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Abstract

:

Phthalate esters (PEs) are esters that are used as plasticizers and are widely known for their contamination and toxicological effects on various environmental matrices. The present study is designed to observe the co-occurrence of phthalate esters and their ecotoxicological and human health risk assessments on Harike wetland, Ramsar, a site recognized globally, is the largest freshwater wetland in Northern India. During the winter, summer, and monsoon seasons, samples of the water and sediments were collected. These samples were then analyzed for ubiquitously detected seven PEs as per the literature survey using ultra-high performance liquid chromatography. According to the results, the total PEs content in the water sample ranged from 31.5 to 95.6 mg/L, whereas in the sediments it ranged from 35.1 to 345.2 mg/100 g dw. Prominent levels of PEs in water and sediments from the Harike wetland were discovered when compared to studies from different parts of the world. Based on drinking water consumption there is a potentially high risk of PEs especially benzyl butyl phthalate and dibutyl phthalate. Further, as per the US Environmental Protection Agency, chronic values of PEs levels in water and sediments are expected to possess a threat to sensitive organisms present in freshwater ecosystems. As far, as this is a detailed study that described the levels and ecotoxicological risks of PEs and is an important reference for the protection of aquatic organisms in the Harike wetland.
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1. Introduction


Phthalate esters (PEs) are used in various formulations for the manufacture of plastic products, used as plasticizers to increase their flexibility, transparency, durability, and longevity [1,2,3]. In the last few decades, the production of PEs has immensely increased due to the excessive demand for various plastic materials [4,5]. According to a report in 2019, from years 1975 to 2011, the production of phthalates has been raised from 1.8 to 8 million tons [6]. They are synthesized in massive amounts for use in cosmetics and personal care products including perfumes, hair spray, soap, shampoo, nail polish, skin moisturizers, vinyl toys, shower curtains, wallpapers, food packing, and plastic wraps and hence, their prolonged exposure lead to harmful effects on human and wildlife [6,7]. As phthalates are not covalently bound to the polymeric matrix, therefore, these are directly released via leaching, migration, and abrasion into the air, water, and soil because of their semi-volatile nature [8]. However, PEs accumulate in the aquatic environment because they are continuously released into the environment through various channels, including wastewater discharge, air transportation/deposition, and discarding plastic polymers. Hence, PEs easily migrate into various aquatic organisms and further these PEs can cause several adverse effects such as neurotoxicity, genotoxicity, immunotoxicity, development toxicity, metabolic toxicity, etc. [9,10,11].



According to reports, the most dominant phthalate ester species in freshwater environments are dibutyl phthalate (DBP), di(2-ethylhexyl) phthalate (DEHP), diethyl phthalate (DEP) and dimethyl phthalate (DMP) [12]. The detected concentrations of PEs in water and sediments ranged from 0.47 to 118.25 μg/L and 0.001–56.17 mg/kg, respectively [13]. Some PEs are recognized as endocrine-disrupting chemicals (EDCs), which frequently have adverse effects on organisms and ecosystems, according to epidemiological and toxicological research. According to the United States Environmental Protection Agency (USEPA) and European Union (EU), benzyl butyl phthalate (BBP), dibutyl phthalate (DBP), di (2-ethylhexyl) phthalate (DEHP), diethyl phthalate (DEP), dimethyl phthalate (DMP), and di-n-octyl phthalate (DnOP), are listed as priority pollutants. Also, in Chinese waters due to their high potential effects, these phthalates are classified as carcinogenic, mutagenic, and teratogenic [3,14]. Moreover, various ecotoxicological studies have shown reasonable effects on aquatic life because of the presence of phthalates in these environments. Most contaminants are insoluble in water therefore; sediments present in waterbodies act as depositories for these contaminants [15,16]. A study reported that the eggs of Medaka fish were exposed to DEHP which resulted in decreased body weight and increased mortality [17]. Recent findings reveal that exposure to DBP, BBP, DEP, etc. causes alteration in gamete quality, gene expression, and hormonal effects in various species of fish [18,19]. Toxic effects of DHPP and DIDP, show that alterations in swimming behavior and biochemical activities of zebrafish were also reported [20]. As PEs has hydrophobic property, therefore they tend to adsorb on suspended particulate matter present at bottom of freshwater ecosystems. Hence, sediments provide significant information for understanding the origin and routes of a pollutant in aquatic environments [21]. Although, through the processes of re-suspension or upwelling, sediment may serve as a pollution sink and reservoir for pollutants in the aquatic system [22]. Further, the harmful effects of phthalates include reproductive toxicity in humans and animals; they can cause infertility and reproductive problems in males so commonly known as “endocrine disruptors”. Continuous exposure to phthalates may cause serious health issues such as altered semen quality, premature breast development, shortened gestation, fertility, testicular dysgenesis, childhood social impairment, obesity, asthma, breast cancer, birth defects, etc. [23,24].



Studies have also explained these compounds’ effects on the various receptors (insulin receptor, aryl hydrocarbon receptor, and androgen receptor) and other cellular targets [25]. By interacting with hormone receptors in the body, PEs disrupt the reproductive system, hence altering embryonic growth and development. According to a report, the effect on embryo development can lead to retardation in growth and abnormality of organs in an offspring [26]. Toys and childcare articles which include DEHP, DBP, and BBP have been banned in the United States, Europe, and Canada. According to reports, 16.2% mass of PEs has been detected in Indian toys. However, data on PEs production in India is not available, but the major raw material of PEs i.e., phthalic anhydride consumption during 2012–2013 was 225,262 metric tons [27,28]. For PEs in drinking water, World Health Organization and USEPA have established guidelines. Moreover, Maximum Contaminant Level (MCL), Environmental Quality Standards (EQS), Minor Adverse Effect Concentration (MAEC), and Environmental Risk Limit (ERL) are some quality criteria applied for PEs to prevent the humans, environment, and aquatic species [5].



The largest freshwater wetland in Northern India is the Harike wetland. It is an internationally recognized Ramsar site, located between Amritsar, Ferozepur, Jalandhar and Kapurthala districts of Punjab and majorly fed by the Beas and Sutlej rivers [29,30]. It has been reported 360 species of birds, 7 species of turtles, 4 species of snakes, 6 taxa of amphibians, 16 taxa of fishes, 189 taxa of invertebrates, and 38 taxa of plants occur at Harike [31,32]. According to various studies, the water quality of the wetland is deteriorating rapidly because of extensive discharge of effluents from industries, agricultural and waste runoff. Although pesticides, heavy metals, etc., contamination and risk assessments have been well-studied in these biological matrices, contamination by phthalates esters is not fully understood for this selected area [33,34]. Hence the main objectives of this study were to (i) study the occurrence of phthalates in water and sediments and (ii) report the toxicological risk evaluation to various organisms of the Harike wetland. Further, this study was performed for the first time in Northern India and will act as a preliminary for understanding environmental safety.




2. Materials and Methods


2.1. Chemicals and Reagents


BBP (CAS: 85-68-7, purity: 98%), DAP (CAS: 131-17-9, purity: 99%), DBP (CAS: 84-74-7, purity: 99%), DEP (CAS: 84-66-2, purity: 99%), DMP (CAS:131-11-3, purity: 98%), DPP (CAS: 84-62-8, purity: 99%), DcHP (CAS: 84-61-7, purity: ≥99%) were purchased from HiMedia Laboratories Pvt. Ltd., Mumbai (India) and all other solvents were of HPLC grade.




2.2. Study Area and Sample Collection


The wetland subjected to this study, the Harike wetland, originates at the confluence of the two major rivers of the state of Punjab i.e., Sutlej and Beas. An area of 41 km2 is covered by this wetland which majorly serves tremendously rich biodiversity [35]. The water (n = 10) and sediment (n = 10) samples were collected during three seasons i.e., winter (January 2021), summer (April 2021), and monsoon (August 2021). The sampling includes 10 sites given in the map (Figure 1) covering the major parts of the Harike wetland (Table 1). The surface water samples were collected using amber glass bottles prewashed with detergent, ultrapure water, and sample water. While grab samples of sediments were collected using clean glass jars. To prevent plastic contamination, no plastic products were used during sampling and analysis. The collected samples were immediately transferred to the laboratory and stored at 4 °C (water samples) and −20 °C (sediment samples). The samples were extracted within a week.




2.3. Water Sample Extraction


For the extraction of phthalates from water, the liquid-phase extraction method was used with some modifications [36]. A separatory funnel was used in which 100 mL of the sample was added in which a mixture of 20 mL dichloromethane and methanol (1:1) was added and after shaking vigorously for 3 min the supernatant was collected. The extract was allowed to evaporate using a rotary evaporator. Repeat the same extraction procedure thrice. Then the extracts were filtered through a 0.22 µm membrane and analyzed using UHPLC by re-dissolving in acetonitrile [37].




2.4. Sediment Sample Extraction


The sediment samples were air-dried at a moderate temperature without any plastic contamination. Then samples were sieved through a 0.22 mm sieve to prepare a homogenized mixture. The extraction was done using acetone and hexane solvents and then kept in an ultrasonic bath for 20 min. After sonication, the extract was allowed to settle, and the upper layer was separated very carefully and then reduced using a rotary evaporator to 1.0 mL. The collected sample was dissolved in acetonitrile and filtered through a 0.22 µm filter membrane and then transferred for UHPLC analysis [38].




2.5. Instrumental Conditions


Phthalate analysis was carried out using ultra-high-performance liquid chromatography (UHPLC) system purchased from Shimadzu Corporation (Kyoto, Japan). The system consisted of a degasser (DGU-20A5), solvent mixing unit (LC-30AD), autosampler (SIL-30AC), column oven (CTO-10AS VP), PDA detector (SPD_M20A) and system controller (CBM-20A). The system was coupled with a C18 HPLC column having dimensions of 250 × 4.6 mm and pore size 5 µm. The method was prepared according to ICH, 2005 guidelines for the seven phthalates viz. BBP (benzyl butyl phthalate), DAP (diallyl phthalate), DBP (Dibutyl phthalate), DEP (diethyl phthalate), DMP (dimethyl phthalate), DPP (diphenyl phthalate), DcHP (dicyclohexyl phthalate). The stock solution of phthalates at the concentration of 500 mg/L was prepared using acetonitrile. The working solutions were prepared by serial dilution from stock solutions. The operating conditions of UHPLC and chromatogram of phthalates were in Table S1 and Figure S1, respectively.




2.6. Risk Assessment


2.6.1. Human Health


The health risks of phthalates and their exposure levels to the local population were calculated by Equation (1) [39].


AE = (Cw × IR × EF × ED)/(BW × AT)



(1)




where AE (mg/kg BW/day) is the contaminant exposure to adults through ingestion of drinking water, Cw (mg/L) represents the concentration of phthalates in drinking water, IR (ingestion rate) is the daily water intake in a litre (2.5 for an adult; 1 for children); EF (exposure frequency) is assumed as a number of days’ exposure in a year (365); ED is the exposure duration; BW is the average body weight (70 kg for adult; 10 kg for children) and AT is the averaging time i.e., ED × 365 days.



To estimate non-carcinogenic risk, hazard quotient (HQ) was calculated by given Equation (2)


HQ = AE/RfD



(2)




where RfD represents individual phthalate reference doses as given in USEPA (2013). The RfD for DEP, DBP, DMP and BBP were 800, 100, 200, 20, 10 and 10 mg/kg/day, respectively. To evaluate the overall non-carcinogenic risk posed by all phthalates, hazard index (HI) was calculated as given in Equation (3). Whereas HI > 1 indicates the probability of adverse health effects [1,40].


HI = HQ1 + HQ2 +…………+ HQn



(3)








2.6.2. Freshwater and Sediment


Aquatic risk assessment was estimated as per Formula (4) given as risk quotient (RQ) is the ratio between measured environmental concentration (MEC) and predicted no effect concentration (PNEC) of aquatic life [41,42,43].


RQ = MECwater/sed/PNECwater/sed



(4)






PNECwater = EC50 or LC50/Assessment Factor



(5)






PNECsed = (0.783 + (0.0217 × Koc) × PNECwater



(6)






Log Koc = 0.00028 + (0.983 × Log Kow)



(7)




where MEC is regarded as the maximum concentration of phthalate in water in µg/L and PNEC is the value of lowest chronic toxicity which was calculated by using ECOSAR v2.2 and applying an assessment factor of 10 for blue green algae, daphnia, and fish. For sediments, measured sediment concentration was calculated using Equations (6) and (7) for the risk assessment of phthalates [44,45,46].





2.7. Statistical Analyses


Means ± standard deviation (S.D.) were calculated and a two-way analysis of variance (ANOVA) was performed. The differences (p ≤ 0.05) among means were compared by the honestly significant difference (HSD) using Tukey’s multiple comparison test using SPSS version 16.0 (Inc., Chicago, IL, USA).





3. Results


3.1. Detection of Phthalates Esters in Water and Sediment Samples of Harike Wetland


In the past few decades, contamination of plasticizers in different environments such as freshwater, drinking water, wastewater, etc. have been investigated and seeking high attention therefore, Harike wetland from Punjab, India was selected, and phthalates were measured for seasonal variation. The detected concentration of different phthalates (mean ± standard deviation) in water and sediments are given in Tables S2–S15. However, it is observed that seasonal variation between all seven phthalates showed a statistical significance at level p ≤ 0.001. The given results indicated that almost every selected phthalate was present in each site except DcHP was the least detected. The first sampling was done in the winter season, water samples indicate the most contaminated site was 8th followed by 3rd, 4th, and 5th. But in sediments highest detection of phthalates occurred in site 7th. During summer season sampling, the detection of phthalates maximum occurred in site 3rd followed by 8th, 1st, and 9th for water samples, and for sediments samples site 6th followed by 2nd, 8th, 5th, and 7th detected maximum phthalates concentration. In the monsoon season, maximum phthalate concentration was observed in sites 9th and 10th followed by 8th for water samples, and for sediments, site 6th followed by 7th, 5th and 1st were contaminated with phthalates. Among three seasons, the maximum concentration of DMP, DEP, DAP, DPP, BBP, DBP, and DcHP in water was observed in monsoon i.e., 4.498 ± 1.289 mg/L; 6.857 ± 0.883 mg/L; 22.386 ± 1.55 mg/L; 9.763 ± 1.059 mg/L; 26.758 ± 0.955 mg/L; 9.793 ± 0.009 mg/L and 23.973 ± 1.236 mg/L at sites 9th, 8th, 9th, 9th, 10th, 10th and 10th respectively. In sediments, the maximum concentration of DMP, DEP, DAP and DBP were observed in the summer season i.e., 17.29 ± 0.25 mg/100 g dw; 14.67 ± 1.79 mg/100 g dw; 82.874 ± 0.21 mg/100 g dw and 63.25 ± 0.13 mg/100 g dw, respectively. The concentration of DPP and BPP were maximum in the winter season i.e., 117.7 ± 11.09 mg/100 g dw; 83.08 ± 0.95 mg/100 g dw and DcHP was found to be maximum in the rainy season i.e., 40.22 ± 1.19 mg/100 g dw respectively. Overall phthalate concentration was also detected which depicts that in the winter season, the maximum concentration of phthalates was found in site 5th for water samples and site 7th for sediment samples. Similarly, for the summer season highest concentrations were found to be on site 9th and 6th for water and sediments respectively. In monsoon, season results analysed that the highest concentration of phthalates was detected at site 10th for water and site 1st for sediment samples. The concentration of phthalates measured in this study was compared with other freshwater bodies around the globe are shown in Table S16. The results predicted that the concentration of phthalates is extremely higher than the other reports of India. A study in the year 2002 briefly reported the ecological health status of wetlands in Punjab, he specifically stated that urbanization, agricultural activities, and industrial pollution possesses a high threat to the wetland [35]. Moreover, widespread of water hyacinth, fishing and poaching have been reported as other remarkable threats. The growth of water hyacinth weed indicates the mixing of sewage and industrial waste disposal to rivers, Sutlej and Beas. Indian River system has been deteriorating for almost five decades because of the discharge of polluted water into the natural aquatic ecosystems. The water environment of various countries has shown the overall pollution level of phthalates. Studies have shown that the pollution of PEs in Brazil and India is also possessing serious concern as these developing nations do not have any control or prevention rules on PEs usage. In Brazil, Paranoa Lake content of DEP was found to be 248.65 μg/L which is less than the present study and DBP content in the groundwater of India is as high as 207.78 μg/L [47]. According to the EU’s environmental quality standards, America, India, Korea, Iran, Spain, Israel, Kuwait, France, and the Netherlands have shown that the concentration of DEHP is exceeding 1.3 μg/L for aquatic environments [48]. Figure S2 illustrates the concentration of phthalates found all over the world which depicts that China detects the maximum amount of PEs [49]. According to a report, the concentration of DBP and DEHP in surface water and drinking water in China is more than the permissible standards which may lead to potentially causing high ecological risks to the aquatic ecosystems [50]. In India, the first-ever study on the freshwater ecosystem was conducted on the Kaveri River, India which outlines base data for the study of phthalates [1]. He stated that the occurrence of phthalates is ubiquitously in the water and sediments of the Kaveri River with high detections of DEHP, DEP, and DBP. Recent studies have shown the presence of phthalates in three rivers of southern India i.e., Kaveri, Vellar and Thamiraparani Rivers. The authors concluded that the amount of phthalates present in the Kaveri River showed 10 to 500 times higher concentration than in the previous study. Further, from previous contrast, he concluded that elevation in the concentration of DBP and DiBP indicates extensively high use of plasticizers [1,51].



The concentration of PEs in sediments analysed by comparing from the literature available all over the world (Table S17). Due to higher octanol-water partition coefficient the concentration of DcHP is higher. Several studies have established that the most prevalent PEs in sediments of freshwater bodies is DEHP and DBP [52]. However, in this study, the most predominant PEs in this freshwater body are DPP (117.7 ± 11.09 mg/100 g dw) followed by BBP (83.08 ± 0.8 mg/100 g dw) and DBP (63.23 ± 0.13 mg/100 g dw). Seasonal variations of PEs concentration and composition are shown in Figure 2, Figure 3 and Figure 4. The PEs concentrations were highest in the summer season and lowest in the winter season. Among, all the sites during winter maximum concentration of PEs were found in site 7th, summer season site 6th and monsoon season site 1st. Further, the results predicted that almost every phthalate was detected on each site during all the sampling. This reflects that phthalates are widely used in India for the manufacturing of various products, although PEs are strongly adsorbed in sediments due to higher Kow values [51,52]. A study in Asan Lake in Korea reported the presence of PEs in water, sediments, air, and fish out of which 14 PEs were detected. In sediments, the concentration of DEHP (2056 μg/kg dw) was predominant followed by DBP (73.6 μg/kg dw), because log Kow value of compounds detected in sediments is positively correlated indicating that the higher the Kow value, the more compounds were adsorbed to the sediment. While seasonal variations depicted that the concentration of PEs in the summer season was highest with a mean concentration 2356 ± 2450 μg/kg dw and the lowest concentration was reported in the spring season 1874 ± 2359 μg/kg dw. Furthermore, the study strongly suggests that DEHP is the most used phthalate in Korea [53]. A study on Anzali wetland, North Iran reported that the concentration of six major phthalates (DMP, DEP, DBP, BEHP, BBP and DnOP) ranged between 4.18 to 20.71 mg/kg dw [6]. On the northern border of Belgium and France, a study was conducted in which sediments of 15 rivers were taken, all were surrounded by industrial areas. Results showed that the concentration of six phthalates was in between 1090 to 11,890 μg/kg [14]. The distribution of seven phthalates (DMP, DEP, DBP, BBP, DAP, DCHP, DPP) was previously studied in freshwater bodies and sediments of different countries. The level of phthalates in lakes and rivers of China ranges from 0.006 µg/L to 23 µg/L. The data showed that the DMP, DEP and DBP have mostly detectable in freshwater bodies while BBP and DAP concentrations are least detectable. In rivers of China like Xi river, Pu river and Jiulong river DMP concentrations were found to be the highest that is 1.34–21.1 µg/L, 0.296–23 µg/L and 0.034 to 0.15 µg/L among all the other phthalate esters respectively [13,54]. DPP and DCHP are not detectable or not performed in the water bodies of many countries. In India, the concentration level of DCHP is detectable at 0.015 to 58.3 µg/L and 0.001 to 3.08 µg/L in Vellar and Thamiraparani rivers respectively [51]. Similarly, on the other hand, the concentration of phthalate esters in sediments has shown that DMP, DEP and DBP were highly detected. A high concentration level of DBP that is 0.21 to 15.63 mg/kg dw was detected in the Sembrong river sediment of Malaysia [55]. The concentration level of DAP, DCHP and DAP were least detected in most of the sediments. In the Indian river sediment, Thamiraparani the concentration level of DCHP was highest among all the other phthalates is 0.001–2.635 µg/kg dw [51].




3.2. Human Heath Drinking Water Risk Assessment


In India, nearly 75% of sewage and wastewater are dumped straight into streams, where these rivers are utilized as a source of drinking water. It is crucial to understand the river’s water quality [56,57]. In India, there is typically limited research on the evaluation of the danger to human health posed by emerging contaminants (ECs) in rivers. Based on human exposure to the PEs and their residues in water, the drinking water risk assessment was evaluated. Exposure Index (adult and children) and hazard quotient for phthalates were reviewed for the first time in North India to determine the effects on human health. The maximum estimated exposure for humans was seen in BBP followed by DBP. The value detected for Exposure Index (adults and children) for BBP is 6.142 mg/kg bw/day and 14.742 mg/kg bw/day respectively (Figure 5a,b). The similarly calculated value for DBP in adults and children is 5.422 mg/kg bw/day and 13.013 mg/kg bw/day respectively, as shown in Table 2. Further, the health quotient (HQ) and health exposure below unity indicate no significant risk of phthalates from the consumption of Harike wetland water. As reported by various researchers that the water of Harike wetland is deteriorating very rapidly and is severely contaminated [58]. Generally, if a value of HQ > 1 signifies highly negative health effects can occur while consuming that water therefore, further monitoring and evaluation should be suggested. Under Safe Drinking Water Act according to USEPA (2012), the maximum contamination level (MCL) for DEHP is 0.006 mg/L but the concentration found in the Harike wetland water was 100 to 500 times more than the given permissible level (Table 3; Figure 5c,d) [36,59].




3.3. Environmental Risk Assessment


	i.

	
Aquatic Risk Assessment







A wide variety of PEs from anthropogenic sources are present in aquatic ecosystems such as rivers, dams, lakes, and wetlands that are found in or pass through agricultural, industrial, residential, and urban environments. Most PEs entering the water environment have extremely low volatility due to their high octanol-water partition (Kow/logKow25) (1.61–9.46) and low vapor pressures (Pa25) (1.84–0.263), allowing them to easily migrate into various water bodies and enter aquatic organisms [60,61]. PEs come into direct contact with aquatic organisms when they enter the aquatic ecosystem. Aquatic organisms demonstrated a tendency to ingest PEs, thus leading to phthalates’ biomagnification at the different trophic levels of the aquatic ecosystem. Phthalates can interfere with aquatic organisms’ ability to reproduce, grow, and interfere with their genetic ability because they are bio-accumulative. Further, studies have reported that PEs are linked to endocrine-disrupting effects in diverse species of fish and mammals [62,63]. For this study, risk assessment is an important factor that analyzed the health conditions of inhabitant organisms of the freshwater ecosystems. The results depicted are given in following Table 4. Further, detected results reflect that the maximum risk quotient was found in the following order DcHP > BBP > DAP > DBP > DPP > DEP > DMP. However, RQ values for all the PEs were > 1 in the Harike wetland revealing that all detected phthalate esters are ubiquitously found in the water body and possesses a high threat to algae, crustaceans, and fish. The maximum RQ value detected for DMP was found in the summer season in all trophic levels. DEP, BBP and DcHP were found maximum during rainy seasons in all trophic levels as given in Figure 6a–c. RQ values detected for DAP, DBP and DPP showed maximum during the winter season in fishes, daphnia and green algae (Figure 6a–c).



	ii.

	
Sediment Risk Assessment







The sediment risk assessment was performed by equilibrium partition method (EPM) for PNECsed calculation using EPA 1996; ECHA 2008; ECHA 2013 guidelines. The result of this study showed the following order DAP > DMP > DEP > DBP > DPP > BPP > DcHP for sediment risk assessment (Table 5). This predicted that these PEs have potential ecological risks to living creatures of the wetland habitat as shown in Figure 7a–c. As India is a developing country the estimated risk values are potentially higher than the limits suggested by U.S. Environmental Protection Agency (2013). Further, there is less environmental threat by PEs at present as compared to water, but there can be an increase in the concentration of plasticizers if the use of plastics in India leads to indiscriminate in the future and cause environmental problems. The RQs for PEs were>1 for fish species of Harike wetland. Hence, PEs is ubiquitous in our environments, and prolonged exposure to this pollutant can lead to feasible health effects in fishes, crustaceans, and other macro and micro fauna of freshwater ecosystems.





4. Discussion


The concentration of DMP, DEP, DBP, BBP, DPP, DAP, and DcHP observed in the study was higher (100–500 times) than the freshwater ecosystems reported all over the world. In France, a study was conducted on the Rhone River plume, where the detection of various phthalates (>615.1 ng/L) was reported which was very low compared to this study [64]. Moreover, DMP, DEP, DBP, and BBP quantified in the present study were about to have 99.9% greater magnitude than the rivers from all over the world i.e., Selangor River, Malaysia; Xi River, Pu River, Huai River from China; Chaohu and Shichachai lakes from China; Kaveri River, Sunderban wetland, Ganges River, Vellar River and Thamiraparani river from India given in Table S16. Further, the elevation in the concentration of DBP and DiBP in river water of India is because of the extensive use of plasticizers and high production volume chemicals like BPA. The measured value of DAP in the wetland was comparable with Yellow River and Shichachai lake, China which was not at all close to the detected value. The value of DcHP was observed in the Vellar and Thamiraparani rivers of India and was detected for the first time but in the present study, DcHP was also found which was very high than the compared literature [51]. A similar, trend was observed in sediment samples. The detected values showed a 99.9% higher concentration level of phthalate esters in samples of Harike wetland as compared to Sembrong River, Malaysia; Qiantang River sediments; Yellow River delta; and Qixinghe wetland of China; Vellar, Kaveri and Thamiraparani rivers of India. Although the water concentration represents the most recent source of phthalates, the sediment pattern shows how phthalates have accumulated and persisted over time. Studies have shown that the accumulation of phthalate esters in sediments in recent years has increased phthalate contamination in freshwater ecosystems [51]. Further, as reported by, Guo and his co-workers, metabolites of DEP (49%) and DEHP (32%) are mainly key contributors to phthalate exposure, further, they described that the Indian population is the second highest for phthalate exposure among several other countries except for China [65]. Further, studies have shown that 1 µM concentration of BBP and DBP is responsible for the induction of migration, invasion, proliferation, and tumor, while other studies revealed that in northern Mexico women patients were positively correlated with breast cancer [66,67]. Ecotoxicological reports that in India 100 μg/L concentration of DEHP and other phthalates can cause immense damage to the defense mechanism and haemocytes of a Macrobrachium rosenbergii (freshwater prawn) [68]. Moreover, the concentration of DEP and DBP higher than 50 μg/L, induces alteration immune-related gene in Zebrafish and cause oxidative stress and aberration in embryos of fish [69,70]. As stated by, European Commission, 2006 DEHP, DcHP, and DBP were identified as Category IB Chemicals that can cause reproductive toxicity, etc. Throughout the various countries, China has the highest pollution level of PEs in the water environment. As China is the world’s largest PEs producer and doesn’t have any prevention or control on pollution [49]. In China, Lake Xuanwu in Jiangsu Province has shown a total concentration of PEs exceeding 1000 μg/L, followed by Rivers in Shanxi Province and Hubei Province have also high concentrations of nearly 237.89 μg/L and 91.04 μg/L. Results showed particularly, DEHP and DBP are the main contributors in every water body in the concentration of PEs [71,72]. Severely increasing demand for PEs and their products would worsen the aquatic ecosystem with a high level of PEs pollution. Hence, it is essential to know the concentration of PEs in the aquatic environment and toxicological parameters for the accurate detection of the aquatic risk environment.




5. Conclusions


Phthalates were consistently detected in the Harike wetland in this study. Also, it was observed that phthalate esters were present in every environmental matrix from the Harike wetland, indicating their distribution. The most detected PEs in water were DBP, DMP, DEP, and DAP, whereas BBP was predominantly found in sediments. Moreover, the study reveals that the consumption of PEs contaminated water for various activities from household uses to irrigation applications could act as a potentially high risk for the locals. Additionally, sediment and aquatic risk analyses showed that PEs could be dangerous for specific aquatic organisms in the present ecosystem. Total phthalate concentration from site 10th (water) and site 7th (sediment) was found maximal. Although the government has created pertinent rules and regulations banning the discharge of home and industrial sewage, it has only partially succeeded in reducing the pollution caused by additives. However, numerous environmental media would still be affected by the plastic additives that are readily released from plastic items to environmental components (such as water, sediment and atmosphere, etc.). In addition, this study is providing baseline data for the government, which showed that these emerging pollutants merited scientific attention owing to their potential risks to ecosystems and human health.
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Figure 1. Study area map with sampling locations of the Harike wetland, Punjab, India. Source: https://bhuvan.nrsc.gov.in/home/index.php# (accessed on: 15 January 2021). 
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Figure 2. Phthalate distribution in the winter season of water (bar plot) and sediments (line) of Harike wetland. 
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Figure 3. Phthalate distribution in the summer season of water (bar plot) and sediments (line) of Harike wetland. 
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Figure 4. Phthalate distribution in the monsoon season of water (bar plot) and sediments (line) of Harike wetland. 
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Figure 5. (a) Graph showing the exposure of phthalates in Exposure Index (adults) in mg/kg dw; (b) Graph showing the exposure of phthalates in Exposure Index (children) in mg/kg dw; (c) Adult Hazard quotient (HQ) for phthalates in Harike wetland, India; (d) Children Hazard quotient (HQ) for phthalates in Harike wetland, India. 
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Figure 6. Aquatic risk assessment (a) Exposure of phthalate esters in fish of water samples for different seasons; (b) Exposure of phthalate esters in daphnia of water samples for different seasons; (c) Exposure of phthalate esters in green algae of water samples for different seasons. 
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Figure 7. Aquatic risk assessment (a) Exposure of phthalates in fish of sediment samples for different seasons; (b) Exposure of phthalates in daphnia of sediment samples for different seasons; (c) Exposure of phthalates in green algae of sediment samples for different seasons. 
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Table 1. Sampling location at Harike wetland with coordinates.
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	S. No.
	Site Code
	Latitude
	Longitude
	Location





	1
	1
	31°09′04″ N
	74°57′02″ E
	Forest head station Harike wetland



	2
	2
	31°08′59″ N
	74°57′13″ E
	Confluence point 1



	3
	3
	31°09′05″ N
	74°57′49″ E
	Confluence point 2



	4
	4
	31°09′09″ N
	74°58′20″ E
	Confluence point 3



	5
	5
	31°09′04″ N
	74°58′45″ E
	Sutlej River



	6
	6
	31°09′21″ N
	74°58′39″ E
	Beas River



	7
	7
	31°08′38″ N
	74°56′58″ E
	Near Gurudwara Nanaksar Sahib



	8
	8
	31°08′44″ N
	74°56′52″ E
	Near Harike Barrage



	9
	9
	31°08′02″ N
	74°56′56″ E
	Rajasthan Feeder



	10
	10
	31°07′57″ N
	74°57′01″ E
	Ferozpur Feeder
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Table 2. Adult and child exposure of phthalates in water samples of Harike wetland.
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Phthalate Esters

	
Winter

	
Summer

	
Rainy




	

	
Adult

	
Child

	
Adult

	
Child

	
Adult

	
Child






	
DMP(mg/kg dw)

	
1.125

	
2.701

	
1.465

	
3.516

	
1.323

	
3.175




	
DEP(mg/kg dw)

	
0.549

	
1.319

	
0.616

	
1.477

	
1.607

	
3.855




	
BBP(mg/kg dw)

	
1.730

	
4.153

	
0.205

	
0.489

	
6.143

	
14.741




	
DBP(mg/kg dw)

	
5.422

	
13.014

	
4.999

	
11.999

	
3.639

	
8.735
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Table 3. Human health risk assessment of phthalates in water samples of Harike wetland.






Table 3. Human health risk assessment of phthalates in water samples of Harike wetland.





	
Phthalate Esters

	
Winter

	
Summer

	
Rainy




	

	
Adult

	
Child

	
Adult

	
Child

	
Adult

	
Child






	
DMP

	
0.113

	
0.270

	
0.146

	
0.352

	
0.133

	
0.318




	
DEP

	
0.687

	
1.649

	
0.769

	
1.847

	
2.008

	
4.819




	
BBP

	
8.654

	
20.768

	
1.021

	
2.449

	
30.711

	
73.706




	
DBP

	
54.224

	
130.138

	
49.997

	
119.993

	
36.394

	
87.346
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Table 4. Aquatic risk assessment of phthalate esters in water for fish; daphnia and green algae.






Table 4. Aquatic risk assessment of phthalate esters in water for fish; daphnia and green algae.





	
Phthalate Esters

	
Winter Season

	
Summer Season

	
Rainy Season




	

	
Fish

	
Daphnia

	
Green Algae

	
Fish

	
Daphnia

	
Green Algae

	
Fish

	
Daphnia

	
Green Algae






	
DMP

	
7.22

	
3.04

	
5.65

	
9.4

	
3.91

	
7.35

	
8.48

	
3.53

	
6.64




	
DEP

	
12.11

	
5.32

	
12.22

	
13.56

	
5.96

	
13.68

	
35.37

	
15.55

	
35.69




	
DAP

	
154.25

	
68.62

	
155.67

	
146.04

	
64.97

	
147.39

	
169.85

	
75.57

	
171.43




	
DPP

	
143.67

	
71.15

	
211.94

	
95.92

	
47.50

	
141.50

	
117.57

	
58.22

	
173.43




	
BPP

	
57.44

	
30.09

	
103.31

	
6.78

	
3.55

	
12.19

	
203.88

	
106.82

	
366.69




	
DBP

	
155.11

	
75.22

	
246.94

	
143.01

	
69.36

	
227.69

	
104.1

	
50.48

	
165.74




	
DcHP

	
422.7

	
245.17

	
1089.65

	
105.3

	
61.08

	
271.45

	
534.42

	
309.96

	
1377.59
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Table 5. Sediment risk assessment of phthalate esters in water for fish; daphnia and green algae.






Table 5. Sediment risk assessment of phthalate esters in water for fish; daphnia and green algae.





	
Phthalate

	
Winter Season

	
Summer Season

	
Rainy Season




	

	
Fish

	
Daphnia

	
Green Algae

	
Fish

	
Daphnia

	
Green Algae

	
Fish

	
Daphnia

	
Green Algae






	
DMP

	
9.80

	
4.08

	
7.67

	
16.99

	
7.07

	
13.30

	
4.18

	
1.74

	
3.27




	
DEP

	
2.72

	
1.19

	
2.75

	
5.92

	
2.59

	
5.97

	
3.68

	
1.62

	
3.71




	
DAP

	
6.34

	
2.82

	
6.40

	
17.66

	
7.86

	
17.82

	
9.48

	
4.22

	
9.56




	
DPP

	
2.72

	
1.35

	
4.02

	
2.07

	
1.03

	
3.05

	
5.02

	
2.49

	
7.39




	
BPP

	
2.05

	
0.86

	
2.96

	
2.01

	
0.84

	
2.89

	
3.47

	
1.46

	
4.99




	
DBP

	
4.24

	
1.65

	
5.40

	
5.69

	
2.21

	
7.25

	
4.33

	
1.68

	
5.52




	
DcHP

	
0.25

	
0.14

	
0.63

	
0.36

	
0.21

	
0.91

	
0.74

	
0.43

	
1.89
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