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Abstract

:

To study the influence of dredged sediment transportation on the distribution of short-chain chlorinated paraffins (SCCPs, C10-13), medium-chain chlorinated paraffins (MCCPs, C13-17), and long-chain chlorinated paraffins (LCCPs, C18-28), 62 surficial sediment samples were collected from the Huangpu River and the Shanghai offshore areas, East China. A high-performance liquid chromatograph coupled with a quadrupole time-of-flight mass spectrometry system (HPLC-QTOF MS) was employed to measure CPs. The concentrations of CPs in sediment samples ranged from 8.76 to 1270.7 ng g−1 for SCCPs, from 22.03 to 1730.78 ng g−1 for MCCPs, and from undetected (ND) to 236.86 ng g−1 for LCCPs. The concentrations were lower than those that can be toxic to organisms. Furthermore, the influence of sediment dredging activity on the distribution of CPs was also investigated. The concentrations of CPs in sediment discarding areas were significantly higher than those in the surrounding areas, but this result is consistent with the concentrations in the Huangpu River sediments where CPs originated. Also, the SCCP congener group in the discarding area was similar to that in the Huangpu River. These findings indicated that CPs exhibited lower migration in the discarding area and had limited environmental impacts.
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1. Introduction


Chlorinated n-alkane derivatives, also known as chlorinated paraffins (CPs, CnH2n+2-xClx; n = 10–30) [1], are composed of short-chain chlorinated paraffins (SCCPs, C10–13), medium-chain chlorinated paraffins (MCCPs, C14–17), and long-chain chlorinated paraffins (LCCPs, C≥18) [2]. CPs are used as plasticizers and flame retardants in plastics, sealants, lubricants, and leather production processes. Additionally, they can be used as cutting fluids [3,4,5,6]. However, CPs are inevitably discharged to the environment because of their high production and wide usage [1]. Thus, CPs have been detected in freshwater, seawater, superficial sediments, soil, air, and organisms at various concentrations [2]. CPs are currently attracting increasing attention. Among all CP groups, SCCPs exhibited the most toxic potential and have attracted the highest level of attention [7]. In 2006, SCCPs were first suggested to be classified as POPs, their use was restricted in some countries, and they were included in the catalog of toxic and harmful chemicals by the Water Framework Directive of the European Union [8]. Thus, MCCPs and LCCPs were used as alternatives to SCCPs and produced with similar or even higher production volumes every year. Thus, the environmental levels of MCCPs and LCCPs are also increasing [9]. Although individuals realized the environmental risk of SCCPs in the early 21st century, it took a decade to regulate SCCPs [8]. This was because of the uncertain methods and arguments over insufficiently reliable data. This argument is also relevant for the future regulation of MCCPs and LCCPs [10]. The limited data indicate that MCCPs are widely used and that LCCPs have even been detected in the Arctic [11]. However, the potential environmental risks of MCCPs and LCCPs are still inconclusive [10]. It was suggested that the carbon chains in longer-chain CPs may cleave into restricted SCCPs during the incineration of CPs. MCCPs and LCCPs with less than 20 carbon numbers may also have a potential effect of bioaccumulation, which indicates that MCCPs may be harmful to breastfed children and that LCCPs detected in the Arctic area may adversely affect biota in this remote region. A necessary method to identify/quantify CPs and assess the fate of all CP groups is needed due to their wide use, high production volumes, and extensive presence in the environment.



China is the largest global producer, user, and consumer of CPs [8]. CPs can be detected in various environmental matrices in China, as reported by previous papers since 2010, including lake sediments (SCCPs with 28 to 370 ng g−1, MCCPs with 25 to 2700 ng g−1, LCCPs with 36 to 650 ng g−1) [12,13], soils (SCCPs with 64.5 to 171.5 ng g−1) [14], leaves (SCCPs with 218.7 to 2196.6 ng g−1, MCCPs with 337.8 to 4388.4 ng g−1) [15], sediments from the sea (SCCPs with 5 to 2400 ng g−1) [16], human blood (SCCPs with 37–35000 ng g−1, MCPPs with 130 to 3200 ng g−1 and LCCPs with 22 to 530 ng g−1) [17]. As the most developed region in China, Shanghai is highly urbanized and industrialized. Electronics manufacturing, electricity facilities, petrochemicals, printing, and so on can involve CPs [18]. Thus, the assessment of the spatial distribution and influence of CPs in Shanghai and the Shanghai offshore areas is urgently needed. In recent years, the concentrations of SCCPs in the East China Sea that were detected ranged from 5.8 to 64.8 ng g−1 (dry weight, d.w.), and their source and migration have been reported [1,16,19,20,21], but there is no related report on MCCPs and LCCPs. The Huangpu River, also named the Mother River of Shanghai, is used for producing drinking water, transportation, drainage, fishery, and the tourist industry [22]. A total of 110 million square meters of sediments are transported over one year to maintain the navigation channels. The dredged sediments are dumped at the designated place, usually near the East Sea Coastal. Before dredging, the environmental risks of sediments are evaluated by considering the concentrations of heavy metals (copper, lead, zinc, chromium, cadmium, mercury, arsenic), oils, pesticide residues (666, DDT, PCBs), sulfides, organic carbon, pH, and the related physical index. However, CPs, instead of POPs, have not been considered. As a group of hydrophobic compounds (log Kow range from 5.52 to 7.53) [12,23], CPs are prone to accumulate in sediment. Thus, sediment dredging can be a potential CP source.



In the present study, surface sediments collected from the dredging area (Huangpu River), the dredged sediment discarding area, and its surrounding areas (Yangtze Estuary, East Sea Coastal, and Hangzhou Bay) were collected. The levels and congener profiles of SCCPs, MCCPs, and LCCPs in sediment samples were determined by using the ammonium chloride-enhanced thermal-assisted- electrospray ion source coupled with liquid chromatography-tandem high-resolution mass spectrometry (ESI LC-HRMS) method. Furthermore, the impact of sediment dredging on the distribution of CPs was also evaluated.




2. Materials and Methods


Chemical Materials: Three different chloride contents of SCCP technical standard mixtures (51.5%, 55.5%, and 63%), three MCCPs (42.0%, 52.0%, and 57.0%), and two LCCPs (36.0% and 49.0%) that were provided by Dr. Ehrenstorfer GmbH (Augsburg, Germany) were prepared at 100 mg L−1 in cyclohexane. 13C10-anti-Dechlorane Plus (C813C10H12Cl12, 100 mg L−1 in nonane), which came from Cambridge Isotope Laboratories (Andover, America), was used as an internal standard. UPLC-grade methanol and liquid chromatography-mass spectrometry-grade water were purchased from J&K Chemical. Methanol of mass spectrometry grade was purchased from J.T. Baker (Center Valley, PA, USA). Ammonium chloride (NH4Cl) and dichloromethane were supplied by Sigma-Aldrich (St. Louis, MO, USA) and Fisher Chemicals (Bridgewater, NJ, USA), respectively. Ammonium chloride was dissolved in methanol to obtain 10 mM NH4Cl stock solvent and then filtered through a 0.22 µm membrane of organic phase. All technical standard CP mixtures and internal standards were redissolved in methanol at 1 mg L−1 as samples, and LC-MS was used for analysis.



Sample collection and clean-up: Sixty-two sediment samples were collected by a grab funnel with an area of 0.1 m2 from the Huangpu River, Yangtze Estuary, East Sea Coastal, and Hangzhou Bay in 2018. The collected depth was 10 cm, and the sample distribution is shown in Figure 1. In Figure 1, the sediment dumping points were significantly marked.



These samples were taken to the laboratory and lyophilized to powder. The extraction procedure was based on a previous study [24,25]. Approximately 5 g powder sample of sediments (±0.5 g, dry weight) was mixed with 10 g anhydrous copper sulfate powder and spiked with 0.15 mg L−1 13C10-anti-Dechlorane Plus (C813C10H12Cl12) as an internal standard. Fifteen milliliters of n-hexane/dichloromethane (1:1, v:v) was used to extract CPs as an extraction agent by accelerated solvent extraction (ASE) from the samples. The process was repeated three times, and the supernatants were collected. A steel tube consisting of only 0.15 mg L−1 13C10-anti-Dechlorane Plus (C813C10H12Cl12) was used as a blank to remove the influence of the agent. Anhydrous copper sulfate powder was used to reduce the effect of water or vapor. Then, the extract solvents were further cleaned and fractionated on a multilayer silica-Florisil composite column, which consisted of 2 g Florisil, 2 g activated silica gel, 6 g acid silica gel, and 4 g anhydrous sodium sulfate. The column was pre-cleaned with 100 mL n-hexane. Then, the extract solvents were put into the column to concentrate the CPs. Finally, 50 mL n-hexane was employed to swash CPs. The flush fluid was blow-dried under nitrogen, redissolved in methanol (1 mL), and kept in a 4 °C refrigerator until analysis.



Chemical Analysis and Quality Control: The prepared samples and CP standard mixtures were analyzed by an Agilent 1290 Infinity II high-performance LC coupled with a 6540 QTOF MS system. The injection volume was 5 μL, and samples were separated by a chromatographic column (1.8 μm, 2.1 × 50 mm, Agilent Eclipse Plus) at 40 °C. The mobile phases were water and methanol, both with 0.05 mM ammonium chloride added, with a mobile flow rate of 0.3 mL min−1. QTOF was used in negative mode, and the scan range was set as 50 to 1500 Da. The MS parameters were optimized as follows: Fragmentor, 135 V; capillary voltage, 3500 V; nebulizer gas, 40 psi. Agilent Mass-Hunter qualitative software version B.07.01 was employed to analyze the data. The chromatogram peaks of CPs were extracted according to m/z values with a 5 ppm mass error of their precursors ([M + Cl]−), and each CP congener group was identified by the characteristic [M + Cl]− and accurate isotopic pattern with a ratio > 0.9. Technical CP mixtures (0.3, 0.5, 1.0, 3.0, 5.0 mg L−1) were analyzed to ensure the assurance of a linear relation between the chromatographic area and concentrations of CPs. Then, standard CP mixtures and sediment samples spiked with 0.15 mg L−1 13C10-anti-Dechlorane Plus (C813C10H12Cl12) were analyzed three times to obtain the recoveries of SCCPs, MCCPs, and LCCPs in the extraction procedure. The recoveries of SCCPs, MCCPs, and LCCPs in the samples were 79.0% ± 5.4%, 76.5% ± 9.2% and 94.5% ± 5.0%, respectively, which were less than 96.7% ± 3% in standard CP mixtures. The total carbon (TOC) of sediment samples collected was measured by a TOC analyzer (Sievers M9 portable TOC analyzer).



Concentration Calculation: The concentrations of CPs in samples were calculated by the following equations [26]. The total response factor can be obtained by Equation (1).


  Total   response   factor   ( standard   CP   mixtures ) =     ∑  I    A r e a    (  C o n g e n e r   g r o p , i  )    A r e a    (  S u r r o g a t e  )      A m o u n t   C P    (  s t d  )     



(1)







13C10-anti-Dechlorane Plus was used as the surrogate in this study. “i” means the CP congener group. In addition, the chloride content is calculated by Equation (2).


  Calculated   chlorine   content   ( CP   mixtures ) =     ∑   I       T o t a l   m o l a r   m a s s   o f   c h l o r i n e     M o l e c u l a r   m a s s    ( i )      R e l a t i v e   a r e a  ( i )    R e l a t i v e   t a t a l   C P   a r e a    



(2)







Then, 8 standard CP mixtures with different chloride contents (51.5–63.0% for SCCPs, 42.0–57.0% for MCCPs, and 36.0–49.0% for LCCPs) were calculated to obtain calibration curves (as shown in Equation (3)) between the total response factor and chlorine content for SCCPs, MCCPs, and LCCPs.


  Total   response   factor   ( CP   mixtures ) = a x  (  C a l c u l a t e d   c h l o r i d e   c o n t e n t  )  + b  



(3)







The chloride of environmental sediment samples was calculated using Equation (2) and then substituted into Equation (3) to obtain the total response factor. The standard curves between the total response factor and chloride content of standard CPs are shown in Figure 2. Finally, Equation (4) was used to calculate the actual concentrations of CPs in environmental sediment samples [17].


  Amount   of   CPs   ( samples ) =   R e l a t i v e   t o t a l   a r e a    (  s a m p l e  )    T o t a l   r e s p o n s e   f a c t o r    (  C a l c u l a t e d   f o r   t h e   s a m p l e  )     



(4)








3. Results and Discussion


3.1. Selecting the Determined Method


It is necessary and challenging to identify and quantify SCCPs, MCCPs, and LCCPs in different environments because of their toxic effects and sustainability. Thus, a series of determination methods have been developed since the 1970s. To date, three main measurement techniques have been employed to measure natural sediment samples [27]. Thin layer chromatography (TLC) with an argentation method was the first method to detect CPs [28]. Although SCCPs, MCCPs, and LCCPs can be detected, they are lengthy and tedious and have poor sensitivity and reproducibility. The other two methods were gas and liquid chromatography (GC and LC) with various detectors, especially mass spectrometry, which has been the most commonly used method in recent decades. For GC, electron capture detectors (ECDs) [29] were used to analyze SCCPs and MCCPs because of their relatively low loss and high sensitivity. However, this method can be influenced by complex matrices, and an efficient clean-up sample should be utilized for samples to remove the matrices. Although GC coupled with electron capture negative ion mass spectrometry (GC-ECNI MS) [30,31] and negative ion chemical ionization-mass spectrometry (GC-NICI-MS) [32] have been widely employed to quantify SCCPs and MCCPs, LCCPs cannot be detected, and quantification was influenced by sample injection. The greatest drawback of GC is that it cannot detect LCCPs that do not volatilize easily [33]. In recent years, LC with metastable atom bombardment (MAB), atmospheric pressure chemical ionization (APCI), electron ionization (EI), and electrospray ionization (ESI) mass spectrometry was developed to detect LCCPs [17,34,35,36]. CH2Cl2 and NH4Cl as additives in the mobile phase were used to heighten [M + Cl]− ion formation in the ion source [37]. The two procedures were more efficient in detecting CPs than GC and could especially identify and quantify LCCPs. CH2Cl2 was not commonly used in aqueous reversed-phase LC systems; thus, HPLC-APCI-, EI-, and ESI-MS systems with NH4Cl used as an additive were developed. The general ionization effect in the ESI source was evidently higher than that in APCI and EI, with the same concentration of Cl− supplied by NH4Cl. In addition, the LOD of the detection method in NH4Cl-enhanced LC-coupled ESI-MS was 10 to 20 μg L−1, which was lower than the method in GC and can identify and quantify LCCPs. Finally, NH4Cl-LC-ESI-MS was employed for use in our study. The LOD of all methods is shown in Table 1.




3.2. Concentrations of CPs in Sediments


Figure 3 shows the detected concentrations of SCCPs, MCCPs, and LCCPs in the four areas. The highest concentrations of total CPs were found in the Huang River (166.08 to 2145.18 ng g−1, mean of 797.98 ng g−1). Most samples in the Yangtze Estuary (38.12 to 1820.32 ng g−1, mean of 580.78 ng g−1), East Sea Coastal (124.75 to 890.42 ng g−1, mean of 483.63 ng g−1), and Hangzhou Bay (54.88 to 964.44 ng g−1, mean of 532.77 ng g−1) areas exhibited low concentrations, while the detected CP values for samples 22–29, 56, and 59 were abnormally high. These unusual areas are all discarding areas for sediment dredging. Obviously, sediment dredging activities were the main reason for the high CP levels exhibited in the Yangtze Estuary and Hangzhou Bay area. The mean concentrations of SCCPs, MCCPs, and LCCPs were 252.43, 340.52, and 41.18 ng g−1, respectively. The concentrations of SCCPs are 6.7–27.7 times higher than those measured along the East China Sea coast19. This result is reasonable since a previous study found that SCCPs spread seaward and southward from the Yangtze Estuary and north of the inner shelf.



The concentrations of total SCCPs in surface sediments collected from the Huangpu River ranged from 101.09 to 841.49 ng g−1, with an average value of 356.25 ng g−1, which was 1.5–1.7 orders of magnitude higher than those in sediments from others. In addition, it is higher than that in the Liaohe River Basin [14] but lower than that in the Pearl River Delta1. Sample 1 exhibited the lowest SCCP concentrations in the Huangpu River. The relatively low concentrations of SCCPs in sediments are similar to environmental background values and may be generated by the low anthropogenic emissions of CPs upstream. As the Huangpu River flowed through the urban area, the concentrations of SCCPs in the river sediments obviously increased. Sampling points 1–13 are places where dredging is often carried out, and the sediments from these places are transported to the vicinity of sampling points 22–29, 56, and 59 for dumping.



The values of SCCPs detected in the Yangtze Estuary, Hangzhou Bay, and East Sea Coastal were 16.09 to 1270.7 ng g−1 with a mean of 233.16 ng g−1, 8.76 to 361.35 ng g−1 with a mean of 213.80 ng g−1, and 17.54 to 495.88 ng g−1 with a mean of 219.19 ng g−1, respectively. These values are lower than that of the Huangpu River but higher than that of the area far away from the land. These results are consistent with the results reported by Zeng et al., in which the SCCP concentrations exhibited a decreasing trend with increasing distance from the coast [19,20]. In addition to the samples of the Huangpu River, higher concentrations of SCCPs were found in the samples collected from the sediment discarding area (68.00 to 659.26 ng g−1, mean of 316.27 ng g−1). This result indicated that CPs exhibited low mobility, which is also consistent with the results obtained by Zeng et al. They found that most SCCPs in Changjiang River Delta sediments are from the Changjiang River input [19]. Among those SCCPs, a minor fraction will be transported offshore by the inner shelf.



The measured concentrations of MCCPs in all sediments ranged from 22.03 to 1730.78 ng g−1. The MCCP concentrations were generally higher than those of the SCCPs but were in the same range as the concentrations of Yangtze Estuary sediments collected in 2017 [37]. Similar results were also found in suburban soils in Shanghai, in Pearl River sediments, in nine lake sediment cores in China, and in sediments from lake Thun in Switzerland [1,4,13,38]. Although the production of SCCPs has stopped worldwide, M/LCCPs are still used as alternatives. Thus, the concentrations of MCCPs and the ratio of MCCPs/SCCPs were higher due to higher MCCP production than SCCPs. The distribution of MCCPs is similar to that of SCCPs, where the Huangpu River (52.93 to 1191.54 ng g−1, mean of 392.81 ng g−1) and the sediment discarding area (170.11 to 768.12 ng g−1, mean of 417.60 ng g−1) exhibited the highest concentrations. Except for the Huangpu River and the sediment discarding area samples, the mean values of MCCPs detected in the Yangtze Estuary, Hangzhou Bay, and East Sea Coastal samples were 315.10 ng g−1, 307.23 ng g−1, and 241.10 ng g−1, respectively.



For LCCPs, only 74.1% of samples were detected. The concentrations ranged from 0.64 to 236.86 ng g−1. Most LCCPs were found in the Huangpu River and discarding area sediments. LCCPs have been used in place of SCCPs in recent years. Thus, the cumulative concentration in the sediment is lower than that of SCCPs and MCCPs. It is interesting that sample 47 exhibited higher values of MCCPs and LCCPs and lower values of SCCPs. Sample 47 is Yangshan Port, the world’s largest smart container terminal. Thus, the MCCPs and LCCPs detected in sediment sample 47 may be from ship oil spills. Our result is in the same range of the concentrations of LCCPs in nine Chinese lake sediments, which were measured in the range of 36–650 ng g−1 [13]. The details about the concentrations of CPs in all samples are shown in Table S1.



Exposure to environmental CPs is toxicant to organisms and is attributed to lethality, hepatotoxicity, developmental toxicity, carcinogenicity, endocrine- and metabolism-disrupting effects, and immunomodulatory effects [39]. Environmental risks of SCCPs and MCCPs in the atmosphere, soil, water, and marine environment have been reported in previous studies. The no-observed-effect concentrations (NOECs) of SCCPs ranged from 5 × 103 to 3.9 × 105 ng g−1 for aquatic organisms in freshwater and seawater [40], which was much higher than that in our work. In addition, Lino et al. reported that organisms in sediments were also sensitive to SCCPs [41]. For MCCPs, the predicted no-effect concentration (PNEC) was 1.5 × 104 ng g−1 [42], which was higher than that of the sediments studied in our work. Risk assessments of LCCPs were rare because of the limited data in recent years.




3.3. Congener Group Profile of SCCPs in Sediments


The congener profile of SCCPs showed a prominent variation in not only the different carbon congener groups but also the degree of chlorine. As shown in Figure 4a,b, 37.06% of ∑SCCPs were C10 homologs, which were the most dominant carbon chain groups, followed by C11 homologs (26.35%), C12 homologs (18.18%), and C13 homologs (18.41%) in the Huangpu River. The lower chlorinated congener groups (Cl5 and Cl6), with mean values of 33.44% and 42.80%, respectively, were the predominant congeners from the chlorine groups. This cumulatively accounted for 76.24% of ∑SCCPs in most samples. The abundance of the Cl6 congener groups was higher than that of the Cl5 groups. This is significantly similar to the pattern of Cl congeners in the Yangtze Estuary, especially in the C10 homolog. As shown in Figure 4a,b, in the C10 homolog, the Cl6 congener is the predominant chlorinated group (67.98% in the C10 homolog). The patterns of SCCP congener groups at the dredging points are similar to those of samples found in the Huangpu River. Our results indicate that the SCCPs detected at the dredging points are from the dredged sediments of the Huangpu River. It is similar that Cl6 congener groups are the predominant congeners in the samples from the other three areas, and this pattern is similar to the samples in those reported in previous studies [12,16,19,20,21,38,43]. These results indicate that SCCPs can be transported by the alluvial build-up of rivers.



For MCCPs (Figure 5a,b), the short-chain (C14) homolog group abundance was significantly higher than C15-C17 in all samples. The average value of the C14 homolog accounted for 55.62% of MCCPs. C15, C16, and C17 accounted for 25.67%, 9.78%, and 8.93%, respectively. Cl5-Cl8 are the predominant congers in all samples, which indicates that the sources of MCCPs in the Yangtze Estuary and Huangpu River are similar. The concentrations of LCCPs were lower, and only samples 2, 32, 23, and 59 showed the pattern in Figure S1. In contrast to SCCPs and MCCPs, the long-chain (C24-28) homolog group is significantly higher than the short-chain (C18-C23) group. The composition profiles of SCCP, MCCP, and LCCP congeners in every collected sediment sample are shown in Figures S2–S4.




3.4. Spatial Distribution of TOC and the Relationship with CPs


The inner continental shelf of the East China Sea is an important area of buried terrigenous organic carbon. In aquatic environments, the distribution and accumulation of organic pollutants could be related to TOC, which was substantiated by a previous study [44]. No significantly relevant relation was found between TOC and the concentrations of CPs, as shown in Figure S5. As shown in Figure S6, the TOC values of the sediment samples were measured in the range of 0.06% to 0.94% in this study. The average values of TOC in the Huangpu River, Yangtze Estuary, East Sea Coastal, and Hangzhou Bay were measured as 0.55%, 0.35%, 0.37%, and 0.42%, respectively. The details about the value of TOC in all samples are shown in Table S1. The overall trend of TOC values was higher along the Huangpu River and in discarding areas than in other samples. The East Sea Coastal has no significantly lower value because it is also a necessary sink for pollutants absorbed in sediments from direct riverine inputs and land-originated surface runoff.



Generally, there is a relationship between high concentrations of organic pollutants and high TOC since organic pollutants easily migrate from the water column to sediments due to the high affinity between these materials. A correlation analysis between TOC and CP levels was conducted. However, there were no significant relationships observed between SCCPs/MCCPs/LCCPs and TOC. This is most likely because equilibrium might not have yet been reached in the sediments.





4. Conclusions


There are two main results presented in this study. First, HPLC-QTOF-MS was finally performed to analyze CPs in samples collected from four areas because of the low LOD and LCCP analysis in our present work. Second, the migration of CPs with sediment transportation was revealed. SCCPs and MCCPs were detected in all samples, but LCCPs were present in 74.1% of samples. The measured concentrations in environmental samples were 8.76 to 1270.7 ng g−1 for SCCPs, 22.03 to 1730.78 ng g−1 for MCCPs, and from undetected (ND) to 236.86 ng g−1 for LCCPs. The concentrations of SCCPs and MCCPs were lower than those of NOECs and PNECs reported in other studies. The concentrations of SCCPs were higher than those in the Liaohe River Basin but lower than those in the Pearl River Delta, and the MCCPs were similar to those in most studies. TOC values of all samples were from 0.06% to 0.94%. Although the TOC values of the samples in the Huangpu River and discarding areas were higher than those of the others, there was no linear relation between the TOC values and concentrations of CPs. The concentrations of CPs in the discarding area were significantly higher than those at most sample points. Not only was the congener group profile of SCCPs detected in the discarding area the same as in the Huangpu River, but also the pattern of Cl congeners was similar between them for MCCPs. The results indicate that the CPs detected in the sediment discarding areas are mainly from Huangpu River and provide theoretical support for the potential migration factors of CPs.
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Figure 1. The map shows the sampling points of surficial sediments (▲, ■, ●, ◆ and ★) collected from Shanghai offshore areas (▲ was collected from Huangpu River, ■ was collected from the Yangtze Estuary, ● was collected from East Sea Coastal, ◆ was collected from Hangzhou Bay, and ★ was collected from the sediment dropping area. Most of the Sediment was from the Huangpu River). 
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Figure 2. Calculated standard curves between the total response factor (TRF) and chlorinity (%) of CPs using standard CP mixtures. 
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Figure 3. The map shows the spatial distribution trend of concentrations of CPs (ng g−1) in the sampling points in which the blue bar is SCCPs, the light blue bar is MCCPs, the red bar is LCCPs, and the green bar is total CPs. 
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Figure 4. (a) Representative congener group abundance profiles of SCCPs in surficial sediments collected from the Huangpu River, Yangtze Estuary, East Sea Coastal, and Hangzhou Bay. (b) Representative congener group abundance profiles of SCCPs in surficial sediments from the dredging sediment discarding area. 
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Figure 5. (a) Representative congener group abundance profiles of MCCPs in surficial sediments collected from the Huangpu River, Yangtze Estuary, East Sea Coastal, and Hangzhou Bay. (b) Representative congener group abundance profiles of MCCPs in surficial sediments from the dredging sediment discarding area. 
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Table 1. Summary of the CPs detection method.
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	Number
	Instrumental Technique
	CPs
	LOD

(μg L−1)
	Reference





	1
	TLC
	SCCPs/MCCPs/LCCPs
	*
	[27,28]



	2
	GC/ECD
	SCCPs/MCCPs
	*
	[29]



	3
	GC/ECNI-MS
	SCCPs/MCCPs
	500
	[30,31,33]



	4
	GC/NICI-MS
	SCCPs/MCCPs
	*
	[32]



	5
	GC/MAB
	SCCPs
	*
	[34]



	6
	CH2Cl2-enhanced HPLC/EI-MS/MS, APCI-MS/MS, or ESI-MS-MS
	SCCPs/MCCPs/LCCPs
	10 to 1200
	[17,35,36]



	7
	NH4Cl-enhanced HPLC/EI-MS/MS, APCI-MS/MS or ESI-MS-MS
	SCCPs/MCCPs/LCCPs
	10 to 20
	[37]







Note(s): * Data of CPs in sediments was not available. TLC: Thin layer chromatography. GC/ECD: Gas chromatography electron capture detectors. GC/ECNI-MS: Gas chromatography coupled with electron capture negative ion mass spectrometry. GC/NICI-MS: Gas chromatography negative ion chemical ionization-mass spectrometry. GC/MAB: Gas chromatography coupled with metastable atom bombardment. HPLC/EI-MS/MS, APCI-MS/MS, or ESI-MS-MS: CH2Cl2-enhanced liquid chromatography coupled with atmospheric pressure chemical ionization, electron ionization, and electrospray ionization mass spectrometry. LOD: The limit of detection of CPs in sediments.
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