustainable and environmentally friendly. Sewage contains a lot of PAHs, according to numerous studies [21]. Due to their characteristics, high-persistent OPs can easily accumulate in the soil, which serves as the final sink for pollutants introduced by TWW during irrigation [22,23]. The study of PAH concentration in long-term treated wastewater-irrigated agricultural soil is more important because the excessive build-up in agricultural lands can pose a health threat owing to toxicant deposition through the food system [24]. To the best of our knowledge, the PAH load in Central Asian soils has only been described in three published articles [25,26,27]. The study mentioned in the article is of significant importance as it aims to explore the relationship between emissions from different sources and factors such as climatic and meteorological parameters, land use, and soil biogeochemical characteristics in specific locations. By focusing on Jamshedpur City, a major industrial manufacturing center in the state of Jharkhand, East India, this research aims to provide a comprehensive understanding of the presence and distribution of PAHs (polycyclic aromatic hydrocarbons) in the soil of the region. It is home to renowned companies, such as Tata Motors, Tata Steel, and Tata Energy, and boasts one of the most extensive industrial areas in India, known as the Industrial Area of Adityapur. The Adityapur Industrial Area Development Authority—Special Economic Zone (AIADA-SEZ) oversees the operation of this industrial belt. Additionally, within this industrial belt, there are approximately 1200 small-scale and moderate-scale industries. The country’s 36th-largest urban agglomeration (JUA) is Jamshedpur City [28,29]. To manage their wastewater, the industries in Jamshedpur employ wastewater treatment plants. The treated wastewater is subsequently utilized for agricultural purposes and discharged into rivers, which are also utilized by the agricultural lands surrounding the city. While some research on polycyclic aromatic hydrocarbons (PAHs) in the air, water, and sediments of Jamshedpur City has been recently published [28,29,30], there is a lack of detailed information regarding the PAH content in agricultural soils after prolonged irrigation with treated wastewater in these agricultural lands.



Consequently, the goal of this study was to investigate the effects of prolonged irrigation with treated wastewater on the presence of PAHs in soils and the resulting implications on the atmosphere and human health. By investigating this aspect, the research aims to contribute to a better understanding of the potential consequences of utilizing treated wastewater for irrigation in agricultural areas.




2. Material and Methods


2.1. Study Area


The area of study under observation is situated in Jamshedpur (Figure 1). Its surroundings are composed of farmlands irrigated with treated wastewater. The wastewater injected into rivers is also used for irrigation in the farmlands. Five villages were selected, where farmlands were irrigated through the treated wastewater. The villages are Dhanchatni (22°75′ N 86°29′ E), Tuibasa (22°68′ N 86°10′ E), Sarjamda (22°74′ N 86°22′ E), Khairbani (22°73′ N 86°28′ E), and Khursi (22°70′ N 86°29′ E). It is part of East India’s well-organized industrial city, the JSR city (22°47’ N 86°12’ E), particularly in the southern province of Jharkhand. With its highly inhabited districts, Jamshedpur is a center of economic and industrial activity. According to the 2011 census, Jamshedpur has inhabitants of roughly 1.3 million people and a density of 6400 persons per square kilometer, making it one of East India’s busiest towns. Numerous small- and medium-sized businesses, as well as huge businesses like TATA Motors and Tata Iron and Steel Company (TISCO), are housed in the city of Adityapur. Due to their considerable industrial activities and the application of large amounts of treated effluent wastewater to farmlands, the study locations were chosen. Jamshedpur is the 72nd main city and the 36th enormous urban conglomeration in terms of population in all of India.




2.2. Sampling and Pretreatment


The topsoil irrigated with wastewater was collected from November 2020 to January 2021 from farmlands in Jamshedpur and its surrounding areas. The farmlands were irrigated with wastewater and treated wastewater for over 20 years. These are the most industrialized cities in East India. The sampling locations were chosen randomly in the farmlands surrounding the city. Agricultural soil samples were collected from treated wastewater-irrigated farmlands following a predefined random sampling procedure, total (n = 30) (Figure 1). The samples were collected by employing stainless steel scoops at a depth of 0–10 cm, and during sampling, the GPS (Garmin etrex-10) was used for the sample point coordinates. We collected the samples in a composite manner by creating a 4 m × 4 m grid at each sampling point. A total of five samples were stored at each sampling site (including four samples from four corners of the 4 m × 4 m grid and one from the center), and after properly mixing, these were combined to create one representative sample. After thoroughly mixing, the stones, plant rhizomes, and other big debris objects were detached. Afterwards, the collected samples were sheathed in aluminum foil, wrapped in sealed polyethylene bags, and kept in ice bags. When collecting samples, hand protection was used to avoid or prevent any contamination or infection. Eventually, after sampling, the samples were delivered to the research lab within 6 h. Following adequate aeration, the samples were filtered through a 100-mesh sieve after being exposed to dry air for 3 days at room temperature. The correctly sieved samples were held at a temperature of −20 °C before further examination.




2.3. Soil Physicochemical Properties


Using the methods specified in [31,32], the total organic carbon (TOC) content in the treated wastewater-irrigated agricultural soil was calculated using the titrimetric method. After shaking 5 g of air-dried soil in 20 mL of deionized water for 1 min, the pH value was measured using a pH measure (Hach, Inc.,Hanna Equipment’s (India) Pvt. Ltd. Navi Mumbai, Maharashtra type: sension2). The hydrometer technique was used to measure the diffusion of particle size [33]. The physicochemical analysis of soil is based on several variables, including total organic carbon, nitrogen (N), clay (%) (0–2 mm), sand (%) (50–2000 mm), and slit (%) (2–50 mm). The pH results showed that all soil samples were alkaline, and all samples had a modest amount of readily available micronutrients. Many physiochemical measures can be used to study soil quality. Most of the parameters are significantly over or below the permitted range.




2.4. Extraction, Clean-Up, and Assessment of PAHs


The soil samples, each weighing 10 g, underwent sieving and were then blended with anhydrous sodium sulfate. To conduct recovery studies, surrogate standard deuterium-branded PAHs (Chrysene-D12, Naphthalene-D8, Anthracene-D10, and Phenanthrene-D10) were spiked into the agricultural topsoil at a concentration of 200 µg L−1. The samples then underwent a solvent extraction procedure [34]. In this procedure, the samples were subjected to 24 h of soxhlet extraction using a 200 mL mixture of hexane and acetone (v/v 1:1). The solvent was later evaporated using a rotary evaporator (Hei-VAP Core—hand lift model with G1 diagonal glassware). Using a silica gel column clean-up method, the concentrated samples were further purified. For this, 10 g of activated silica gel (60 mesh, Merck) and 5 g of anhydrous Na2SO4 were added to a glass column that was 30 cm long and 3 cm in diameter. A 60 mL mixture of dichloromethane and hexane (1:1 v/v) was used as an eluent to collect the final cleaned fraction. Subsequently, the eluent solvent was condensed to 1 mL using a moderate stream of pure nitrogen. To quantify all analytes, 10 µL of the internal standard hexamethyl benzene was included before analysis.



The agricultural soil samples from the Jamshedpur range were subjected to analysis to detect the presence of the 16 priority pollutant PAHs as defined by the US Environmental Protection Agency (USEPA). These PAHs include Naphthalene (NA), Phenanthrene (Phen), Fluoranthene (Flur), Anthracene (AN), Acenapthylene (ACY), Acenaphthene (AC), Fluorene (Fluo), Chrysene (CHRY), Benzo[g, h, i]perylene (BgP), Pyrene (Pye), Benzo(a)Anthracene (BaA), Benzo(b)Fluoranthene (BbF), Benzo(k)Fluoranthene (BkF), Dibenzo[a, h]anthracene (DBA), Benzo(a)Pyrene (BaP), and Indeno [1,2,3-cd]pyrene (IN).



The analysis was carried out using an Agilent 7890B Gas Chromatograph (GC-FID) equipped with an HP-5 MS capillary column (30 m × 0.32 mm × 0.25 µm) and a 7-inch cage. Each test sample (1 µL) was injected in splitless mode, and high-purity nitrogen gas was used as the carrier gas at a flow rate of 1.83 mL min−1. The initial oven temperature was set at 70 °C for 60 s and then gradually increased at a rate of 5 °C/min until it reached 300 °C. The transmission line and injector temperatures were maintained at 290 °C and 320 °C, respectively. The replicate sample analysis was also performed for each sample. The number of replicates used in the study allows for a better understanding of the statistical analysis and the robustness of the results.




2.5. Quality Assurance


Prior to laboratory analysis, we cleaned all glassware thoroughly using hexane (CAS Number-110-54-3) and deionized water. The chemicals and materials used in this study were of high-performance liquid chromatography (HPLC) quality and were obtained from Merck and JT Baker. Hexamethyl benzene (CAS Number-87-85-4, brand: Sigma Aldrich, St. Louis, MO, USA), deuterium-labeled PAHs (solvents of HPLC grade), and acetonitrile (ID-3697900) were employed as standard solutions for the 16 PAHs. In addition, Chrysene-D12 (CAS Number-1719-03-5), Anthracene-D10 (CAS Number-1719-06-8), Naphthalene-D8 (CAS Number-1146-65-2), and Phenanthrene-D10 (CAS Number-1517-22-2) were used as surrogate standards in the study, along with clear procedural tests, test copies, and tests spiked with surrogate standards.



The stock solution was diluted with acetonitrile (HPLC grade JT Baker) in a stepwise manner to generate a series of nine PAH calibration standards, with concentrations ranging from 1 g L−1 to 15 g L−1. These standards were utilized to construct a calibration curve with 5 data points. To ensure instrument stability, the calibration curve was generated for each standard solution containing the 16 PAHs and was periodically verified using the middle level of the calibration standards. The linearity of the curve, with values ranging from 0.9932 to 0.9980, was found to be within the acceptable limit of r2 0.9900 [35]. The recovery rates of deuterated PAHs (Naphthalene-D8, Phenanthrene-D10, Chrysene-D12, and Anthracene-D10) in soil samples were determined as 61 ± 12%, 82 ± 11%, 81 ± 12%, and 74 ± 10%, respectively.



Similar testing and extraction procedures were used on field and laboratory blanks. The indicated concentration of the target compounds in clean spiked samples was combined with the standard deviation (SD) to determine the method detection limits (MDLs) for the target PAHs. Ten times the SD was chosen as the limits of quantitation (LOQs). The LOQ was in the range of 0.03 to 0.15 g L−1, whereas the LOD was in the range of 0.02 to 0.08 g L−1. The standard deviation for the technique was <12%, and concentrations below the detection limit were regarded as below the quantification limit.




2.6. Risk Assessment


The environmental risk caused by PAHs was calculated considering the toxicity of individual PAHs. The toxicity equivalence factors (TEFs) of USEPA, [36,37,38], were used for determining the toxicity. The TEFs and risk assessment standards (RASs) recommended in [39] were used in this study. Bap (TEF = 1, RAS = 0.1 mg kg−1) was utilized as the reference chemical [40], and additional RASs were computed based on the ratio of Bap to the various PAHs. The ecological threat index was calculated by the mixture of the Nemerow index and ratio procedures using the following formula:


  Q =      max  ⁡          c   i       s   i         2     +   avg  ⁡          c   i       s   i         2       2     



(1)







The Q value was used to divide the danger levels of PAHs in soil [40]. Where Q stands for the environmental risk index, ci for individual PAH concentration in agricultural topsoil, si for individual PAH RAS value, and max and avg for the highest and average ci to si ratios, respectively. Specifically, “Q ≤ 1”, “1 < Q ≤ 3”, “3 < Q ≤ 6”, and “Q > 6” are the categories of safe, low risk, medium risk, and high risk.





3. Results and Discussion


3.1. Soil Attributes


The soil characteristics, namely, pH, total organic carbon percentage (TOC%), clay (%), slit (%), and sand percentage, are given in Table 1. These properties are considered to have a vital role in affecting the sorption, mobility, outcome, and spread of PAHs in soil [41]. The soil pH ranged from 7.18 to 9.82, with a mean value of 8.63, suggesting moderate to strongly alkaline soil. TOC plays a vital role in predicting soil contamination with PAHs because it can predict PAH’s adsorption to soil [42]. The percentage of TOC extended from 0.81% to 6.35%, with a mean value of 3.05%. The particle size distribution of soils is also analyzed, which shows the percentage of the slit (%) is maximum in all agricultural topsoil samples. The slit (%) ranged from 48.83% to 73.27%, which shows the maximum percentage of 2–50 µm particle size. After the slit (%), sand (%) is another predominant particle in the soil samples, followed by clay (%) in most of the samples.




3.2. PAHs Concentration and Distribution in TWWI Agricultural Topsoil


The selected 16 US EPA priority PAH concentrations (total PAHs) in treated wastewater-irrigated (TWWI) agricultural topsoils were given in Table 2. The concentration of total PAHs in TWWI agricultural soil varied from 163.9 ng g−1 to 9177.4 ng g−1, with a total mean value of 4179.4 ± 2318.7 ng g−1. Hence, the outcomes indicated that the TWWI agricultural soils were heavily contaminated. The concentrations in this area were analogous to those formerly described for WWI soil outlines collected in Beijing and Tianjin (17.8–8357.2 ng g−1) [43,44], and the measured values were higher than those found in the soil samples from Nanjing and Yixing in the Jiangsu region (17.7–717.1 ng g−1) [45] and Hanpu region (23.1–2373.0 ng g−1) [46], China. The total concentration of PAHs in agricultural topsoils of five villages was in the order: Sarjamda > Tuibasa > Khairbani > Dhanchatni > Khursi, respectively (Figure 2). The PAH content in the Sarjamda region was significantly higher compared to other areas where wastewater irrigation occurs, suggesting that the elevated concentration of PAHs in the soils can be attributed to wastewater irrigation [46]. The maximum concentration of Ʃ16PAHs was detected at sampling spot S17 (6975.5 ng g−1) followed by S18 (6823.6 ng g−1), S19 (6579.5 ng g−1), and S20 (6453.1 ng g−1) (Figure 2). The sampling point S29 (1200.5 ng g−1) (Figure 2) was found to be the minimum concentration of Ʃ16PAHs. Since PAH deposition might occur with the suspended particles introduced by TWW, the 16 PAHs are highest in the topsoil [47]. Furthermore, other PAH sources, such as air deposition, are present in the topsoil [48]. Among the 16 PAHs, the four most abundant were Flur (478.3 ± 266.4 ng g−1), Pye (475.7 ± 284.7 ng g−1), BaA (310.9 ± 193.8 ng g−1), and DBA (345.9 ± 211.5 ng g−1) (Figure 3). The Σ LMW PAHs ranged from 93.5 ng g−1 to 2078.8 ng g−1, and Σ HMW PAHs ranged from 70.4 ng g−1 to 7098.6 ng g−1, respectively. Among the LMW PAHs, Phen (277.9 ± 124.2 ng g−1), ACY (269.6 ± 143.9 ng g−1), and Fluo (166.4 ± 72.1 ng g−1) (Figure 3) were dominant. Similar results were also observed in [49], which showed that Phen and Fluo were the leading properties in India’s agricultural soils. Similar results were observed in [50]. The ring-wise distribution of 16 PAHs in the soils of the TWWI region is shown in Figure 4, with the 4-ring PAHs contributing 36.02% of the total PAHs, followed by the 5-ring PAHs with 28.47%, the 3-ring PAHs with 21.32%, the 6-ring PAHs with 11.07%, and the 2-ring PAHs with 3.12%. The LMW PAHs are predominantly in gaseous form and subjected to a means of long-range movement from their origin, which may be inferred from the relatively lower concentration of LMW PAHs and the dominance of HMW PAHs in the agricultural topsoils. HMW PAHs, however, are more likely to deposit quickly and their origin may be related to nearby emission sources [49]. According to the experiential concentrations, the PAH contaminants can be classified into four categories based on their concentration levels: (i) uncontaminated (16 PAHs less than 200 ng g−1), (ii) lightly polluted (200 ng g−1 to 600 ng g−1), (iii) moderately polluted (600 ng g−1 to 1000 ng g−1), and (iv) highly polluted (16 PAHs exceeding 1000 ng g−1) [51]. Based on this classification, agricultural topsoils are considered moderately to severely polluted.




3.3. Source Apportionment


3.3.1. Diagnostic Ratios (DRs)


To classify the potential source of PAH contamination in soil and lessen ecological uncertainty, diagnostic ratios are frequently used in applications [17,51]. The most significant source comes from organic chemicals that react at high temperatures [52,53]. Two more significant sources of PAHs are the low-temperature evaporation of petroleum and the precipitation of geological dust. Two- or three-ringed PAHs with low molecular weights indicate contaminated gasoline. High-molecular-weight substances (those with more than four rings) have an impact comparable to that of fossil fuels burned at high temperatures [54]. In this study, the molecular ratios of Flur/(Flur + Pye), AN/(AN + Phen), and IN/(IN + BgP) were utilized to determine the likely sources of PAHs in agricultural topsoils (refer to Table 3). A ratio of AN/(AN + Phen) greater than 0.1 indicates a combustion source, while ratios below 0.1 indicate a petroleum origin [17]. The Flur/(Flur + Pye) ratio serves as a critical point to differentiate between petroleum and combustion sources. A ratio less than 0.4 indicates a petroleum source, greater than 0.5 indicates coal, grass, or wood burning, and values between 0.4 and 0.5 indicate petroleum burning. Similarly, the IN/(IN + BgP) ratios below 0.2, above 0.5, and between 0.2 and 0.5 correspond to petroleum, combustion of coal, grass, wood, and petroleum, respectively [53].



As depicted in Figure 5, 62% of the IN/(IN + BgP) ratios fell within the range of 0.2–0.5, and 34% were greater than 0.5, suggesting the presence of petroleum, coal, grass, or wood combustion. Regarding the AN/(AN + Phen) ratios, 93% of agricultural topsoil samples exhibited values greater than 0.1, indicating a combustion source, while 7% had ratios below 0.1, suggesting a petroleum origin. Moreover, 31% of the Flur/(Flur + Pye) ratios were below 0.4, implying a petroleum source, 17% fell between 0.4 and 0.5, indicating petroleum combustion, and 52% were greater than 0.5, pointing to coal, grass, or wood combustion. The diagnostic ratios showed that the contamination of PAHs in agricultural topsoils, irrigated with treated wastewater, primarily resulted from burning, gasoline combustion, and coal, grass, or forest combustion. However, to better understand the involvement of each PAH origin, a PMF (Positive Matrix Factorization) analysis was conducted on the data sets to identify specific sources and their respective contributions.




3.3.2. Positive Matrix Factorization (PMF)


The PMF model (version 5.0) was used to analyze the concentration data sets of 16 PAHs from 30 agricultural topsoil samples collected from the TWWI in agriculture, along with their associated uncertainty values. PMF is a popular and efficient technique [55]. Using the following formula, the uncertainty of specific PAHs for various soil samples was measured:


  U n c e r t a i n t y =      E r r o r   f r a c t i o n × C o n c e n t r a t i o n     2   +   M D L   2     



(2)







Furthermore, when the concentration is below the method detection limit (MDL), the uncertainty can be determined using the following calculation:


  U n c e r t a i n t y =   5   6   M D L  



(3)







In this study, the term “concentration” refers to PAHs, while “MDLs” stands for the method detection limits of PAHs. The error fraction was calculated by comparing replicate measurements of each sample. For instance, the error percent was calculated as (C1 C2)/[(C1 + C2)/2]×100% when a sample’s concentration was measured twice and the results were C1 and C2. By taking into account all of the calculated error fractions, a total error part of 19% was achieved. The complete PAH PMF calculations involved 100 bootstrapped base runs, with a random base seed of 58. The signal-to-noise (S/N) ratio ranged from a minimum of 1.4 for NA to a maximum of 5.4 for BbF, with all other PAHs, except NA and AC, having an S/N ratio greater than 2. The PMF analysis analyzed four factors among three to six factors using molecular markers from multiple sources and required a minimum correlation of R = 0.6 [26]. Each run’s results were assessed for stability and consistency using the Q value, residual assessment, and correlation coefficients between the observed and projected concentrations. The average Qtrue value was 544.5, while the average Qrobust value was 649.2. The Fpeak values converged between −0.5 and 1.5. Figure 6 presents the percentage contributions and fractional concentrations of the four factors obtained from the analysis. Additionally, Figure 7 shows the source profiles and contributions of 16 PAHs in agricultural topsoils resulting from the PMF analysis. Factor 1, responsible for 11.7% of all factor contributions, was associated with PAHs, such as Flur, Pye, BbF, Chry, BaA, and BkF, which are typical markers for coal combustion [56,57]. Flur was linked to the burning of biomass, such as grasses and wood [58]. Therefore, factor 1 can be identified as a source of combustion, such as coal, grasses, or wood burning. Factor 2, accounting for 9.4% of all factor contributions, was characterized by Pye, BaP, and BgP. BgP and BaP are associated with PAH emissions from vehicle exhaust, while Pye is primarily obtained from the burning of fossil fuels [59,60]. Factor 2 likely represents a source of petroleum burning. Factor 3, contributing to 50.6% of the total 16 PAHs, was primarily made up of NA, AC, ACY, Phen, Fluo, and AN, which are normally released during the combustion of fossil fuels, coal, and coke [8,54,61,62]. As a result, factor 3 was classified as a combination of sources that burn coal and oil. The five- and six-ring PAHs, BaP, DBA, and IN, accounted for 28.4% of the total measured PAHs and dominated factor 4. While DBA and IN are signs of significant diesel emissions, BgP has been connected to vehicle emissions [54,62,63]. However, factor 4 pointed to a source of burning petroleum. The diagnostic ratio and PMF data showed that substantial sources of contamination in agricultural topsoils irrigated with treated wastewater (TWWI) include petroleum combustion, vehicle emissions, and coal, grassland, or wood burning.





3.4. Correlation Coefficient Results


The correlation coefficients between PAHs, granularity, pH, and TOC (%) are given in Table 4. From the results, the findings showed that there was a negative correlation of PAHs with pH except for AC, Fluo, and IN. The PAHs show a positive relationship with the percentage of TOC (%), except AC, Fluo, and IN, which may be due to a positive correlation between the pH and polarization of the soil organic matter, which decreases PAHs adsorption into soil organic matter by an increase in pH. Zhao et al. [64] outlined that the TOC is a critical factor in describing the transportation of PAHs in topsoils. The 16 PAHs show a significant positive correlation with TOC (%), except AC, Fluo, and IN. This is due to PAHs’ hydrophobic nature, which combines with the soil organic matter after PAHs enter the soil. Moreover, the PAHs show a negative correlation with clay and slit, whereas a positive correlation with sand.




3.5. Risk Assessment


The environmental risk assessment shows that the TWWI areas were at low to high risk. The ecological risk index values are given in Table 5, which indicates that the PAHs NA, AC, and Fluo cause low risk, whereas the PAHs ACY, Phen, Flur, and Pye cause medium risk. The HMW PAHs cause high risk in the TWWI agricultural topsoil sampling areas. Thus, this TWWI area poses a high environmental risk due to PAH pollution in agricultural topsoils.





4. Conclusions


This work focused on the contamination, dissemination, possible sources identification, and environmental risk assessment of PAHs from agricultural topsoils sampled directly next to an urban area and irrigated with TWW for many years. Total PAH concentrations varied from 163.9 ng g−1 to 9177.4 ng g−1, with a mean value that was 4179.4 ± 2318.7 ng g−1. The total concentration of PAHs in TWWI areas of five villages was in the order: Sarjamda > Tuibasa > Khairbani > Dhanchatni > Khursi, which indicates the soil accumulation of PAHs by use of wastewater irrigation. The HMW PAHs Flur, Pye, BaA, and DBA were most abundant in all samples. Among the LMW PAHs, Phen, ACY, and Fluo were dominant. The 4-ring PAHs were the main contributors, followed by 5-ring and 3-ring PAHs. The dominance of HMW PAHs is due to their rapid deposition caused by the local emission sources and TWWI in the agricultural fields. From the findings, it is presumed that the agricultural topsoils are considered moderately to severely polluted. The diagnostic ratio and PMF results showed that petroleum combustion, vehicular releases, char, grass, or wood burning were the critical potential sources of contamination. A negative correlation was reported between pH, clay, silt, and PAHs. In this study, the PAHs in TWWI area soils are more concentrated than in most studies in India, mainly due to soil texture differences. Furthermore, a positive correlation was significantly observed between PAHs and TOC. Based on the environmental risk assessment model, the study area possesses a high ecological risk due to PAH pollution in agricultural topsoils. Attention should be given to TWWI regarding the accumulation of persistent organic toxins in agricultural soils.
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Figure 1. Agricultural topsoil sampling sites of treated wastewater-irrigated areas. 
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Figure 2. Total concentration of PAHs (ng g−1) in agricultural topsoils. 
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Figure 3. Concentration of individual PAHs (ng g−1) in agricultural topsoils. 
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Figure 4. The ring-wise percentage composition of PAHs. 
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Figure 5. The diagnostic ratios for source allocation in the treated wastewater-irrigated area. 
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Figure 6. The PMF model provides information on the percentage contributions and fractional concentrations of four factors. 
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Figure 7. The source contribution and profiles of PAHs in agricultural topsoils are analyzed and determined. 
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Table 1. Physicochemical properties of agricultural topsoils of treated wastewater-irrigated area.






Table 1. Physicochemical properties of agricultural topsoils of treated wastewater-irrigated area.





	Sample No.
	pH
	TOC (%)
	Clay (%)

(0–2 µm)
	Slit (%)

(2–50 µm)
	Sand (%)

(50–2000 µm)





	S1
	7.87
	4.22
	18.21
	62.38
	19.41



	S2
	8.67
	3.15
	16.08
	73.27
	10.65



	S3
	9.36
	2.74
	17.28
	57.51
	25.21



	S4
	8.68
	5.24
	19.53
	62.46
	18.01



	S5
	9.68
	4.17
	18.07
	58.73
	23.20



	S6
	8.56
	1.04
	16.26
	57.08
	26.66



	S7
	7.18
	6.35
	18.55
	63.05
	18.40



	S8
	8.62
	3.73
	13.27
	65.22
	21.51



	S9
	8.82
	2.15
	14.74
	57.16
	28.10



	S10
	7.91
	3.06
	16.35
	67.33
	16.32



	S11
	9.58
	4.27
	14.26
	69.28
	16.46



	S12
	7.84
	1.37
	12.75
	52.62
	34.63



	S13
	8.57
	0.88
	16.45
	58.06
	25.49



	S14
	7.31
	3.14
	18.11
	49.73
	32.16



	S15
	8.72
	4.46
	14.04
	58.38
	27.58



	S16
	8.82
	2.15
	13.21
	63.36
	23.43



	S17
	8.85
	2.31
	16.62
	59.81
	23.57



	S18
	9.63
	5.26
	12.13
	62.38
	25.49



	S19
	8.49
	2.08
	11.17
	59.72
	29.11



	S20
	8.82
	3.17
	14.52
	62.44
	23.04



	S21
	9.27
	2.26
	15.74
	69.50
	14.76



	S22
	9.47
	4.62
	13.26
	61.03
	25.71



	S23
	9.82
	1.69
	16.47
	53.28
	30.25



	S24
	8.49
	3.36
	12.33
	58.77
	28.90



	S25
	7.83
	0.81
	13.20
	67.38
	19.42



	S26
	8.91
	3.04
	17.47
	63.26
	19.27



	S27
	9.28
	1.16
	18.11
	51.31
	30.58



	S28
	7.63
	3.42
	12.74
	48.83
	38.43



	S29
	8.22
	4.21
	16.16
	54.27
	29.57



	S30
	8.26
	2.14
	18.44
	62.33
	19.23










 





Table 2. The descriptive statistics for the concentration of PAHs (ng g−1) in the agricultural topsoils of Jamshedpur are presented.
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PAHs Category

	
No. of Rings

	
PAHs

	
TEFn

	
Risk Assessment Standards (RAS) (mg/kg)

	
Min

	
Max

	
Mean ± SD






	
LMW PAHs

	
2

	
NA

	
0.001

	
100

	
<BDL

	
284.3

	
130.5 ± 73.3




	
3

	
AC

	
0.001

	
100

	
<BDL

	
141.4

	
81.5 ± 34.7




	
3

	
ACY

	
0.001

	
100

	
<BDL

	
631.2

	
269.6 ± 143.9




	
3

	
Fluo

	
0.001

	
100

	
<BDL

	
335.3

	
166.4 ± 72.1




	
3

	
Phen

	
0.001

	
100

	
93.5

	
523.2

	
277.9 ± 124.2




	
3

	
AN

	
0.01

	
10

	
<BDL

	
163.4

	
95.7 ± 37.2




	
HMW PAHs

	
4

	
Flur

	
0.001

	
100

	
<BDL

	
965.3

	
478.3 ± 266.4




	
4

	
Pye

	
0.001

	
100

	
<BDL

	
953.5

	
475.7 ± 284.7




	
4

	
BaA

	
0.1

	
1

	
<BDL

	
875.3

	
310.9 ± 193.8




	
4

	
Chry

	
0.01

	
10

	
<BDL

	
522.3

	
240.5 ± 110




	
5

	
BbF

	
0.1

	
1

	
70.4

	
645.6

	
317.7 ± 161




	
5

	
BkF

	
0.1

	
1

	
<BDL

	
631.3

	
276.8 ± 189.4




	
5

	
BaP

	
1

	
0.1

	
<BDL

	
545.7

	
249.4 ± 153




	
5

	
DBA

	
1

	
0.1

	
<BDL

	
833.5

	
345.9 ± 211.5




	
6

	
IN

	
0.1

	
1

	
<BDL

	
455.7

	
197.9 ± 106.2




	
6

	
BgP

	
0.01

	
10

	
<BDL

	
670.4

	
264.7 ± 157.3




	
Σ LMW PAHs

	
93.5

	
2078.8

	
1021.6 ± 485.4




	
Σ HMW PAHs

	
70.4

	
7098.6

	
3157.8 ± 1833.3




	
Σ16 PAHs

	
163.9

	
9177.4

	
4179.4 ± 2318.7











 





Table 3. The diagnostic ratio values and potential origin of PAHs in agricultural topsoils.
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	Diagnostic Ratios
	Values (Ratio Percentage)
	Possible Sources
	References





	AN/(AN + Phen)
	>0.1 (93%)

<0.1 (7%)
	Combustion source

Petroleum source
	[17]



	Flur/(Flur + Pye)
	<0.4 (31%)

0.4–0.5 (17%)

>0.5 (52%)
	Petroleum source

Petroleum combustion source

Coal, grass, or wood burning source
	[53]



	IN/(IN + BgP)
	<0.2 (4%)

0.2–0.5 (62%)

>0.5 (34%)
	Petroleum source

Petroleum combustion source

Coal, grass, or wood combustion
	[53]










 





Table 4. Related coefficients between PAHs and pH, TOC, and granularity of agricultural topsoils.
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	NA
	AC
	ACY
	Fluo
	Phen
	AN
	Flur
	Pye
	BaA
	Chry
	BbF
	BkF
	BaP
	DBA
	IN
	BgP
	pH
	TOC
	Clay
	Slit
	Sand
	Σ LMW
	Σ HMW





	NA
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	AC
	0.63
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	ACY
	0.69
	0.57
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Fluo
	0.49
	0.48
	0.31
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Phen
	0.47
	0.48
	0.57
	0.27
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	AN
	0.42
	0.62
	0.35
	0.49
	0.33
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Flur
	0.37
	0.45
	0.22
	0.37
	0.52
	0.52
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Pye
	0.33
	0.31
	0.26
	0.36
	0.22
	0.36
	0.58
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	BaA
	0.45
	0.39
	0.34
	0.40
	0.46
	0.49
	0.57
	0.53
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Chry
	0.03
	0.08
	0.02
	0.18
	0.13
	0.27
	0.25
	0.27
	0.58
	1
	
	
	
	
	
	
	
	
	
	
	
	
	



	BbF
	0.25
	0.34
	0.17
	0.41
	0.45
	0.43
	0.76
	0.41
	0.65
	0.64
	1
	
	
	
	
	
	
	
	
	
	
	
	



	BkF
	0.23
	0.29
	0.34
	0.28
	0.48
	0.29
	0.58
	0.47
	0.68
	0.63
	0.86
	1
	
	
	
	
	
	
	
	
	
	
	



	BaP
	0.39
	0.21
	0.18
	0.46
	0.28
	0.29
	0.33
	0.31
	0.59
	0.49
	0.58
	0.66
	1
	
	
	
	
	
	
	
	
	
	



	DBA
	0.04
	0.20
	0.10
	0.32
	0.07
	0.44
	0.30
	0.13
	0.21
	0.56
	0.67
	0.49
	0.46
	1
	
	
	
	
	
	
	
	
	



	IN
	0.20
	0.30
	0.38
	0.01
	0.50
	0.35
	0.42
	0.14
	0.35
	0.38
	0.55
	0.68
	0.40
	0.36
	1
	
	
	
	
	
	
	
	



	BgP
	0.38
	0.34
	0.17
	0.51
	0.37
	0.37
	0.48
	0.30
	0.75
	0.53
	0.77
	0.73
	0.78
	0.42
	0.38
	1
	
	
	
	
	
	
	



	pH
	−0.44
	0.10
	−0.18
	0.23
	−0.07
	−0.14
	−0.08
	−0.17
	−0.19
	−0.16
	−0.05
	−0.04
	−0.12
	−0.09
	0.33
	−0.16
	1
	
	
	
	
	
	



	TOC
	0.08
	0.01
	0.26
	0.04
	0.41
	0.24
	0.22
	0.28
	0.38
	0.12
	0.18
	0.23
	0.32
	0.24
	0.08
	0.16
	0.03
	1
	
	
	
	
	



	Clay
	−0.37
	−0.16
	−0.20
	−0.01
	−0.25
	−0.02
	−0.19
	−0.01
	−0.35
	−0.12
	−0.26
	−0.12
	−0.20
	−0.05
	0.09
	−0.38
	−0.07
	−0.11
	1
	
	
	
	



	Slit
	−0.23
	−0.05
	−0.08
	−0.39
	−0.04
	−0.25
	−0.01
	−0.28
	−0.25
	−0.14
	−0.08
	−0.21
	−0.17
	−0.05
	0.26
	−0.07
	−0.15
	−0.20
	−0.04
	1
	
	
	



	Sand
	0.08
	0.01
	0.15
	0.37
	0.13
	0.24
	0.07
	0.26
	0.11
	0.09
	0.17
	0.25
	0.09
	0.07
	0.28
	0.07
	−0.12
	−0.23
	−0.33
	−0.93
	1
	
	



	Σ LMW
	0.63
	0.62
	0.55
	0.56
	0.64
	0.62
	0.81
	0.76
	0.82
	0.43
	0.72
	0.70
	0.52
	0.28
	0.45
	0.62
	−0.07
	0.07
	−0.24
	0.20
	0.10
	1
	



	Σ HMW
	0.29
	0.34
	0.21
	0.43
	0.42
	0.45
	0.59
	0.36
	0.66
	0.68
	0.92
	0.90
	0.79
	0.74
	0.65
	0.84
	0.02
	0.08
	−0.22
	−0.07
	0.15
	0.67
	1










 





Table 5. The environmental risk index values for the individual PAHs in agricultural topsoils.






Table 5. The environmental risk index values for the individual PAHs in agricultural topsoils.





	PAHs
	Environmental Risk Index (Q)
	Q ≤ 1 (Safe)
	1 < Q ≤ 3 (Low Risk)
	3 < Q ≤ 6 (Medium Risk)
	Q > 6

(High Risk)





	NA
	2.6
	-
	1
	-
	-



	AC
	1.9
	-
	1
	-
	-



	ACY
	3.9
	-
	-
	1
	-



	Fluo
	2.8
	-
	1
	-
	-



	Phen
	3.6
	-
	-
	1
	-



	AN
	6.5
	-
	-
	-
	1



	Flur
	4.9
	-
	-
	1
	-



	Pye
	4.8
	-
	-
	1
	-



	BaA
	45.4
	-
	-
	-
	1



	Chry
	11.3
	-
	-
	-
	1



	BbF
	40.1
	-
	-
	-
	1



	BkF
	39.2
	-
	-
	-
	1



	BaP
	115.7
	-
	-
	-
	1



	DBA
	141.8
	-
	-
	-
	1



	IN
	33.3
	-
	-
	-
	1



	BgP
	12.6
	-
	-
	-
	1
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