[image: image1]Occurrence of 80 per and polyfluorinated alkyl substances (PFAS) in muscle and liver tissues of marine mammals of the St. Lawrence Estuary and Gulf, Quebec, Canada

		ORIGINAL RESEARCH
published: 04 July 2024
doi: 10.3389/fenvc.2024.1403728


[image: image2]
Occurrence of 80 per and polyfluorinated alkyl substances (PFAS) in muscle and liver tissues of marine mammals of the St. Lawrence Estuary and Gulf, Quebec, Canada
Nejumal Kannankeril Khalid1, Maud Le Calvez1, Mélanie Lemire2, Quoc Tuc Dinh1, Justine Fontaine1, Stéphane Lair3 and Sébastien Sauvé1*
1Department of Chemistry, Université de Montréal, Montréal, QC, Canada
2Centre de Recherche Du CHU de Québec–Université Laval, Institut de Biologie Intégrative et des Systèmes (IBIS), Département de Médecine Sociale et Préventive, Université Laval, Québec City, QC, Canada
3Centre Québécois sur La Santé des Animaux Sauvages, Canadian Wildlife Health Cooperative, Faculté de Médecine Vétérinaire, Université de Montréal, Montréal, QC, Canada
Edited by:
Zhijiang Lu, Wayne State University, United States
Reviewed by:
Yunqiao Zhou, Institute of Tibetan Plateau Research (CAS), China
Shizhen Zhao, Guangzhou Institute of Geochemistry (CAS), China
* Correspondence: Sébastien Sauvé, sebastien.sauve@umontreal.ca
Received: 19 March 2024
Accepted: 06 June 2024
Published: 04 July 2024
Citation: Khalid NK, Le Calvez M, Lemire M, Dinh QT, Fontaine J, Lair S and Sauvé S (2024) Occurrence of 80 per and polyfluorinated alkyl substances (PFAS) in muscle and liver tissues of marine mammals of the St. Lawrence Estuary and Gulf, Quebec, Canada. Front. Environ. Chem. 5:1403728. doi: 10.3389/fenvc.2024.1403728

Limited data are available for the occurrence of more recent per and polyfluorinated alkyl substances (PFAS) in marine mammals, especially from the St. Lawrence Estuary and Gulf. This study investigates the occurrence of PFAS in liver and muscle tissues of various marine mammals, including the harbor seal, gray seal, harp seal, hooded seal, harbor porpoise, white-sided dolphin, white-beaked dolphin, and True’s beaked whale. Among the 80 target PFAS (including PFCAs, PFSAs, Cyclic PFSA, FASAs/FASAAs, FTCAs/FTUCAs, FTSAs, Ether-PFAS, diPAPs, and ESI + ECF precursors) perfluorooctanoic sulfonate (PFOS) dominates in all the marine mammal species and several other long-chain PFCAs, such as PFNA, PFDA, PFUnA, PFTrDA, and PFHxDA, were detected at 100% frequency in both muscle and liver samples. PFDoA and 7:3 fluorotelomer carboxylic acid (7:3 acid) also showed a 100% detection frequency for liver samples. Harp seal tissues displayed notably low PFAS concentrations, with average total PFAS concentrations of 7 ng/g (ww: wet weight) in muscle and 44 ng/g (ww) in the liver. In contrast, the white-sided dolphin exhibited the highest average concentrations, reaching 39 ng/g (ww) in muscle and 334 ng/g (ww) in liver samples. The Pearson correlation analysis reveals a strong correlation between the concentration of PFOS, perfluoroalkyl carboxylic acids (PFCAs), and electrochemical fluorination (ECF) precursors. Species at the top of the marine food chain (harbor porpoise, white sided dolphin, and white beaked dolphin) presented the highest concentrations of PFAS, particularly PFOS and long-chain PFCAs, highlighting the need for an increased regulation of these persistent molecules in order to protect marine mammal’s health.
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1 INTRODUCTION
Per and polyfluorinated alkyl substances (PFAS) encompass a wide range of synthetic chemicals, now recognized as potent environmental contaminants, colloquially known as “forever chemicals” (Sciancalepore et al., 2021; Helmer et al., 2022; Bilela et al., 2023). They have gained widespread use owing to their unique properties, including amphiphilic characteristics and robust covalent bonds. These chemicals find extensive applications in various industries, including food packaging, cosmetics, pharmaceuticals, firefighting foams, electronics, and paints (Sciancalepore et al., 2021; Sadia et al., 2023). Understanding the fate and environmental distribution of PFAS is vital for revealing the various processes by which PFAS discharge and migration occur, including surface water runoff, atmospheric and vapour transport, infiltration into the subsurface, etc. By comprehensively studying these pathways, environmental experts can better grasp how PFAS contaminants move through different environmental compartments, aiding in the development of effective mitigation and remediation strategies to tackle PFAS pollution (Bilela et al., 2023; Macorps et al., 2023; Manojkumar et al., 2023; Munoz et al., 2023; Sadia et al., 2023).
The presence of several PFAS has been reported in various environmental matrices such as groundwater, surface water, sediments, and marine biota (Bilela et al., 2023; Macorps et al., 2023; Manojkumar et al., 2023; Munoz et al., 2023; Sadia et al., 2023). The primary sources of PFAS in marine aquatic environments are typically associated with PFAS production sites, such as chemical industries, as well as improper disposal practices, often originating from nonpoint sources and runoff from landfills containing PFAS (Bilela et al., 2023). Inland activities are another significant contributor to PFAS pollution in marine ecosystem as they can introduce PFAS into the marine environment through riverine discharges. Additionally, volatile PFAS can be transported through the atmosphere, serving as another major source of PFAS contamination in marine and terrestrial environments (Bilela et al., 2023; Haque et al., 2023).
Among the categories of PFAS, perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) are generally referred to as “legacy PFAS” (Manojkumar et al., 2023). Various countries and regions have taken action to ban or limit the usage of PFAS (Sosnowska et al., 2023; Klingelhöfer et al., 2024). However, due to the scarcity of viable alternatives for essential applications, exceptions have been granted for the utilization of PFOS in specific instances, notably in AFFFs (aqueous film-foaming foams) utilized for firefighting purposes. PFOS came under control in 2007, followed by PFOA and PFHxS in 2019 and 2022, respectively (Stockholm Convention, 2007; Stockholm Convention, 2023). The long chain PFCA regulation process is presently underway on a global scale. In an effort to phase out nonessential usage of PFAS, the EU has imposed limitations on some long chain PFCAs (European Chemical Agency, 2023) and also in Canada (2016) Minister of environment published in the Canada Gazette). The purpose of this restriction is to reduce or eliminate PFCA exposure to humans and the environment. In 2021, long chain PFCAs and their precursors have also been proposed by the Canadian government for inclusion in the Stockholm Convention (Stockholm Convention, 2022). The Stockholm convention has allowed exemptions for planned or ongoing regulatory actions related to long chain PFCAs in response to economic challenges. This includes potential financial strains associated with transitioning away from the use of specific substances and the impact on industries and economies dependent on these chemicals (Stockholm Convention, 2023). It is worth emphasizing that a number of PFAS compounds, including the GenX chemicals (a group used as substitutes for PFOA and PFOS), FTOH (fluorotelomer alcohol) and PFBS (perfluorobutane sulfonate), a shorter-chain PFAS used in various applications, remain for the most part unregulated (Stockholm Convention, 2007; Stockholm Convention, 2022; Stockholm Convention, 2023, Stockholm Convention, 2023).
The presence of PFAS in aquatic ecosystems can lead to their bioaccumulation in freshwater and marine food chains, including invertebrates, fish, and marine mammals (Bilela et al., 2023). Several studies have already unveiled the detrimental effects of PFAS on the reproductive, endocrine, and immune systems of aquatic organisms (Hamid et al., 2023).
Because of their environmental persistence and bioaccumulative properties, PFAS are transferred through various trophic levels (Cara et al., 2022; Bilela et al., 2023; Navarathna et al., 2023) such as primary consumers (herbivores), secondary consumers (carnivores), and tertiary consumers (top predators), leading to markedly higher concentrations in marine animals at the top of the food chains (Cara et al., 2022; Bilela et al., 2023; Navarathna et al., 2023). Despite being largely regulated, PFOS levels measured in the tissues of marine mammals worldwide remain elevated, including in Arctic and Antarctic wildlife (Casas et al., 2023; Xie and Kallenborn, 2023). Moreover, an increasing trend for long chain PFCAs has been observed in marine mammals from many regions including finless porpoises from South China sea (Guo et al., 2023) and ringed seals, polar bears and killer whales from East Greenland (Gebbink et al., 2016).
According to numerous investigations, the highest concentrations of PFAS are found in the livers followed by kidneys of fish and marine mammals including Indo-Pacific humpback dolphins and finless porpoises (Cara et al., 2022; Kah and Kookana, 2023; Liu et al., 2023). The interactions between proteins and PFAS are intimately linked to the underlying molecular mechanism of PFAS bioaccumulation over lifetime and liver and renal tissues are significant accumulation sites for PFAS due to their high binding affinity with liver type fatty acid-binding proteins (LFABP) and serum albumin (Han et al., 2003; Woodcroft et al., 2010; Sheng et al., 2016; Cheng et al., 2021).
Although many studies have documented PFAS concentrations in marine mammals in the Arctic and the Antarctic (Casas et al., 2023; Xie and Kallenborn, 2023), there is a limited information in marine mammals from more southern latitudes, including those living in the St-Lawrence Estuary and Gulf, Quebec, Canada. The St. Lawrence River in Quebec, Canada, has been grappling with contamination issues since 2012 (Giroux et al., 2016), particularly from certain PFAS, notably perfluoroalkyl sulfonates (PFSA) (Munoz et al., 2022). A comprehensive study delved into the presence of 60 PFAS in the St. Lawrence river’s freshwater species near a major urban area, revealing significantly higher PFAS in smallmouth bass compared to species lower in the food chain (Kaboré et al., 2022; Munoz et al., 2022). Moreover, research highlighted distinctive fluorochemical markers in fish from the St. Lawrence River, indicating the higher concentrations of PFAS such as PFBA, PFOS, PFOA, FASA and long chain PFCAs (Kaboré et al., 2022; Munoz et al., 2022). Because of its geographic significance in marine ecosystems, research on PFAS contamination in marine mammals in the St. Lawrence River is essential because it provides insights into the spread and fate of PFAS. Evaluating PFAS levels in a variety of species, such as dolphin and harbor seals, can help assess potential effects and health of the ecosystem. To manage health hazards, it is imperative for humans to understand the fate and resulting tissue concentrations of PFAS, especially for individuals who consume hunted species like harp and gray seal. This information may influence environmental regulations aimed at mitigating PFAS pollution, thereby promoting preservation and long-term administration of the marine ecosystem in the St. Lawrence River.
Employing an analytical approach targeting 80 distinct PFAS, the objective of the present study is to investigate the exposure levels to PFAS in various marine mammals living in the St. Lawrence River (Estuary and Gulf), such as harbor seal, gray seal, harp seal, hooded seal, harbor porpoise, white-sided dolphin, white-beaked dolphin, and True’s beaked whale, to provide insights into the potential impact of these substances on the health of the marine mammal’s population of this area. On top of the effects on the health of the sea mammals, we are also considering the potential risks associated with the consumption of marine mammal muscle and liver by human populations when the species are allowed for commercial, subsistence or recreative hunting (i.e., gray and harp seal), PFAS concentrations in both liver and muscle were documented.
2 MATERIALS AND METHODS
2.1 Chemical and standards
The certified standards of PFAS were purchased from Wellington Laboratories (Guelph, ON, Canada), Synquest Laboratories (Alachua, FL, United States), and DuPont (Wilmington, DE, United States). Details on PFAS (shown in Table 1), internal standards, and details on other chemicals used in this study are provided in the supplementary information.
TABLE 1 | List of 80 PFAS quantitatively targeted in the present study, including acronyms, and name.
[image: Table 1]2.2 Sample collections
Samples were collected from marine mammals [harbor seal (Phoca vitulina, n = 5), gray seal (Halichoerus grypus, n = 2), harp seal (Pagophilus groenlandicus, n = 1), hooded seal (Cystophora cristata, n = 1), harbor porpoise (Phocoena Phocoena, n = 22), white-sided dolphin (Lagenorhynchus acutus, n = 6), white-beaked dolphin (Lagenorhynchus albirostris, n = 1), and True’s beaked whale (Mesoplodon mirus, n = 1)] found dead ashore along the St. Lawrence Estuary and Gulf, Canada. The details of each species body weight, sex, sampling location site and total PFAS concentrations are shown in Supplementary Tables S4, S5 in the Supplementary Materials. The sampling locations are shown in Figure 1. These carcasses were transported, usually frozen, by the Réseau québécois d’urgences pour les mammifères marins to the Canadian Wildlife Health Cooperative Quebec Regional Center where sampling and a full necropsy were performed.
[image: Figure 1]FIGURE 1 | Geographical distribution of sampling sites, Quebec, Canada.
The St. Lawrence River has a mean annual flow of 12,600 cubic meters per second and an expansive watershed exceeding one million square kilometres, ranks as the second most voluminous river in North America. Spanning a length of 400 km, the St. Lawrence River and Estuary display a dynamic environment, ranging in width from a few kilometers near Quebec City to over 25 km downstream. While the maximum seafloor depth reaches 60 m, numerous shallower areas with depths less than 10 m also exist. The St. Lawrence River/Estuary and Gulf is marked by intricate seafloor topography. St. Lawrence River/Gulf is a important estuary located at the mouth of St. Lawrence River, serving as a meeting for freshwater and saltwater. Multiple physical forces, such as tides, waves, wind, ship waves, and ice, contribute to the notable dynamisms observed in this region (Vis et al., 1998; Hudon and Carignan, 2008).
2.3 Sample preparation
Sample preparation was performed as follows: prior to analysis, a 50 mg of freeze-dried aliquot of the marine specimen’s sample was weighed in a 15-mL polypropylene (PP) tube. The samples were spiked with surrogate internal standards, and a 1-h waiting time was applied. Subsequently, 5 mL of MeOH was added as the extraction solvent, followed by high-speed vertexing (3,200 rpm, 0.5 min), ultrasonication in ice-cold water (10 min), centrifugation (6,000 rpm, 5 min), and transfer of the supernatant to a fresh 15-mL PP tube (triplicate samples). The combined supernatants were concentrated to 1.8 mL and subjected to cleanup with Supelclean ENVI-Carb cartridges (250 mg). Finally, the prepared samples were aliquoted for analysis in LCMS vials (200 µL).
QA/QC was conducted for each LC/MS batch sequence using in house protocol. Matrix matched calibration curves all had determination coefficient (R2 > 0.99). Method blanks are injected in the sequence and low level of specific PFAS. Recoveries results are included in the supplementary information (Supplementary Table S5).
2.4 Instrumental analysis
Analysis was carried out using ultra high-performance liquid chromatography high resolution mass spectrometry (UHPLC-HRMA Q-Exactive Orbitrap, Thermo Scientific, Waltham, MA, United States). The scan range was m/z 150–1,000, with a resolution setting of 700 00 FWHM at m/z 200. Details on the acquisition method of UHPLC-HRMS are mostly similar to Carrizo et al. (2023) and are provided in the supporting information. In both ionization techniques, we used the same mobile phase. The method limit of detection (mLOD) and corresponding Instrumental limits of detection (iLOD) are shown in Supplementary Table S8. For the diPAPs analysis, samples were analyzed by ultra-high-performance liquid chromatography coupled to tandem mass spectrometry (UP-HPLC-MS/MS) and analytical details are shown in the supplementary information.
2.5 Statistical analysis
The statistical software IBM SPSS software (version 27; Armonk, Ny, United States) was employed to analyze concentrations (geometric mean, standard deviation, minimum, maximum) of PFAS in muscle and liver samples. If every assumption of the model was satisfied, including the linearity of residual, homogeneity of variances, and normal distribution, the Pearson correlation coefficient (r) was utilized. Parametric students T tests for independent samples were utilized to assess whether the mean concentration of PFAS exhibited differences based on body weight and sex. As for the comparative statistical analysis two factors were chosen body weight and sex.
To examine the relationships between data, Principal Component analysis (PCA) and cluster analysis were used. The objectives of PCA, a technique for reducing dimensionality, is to identify the most important basis for re-expressing data, thereby reducing noise and revealing underlying patterns.
3 RESULTS AND DISCUSSION
3.1 PFAS concentration and distribution in muscle and liver samples of marine mammals
The sum of the 80 PFAS measured in the 38 specimens included in our study varied from 0.03 to 64 ng/g ww for muscle and 0.03–535 ng/g ww for liver samples. The highest average total PFAS concentration was observed in the white sided dolphin (secondary consumers) for muscle and liver samples (39 ng/g ww for muscle and 333 ng/g ww for liver samples), whereas very low concentration was found in the harp seal (high trophic level, 7 ng/g ww for muscle and 44 ng/g ww for liver samples), as shown in Figure 2. Total average PFAS concentrations in muscle and liver tissues across all marine mammal specimens analysed were significantly correlated (Spearman’s r = 0.39, p > 0.05, n = 38). The substantial correlation found in the PFAS concentrations between the liver and muscle tissues of marine mammals suggest that the distribution and accumulation of PFAS within these organs are closely related. This link implies that PFAS are carried and dispersed systematically throughout the body after being consumed, resulting in detectable amounts in the liver and muscle tissues. This illustrates that PFAS exposure and accumulation are not confined to a single tissue type and has significant bioaccumulation in marine mammals.
[image: Figure 2]FIGURE 2 | (A) Average sum of 80 PFAS in muscle samples with number of analyzed specimen; (B) Average sum of 80 PFAS in liver samples with number of specimens analyzed.
From the results we observed that marine mammals at elevated trophic levels accumulate PFAS through distinct mechanisms. This means that PFAS accumulation varies among these mammals due to factors such as varying concentrations of PFAS in preys, which affects dietary intake; different metabolic rates, which influence elimination speed; biomagnification, which results in higher concentration in apex predators. PFAS preferentially accumulate in specific tissues, like the liver and physiological differences in liver function and binding proteins can affect bioaccumulation and genetic variations can also have an impact on PFAS transport, distribution, and metabolism (Spaan et al., 2020; Haque et al., 2023). Harbor porpoise, white sided dolphin, and white beaked dolphin consistently showed higher accumulation of PFAS. The average ratio of the liver and muscle samples are also shown in the supplementary information (Supplementary Table S7), and as expected, the greatest bioaccumulation was systematically found in the liver when compared to the muscle tissues (all ratios >1). However, a substantial disparity in the liver to muscle ratios was found between species, with an average ratio of 76, and the highest mean ratio for 7:3 Acid in white beaked dolphin (ratio of 22.1) followed by PFOS in harp seal (ratio of 20.1).
PFAS compounds with the detection frequency (D.F) above 10 are detailed in Tables 2 and 3 for muscle and liver samples by species respectively. Out of 80 target PFAS, we detected 33 PFAS in muscle and 41 PFAS in liver tissues. The detected groups of PFAS include PFCAs (including PFOA branch isomers, Long chain PFCAs include eight carbon atoms or more, whereas short chain PFCAs normally contain less than eight), perfluoroalkyl sulfonic acids (PFOS, PFHxS, and PFHps), emerging PFAS (it refers to recently found PFAS and short-chain PFAAs that are used to replace older PFAS) and PFAS intermediates or precursors (includes fluorotelomer sulfonates, fluorotelomer alcohols and side chain fluorinated polymers). The PFAS compounds chemical stability and lipophilic characteristics help explain the reason they persist in the environment and biomagnify within the food chain (Spaan et al., 2020). Due to their carbon-fluorine linkages, long chain PFCAs exhibit excellent chemical and thermal stability, allowing them to remain in the environment for extended periods (Spaan et al., 2020). This is clear in the increased concentrations observed in the liver samples compared to muscle samples, indicating that their lipophilic tails facilitate bioaccumulation in the lipid rich tissue organism (Spaan et al., 2020).
TABLE 2 | PFAS concentration ranges of muscle samples (min, max, Geometric mean, ng/g wet weight) in harbor seal, gray seal, harp seal, hooded seal, harbor porpoise, white-sided dolphin, white-beaked dolphin, and True’s beaked whale.
[image: Table 2]TABLE 3 | PFAS concentration ranges of liver samples (min, max, Geometric mean, ng/g wet weight) in Harbor seal, Gray seal, Harp seal, Hooded seal, Harbor porpoise, White-sided dolphin, White-beaked dolphin, and True’s beaked whale.
[image: Table 3]PFOS presented the highest average concentrations in both muscle and liver samples across all species, as previously observed in most wildlife and human exposure studies (Arctic monitoring and assessment programme, 2016). This is probably caused by the sulfonate functional group and long carbon chain, which increases the molecular binding affinity to serum proteins and causes bioaccumulation. The observation that PFAS accumulate more consistently in the liver than in the muscle tissue is consistent with PFAS chemical tendency to attach to fatty acid binding proteins and albumin (Spaan et al., 2020). A 100% detection frequency was also observed among all species for other long chain PFCAs such as PFNA, PFDA, PFUnA, PFTrDA, and PFHxDA in both muscle and liver samples. In liver samples, 7:3-Acid and PFDoA also exhibited a 100% detection frequency. Positive correlations were found between muscle and liver tissues across all species for PFNA (p = 0.03, rSpearman = 0.46), PFOS (p = 0.006, rSpearman = 0.43), and PFUnA (p < 0.001, rSpearman = 0.63).
As shown in Table 2, the maximum concentration of PFAS in muscle tissue was detected for 7:3 acid in a harbor porpoise sample (64 ng/g ww). In other species, the maximum concentrations were reported for PFOS and in the following order: white-sided dolphin (26 ng/g ww), harbor seal (23 ng/g ww), gray seal (12 ng/g ww), white-beaked dolphin (11 ng/g ww, n = 1), hooded seal (6.8 ng/g ww, n = 1), True’s beaked whale (3.2 ng/g ww, n = 1), and harp seal (1.1 ng/g ww, n = 1).
As detailed in Table 3, PFOS was the congener with the highest maximum values in liver samples across all species and in the following order: harbor porpoise (535 ng/g ww), white-sided dolphin (201 ng/g ww), white-beaked dolphin (138 ng/g ww), harbor seal (110 ng/g ww), gray seal (48 ng/g ww), hooded seal (45 ng/g ww), True’s beaked whale (25 ng/g ww), and harp seal (22 ng/g ww).
The geometric mean concentration of PFOS in liver samples of the white sided dolphin, as observed in this study, is 182 ng/g ww. Similar concentrations were reported in livers of bottlenose dolphin specimens in recent studies conducted in the North Adriatic sea in Italy (194 ng/g ww) (Sciancalepore et al., 2021), and in the Western Mediterranean Sea (211 ng/g ww). Positive correlations were found between muscle and liver tissues across all species for PFNA (p = 0.03, rSpearman = 0.46), PFOS (p = 0.006, rSpearman = 0.43), PFUnA (p < 0.001, rSpearman = 0.63), and PFTrDA (p < 0.001 rSpearman = 0.383).
The physicochemical properties of certain PFAS, such as chain length and functional groups, may have an impact on their distribution, as suggested by variations in liver to muscle ratios and varying bioaccumulation of PFAS among species. These characteristics may have an impact on the mobility and solubility of PFAS in aquatic habitats, which may result in exposure pathways that are unique to certain sea mammal species. Further investigation into the mechanism of PFAS bioaccumulation in these species is needed, as the positive correlation between muscle and liver tissues that have been discovered indicate a systematic uptake and distribution pattern in these marine mammals.
3.2 Relative PFAS composition and concentration
The distribution of average PFAS concentrations (%) in the muscle and liver samples of each species are shown in Figures 3, 4. For muscle tissues, the largest total average concentration of PFAS was observed in harbor porpoise, white sided dolphin, and white beaked dolphin. The results indicated that PFOS is the predominant PFAS in all the species, with the highest average percentage found in the gray seal (49%), white sided dolphin (48%), and harbor seal (48%). In harp seal, 6:2 FTS was 89% higher than PFOS, while in True’s beaked whale, PFTrDA was approximately 28% higher than PFOS. Conversely, in the liver samples, the highest percentage of PFOS concentration was found in white sided dolphin (55%), and harbour porpoise (56%), followed by harp seal (50%), followed by gray seal (49%). Apart from PFOS, long chain PFCAs (PFUnA, PFTrDA, and PFNA) are quite dominant in the liver samples, except for 6:2 FTS in harbor seal. Both PFOS and long-chain exhibit significant bioaccumulative and biomagnification tendencies in the food chain, as observed in other marine mammal studies (Martin et al., 2004; Gebbink et al., 2016; Cara et al., 2022). Notably, 6:2 FTS is widely used for the replacement in the AFFF (Langberg et al., 2019). The liver serves as the primary organ for the buildup of PFAS in marine animals because it is a highly perfused organ that detoxifies harmful chemicals. Long chain PFAS can partition into the liver tissue more preferentially than other organ due to their lipophilic nature and low water solubility. In comparison to short chain PFAS, long chain PFCAs and PFSAs have a larger potential for bioaccumulation (Savoca and Pace, 2021; Khan et al., 2023; Wang et al., 2023). Their larger octanol-water partition coefficient (Kow) cause more bioconcentration and biomagnification higher up the food chain, because they are apex predators and so at the highest trophic levels, marine mammals also accumulate the highest levels of PFAS through food web biomagnification and nutritional intake (Savoca and Pace, 2021; Khan et al., 2023; Wang et al., 2023).
[image: Figure 3]FIGURE 3 | Profiles of the predominant PFAS in the muscle samples of each species.
[image: Figure 4]FIGURE 4 | Profiles of the predominant PFAS in the liver samples of each species.
Besides PFAS, 7:3 Acid (7:3 fluorotelomer carboxylic acid) was frequently detected in harbor seal, hooded seal, harbor porpoise, and white sided dolphins. This molecule serves as the primary stable byproducts of the aerobic and anaerobic biodegradation of fluorotelomer alcohols. Previous reports indicated the presence of this compound in harbor seals (64%) and harbor porpoise (71%) from the US Atlantic coast. In the current analysis, a maximum concentration of 132 ng/g ww was observed. The third highest occurrence of PFAS was observed for 6:2 FTS for harbor seal in liver samples. This compound is widely used as an alternate PFAS for various applications, mainly for electroplating industry (Liu et al., 2022). Recent studies show that this compound is highly toxic and bioaccumulative in aquatic system (Lu et al., 2017). The PFAS 6:2 FTS is primarily used as an alternative to PFOS and has been identified in polar regions as well (Xie and Kallenborn, 2023).
In addition to PFAS, significant percentages of 7:3 acid, PFUnA, and PFTrDA were found in muscle samples. The harbor seal and harbor porpoise species were found to have high levels of 7: 3 acid. PFTrDA percentages were higher in beaked whales and hooded seals. A high relative percentage of the long chain PFUnA was observed in the following species: white beaked dolphin (17%, mean concentration, 5.0 ng/g ww), white sided dolphin (11%, mean concentration, 4.5 ng/g ww), hooded seal (14%, mean concentration, 3.5 ng/g ww), and True’s beaked whale (16%, mean concentration, 2.1 ng/g ww). One recent study has shown that PFUnA occurrence was frequently found in the fish samples from European subalpine lakes in an urbanized region (Rüdel et al., 2022). The concentration ranges and patterns are comparable to those found in the present investigation. Studies shown that PFUnA concentration was dominant in marine mammals from East Greenland. For example, PFUnA concentration was found to be dominant in Killer whales at 168 ng/g and in polar bears at 252 ng/g. In white beaked and white sided dolphins, the major contribution of PFAS were linearly structured, such as PFOS, PFUnA, PFTrDA, and FOSA. Again, similar patterns were previously reported in stranded common dolphins from New Zealand (Stockin et al., 2021). The seals from Greenland have highest fraction of these compounds (Spaan et al., 2020).
Previous studies have indicated a high distribution of PFOA and PFBA in the St. Lawrence River. In our study, the detection frequency of PFOA was 94.9% in muscle samples and 86.8% in liver samples. High concentrations were observed in white beaked dolphins, with 0.7 ng/g ww in muscle and 4.98 ng/g ww in liver samples. For PFBA in liver samples, the detection frequency was 97.4%, with the maximum concentration observed in gray seal, reaching 4.44 ng/g ww. PFAS compounds, including the class of PFSA and FASA, are prevalent in the St. Lawrence River in Quebec, Canada. However, our research revealed a lower presence of these compounds in marine mammals. This can be attributed to various factors. It has been observed that PFAS compounds tend to accumulate and magnify in food webs. Nevertheless, the specific distribution and accumulation of PFAS compounds can vary based on factors like the unique traits of the organisms and the structure of the food chain in particular environment (Munoz et al., 2022; Brunn et al., 2023).
The accumulation of PFAS is influenced by a number of factors, including geographic location, local pollution, and industrial discharge (Zhang et al., 2019; Melake et al., 2022; Guo et al., 2023). They are not equally distributed among the different marine species. When compared to muscle tissue, the liver has a higher concentration of PFAS, the majority of which are PFOS and long chain PFCAs. Numerous investigations have demonstrated that marine mammals are increasingly exposed to newer PFAS. For example, a study on marine mammals from South China Sea revealed significantly rising trends in several specific PFAS, indicating an increase in their concentration over time (Lam et al., 2016). This pattern could be explained using some PFAS rising after regulatory limits were put in place on others. Furthermore, a study conducted on bottlenose dolphin in the northern Adriatic Sea revealed the durability and harmful effects of certain PFAS (Sciancalepore et al., 2021), raising questions about their impact on marine mammals. In terms of their relative toxicity and contribution, emerging PFAS are increasingly causing concern, despite potentially minimal contributions to the overall levels of major PFOS and long chain PFAS. The evidence suggests that due to their potential toxicity (including adverse effects on immune system, liver function, reproductive health, hormone level), emerging PFAS are indeed becoming more prevalent in marine mammals (Lam et al., 2016; Sciancalepore et al., 2021; Ma et al., 2022)
The concentration of perfluoroalkyl carboxylic acids (PFCA), such as PFTeDA, PFTrDA, PFNA, and PFDA, as well as PFOS, and electrochemical fluorination (ECF) precursors, such as FBSA, FHxSA, and FOSA were significantly correlated in liver samples (Figure 5). These results point to a high correlation between marine mammal’s exposure sources to certain PFAS chemicals.
[image: Figure 5]FIGURE 5 | Correlation plot of PFAS in all marine mammals in liver samples.
3.3 Clustering of PFAS contamination in marine mammals
In our research, we conducted a PCA cluster analysis focusing only on harbor porpoise, harbor seal, and white sided dolphin because there sample size of the other mammals was too small for PCA (see Figure 6). Through this analytical approach, we gained valuable insights into the distribution and grouping patterns of these three marine mammal’s species based on the presence of PFAS. The results of our study clearly indicate that their significant difference in the occurrence of PFAS among the harbor porpoise, harbor seal, and white sided dolphin. The PCA analysis indicates that harbor porpoises and white sided dolphin exhibit intriguing characteristics (Law et al., 2008; Stockin et al., 2021). One potential explanation for the elevated levels observed could be the distinct feeding behaviours observed in these species. Harbor porpoise, which typically inhabit nearshore areas, may be more exposed to PFAS contaminated preys found in coastal regions (Law et al., 2008). Conversely, white sided dolphins are known for their high mobility and may cover larger areas, potentially encountering PFAS sources in offshore settings (Stockin et al., 2021).
[image: Figure 6]FIGURE 6 | 3D score plot of PFAS in harbor porpoise, harbor seal and white sided dolphin.
Understanding the varying contamination levels among different species in marine ecosystem involves investigating their habitats and tracking PFAS sources, such as industrial discharge or air deposition (Law et al., 2008; Lynch et al., 2019; Stockin et al., 2021). Elevated PFAS concentration in white sided dolphin and harbor porpoise populations may suggest broader ecological implications, emphasizing the importance of comprehensive monitoring and conservation efforts to address this concern.
3.4 Occurrence of perfluoroalkyl carboxylic acid (PFCA) in marine mammals
The concentrations of PFCAs in liver samples from marine mammals are shown in Figure 7. We investigated PFCAs, which are carboxylic acid analogues with organofluorine counterparts with chain lengths ranging from 8 to 12 carbons. Significantly, every sample that was analyzed showed a regular pattern in which the chain lengths alternated between odd and even values. A noteworthy discovery in that dataset showed that the amounts of PFCAs with odd and even chain lengths was found to be lower than that of PFCAs with odd chain lengths when looking at the liver samples of harbor seal, harp seal, white sided dolphin, and white beaked dolphin.
[image: Figure 7]FIGURE 7 | Average percentage contribution of liver samples of PFCAs to ΣPFCA concentrations in gray seal, harbor porpoise, harbor seal, white-sided dolphin, white baked dolphin, harp seal, hooded seal, and True’s beaked whale.
For instance, within each studied species, PFUnA is higher in all the species and PFNA was consistently detected at higher levels than PFOA. Examining the particular species in further detail, like hooded seals and True’s beaked whales, our data showed an interesting pattern. In these species, the concentrations of PFTrDA were consistently higher than those of PFDA and PFTeDA. Considering all the species, PFHxDA concentrations are comparatively lower compared to other PFCAs.
It is interesting to consider the mechanisms and processes determining the bioaccumulation and distribution of these compounds in various organisms in light of the reported disparity in the amounts of PFCAs with odd and even chain lengths in PFCAs across various species. The specific variations in concentrations provide crucial new insights for future studies on the dynamics of PFCA in diverse ecological settings.
Similar types of patterns have already been reported in marine mammals in earlier studies (Spaan et al., 2020). The peculiar chemical reactions leading to the formation of PFCAs are responsible for the phenomenon wherein odd chains end up having higher concentrations during the atmospheric oxidation of fluorotelomer alcohols (Spaan et al., 2020). Using this technique, PFCAs with both even and odd chain lengths can be produced. Specifically, PFCAs with odd numbered carbon chains are generated through fluorotelomer olefin based (C9-) yields (Spaan et al., 2020). This outcome results from the processes and chemical structures involved in the PFCAs, encompassing both even and odd numbers of carbon chains during the atmospheric oxidation of fluorotelomer alcohols (Spaan et al., 2020).
In our study, we observed a very diverse distribution of PFCA homologues among different species, even though the consistent odd or even chain pattern was observed. These variations could potentially be clarified by considering the unique metabolism of each species. For example, other than PFUnA, PFNA (C9) was the dominant PFCA in gray seal, harp seal, harbor seal, and white beaked dolphin, while PFDA (C10) in harbor porpoise. Second dominant PFCAs in hooded seal, True’s beaked whale and white sided dolphin was PFTrDA (C13). Rather than being heavily reliant on the species, the distribution of PFCAs in marine mammals is impacted by geographical differences in exposure sources and sample locations (Spaan et al., 2020). Studies have indicated that the length of the PFAS, and the amount of PFCAs in marine mammals differ depending on the region (Spaan et al., 2020). For instance, there may be regional differences in the dominant PFCA among marine mammals, reflecting differences in the distribution of PFCA. Additionally, species-specific variations in metabolism, diet, and habitat have an impact on the levels of PFAS in marine mammals (Spaan et al., 2020).
3.5 Association between PFAS concentration, sex and body weight
There were no significant differences in PFAS levels between male and female white-sided dolphins in both muscle and liver tissues for the concentration of the six predominant PFAS using t-tests (p > 0.05) (Figure 8). The same was found for all other species (Supplementary Figure S1). The absence of difference by sex were likewise observed in previous studies, such as those involving bottlenose dolphins from the northern Adriatic Sea and striped dolphins from the west Mediterranean Sea (López-Berenguer et al., 2020; Sciancalepore et al., 2021).
[image: Figure 8]FIGURE 8 | Average concentrations of prominent PFAS among male and female species of white sided dolphin: (A) Muscle tissue; (B) liver tissue.
We compared the correlation between body weight (kg) and quantified predominant PFAS (PFOA, PFNA, PFDA, PFOS, PFUnA, PFTrDA, and PFHxDA) in liver samples for harbor porpoise (n = 21) (Table 4) and white sided dolphins (n = 6) (Table 4). While no significant correlations were found between body weight and the predominant PFAS in the liver of white sided dolphin, a significant negative correlation was found for all predominant PFAS excepted for PFHxDA, which increased with body weight, in the liver of harbor porpoise.
TABLE 4 | Illustrates the correlations between the predominant PFAS in the liver of harbor porpoise and white sided dolphin with their respective body weight (kg).
[image: Table 4]The accumulation of PFAS in marine organisms can have long term effects on genetic biodiversity, species biodiversity, and ecosystem health (Bilela et al., 2023). The primary constrains affecting the robustness of the study lie in the limited sample size and the ambiguity surrounding the ages of the studied species. One noteworthy limitation pertains to the relatively small number of subjects include in our research, which may hinder the generalizability of our findings. Additionally, the study faced challenges associated with the unavailability of age information for the selected species. During our investigations, we relied on decreased sea mammals’ specimens obtained from both the Saint-Lawrence River and Gulf. This method of sample collection, while practical for certain aspects of our study, introduced a significant drawback in the inability to ascertain the age of each individual mammals. Consequently, this lack of age data poses a potential limitation to the comprehensive understanding of the life cycle and developmental patterns within the studied populations. It must nevertheless be emphasized that it is not easy to come by tissues samples from sea mammals and the collected data are quite precious and useful.
4 CONCLUSIONS
In summary, a thorough analysis of 80 PFAS found in liver and muscle samples from 39 marine mammals’ specimens has shed light on the distribution and accumulation patterns of these contaminants. The results highlight the liver as the principal location where PFAS builds up, with a significant 76% greater concentration there than in the muscle. This emphasized role was more prominent for at least forty distinct PFAS chemicals.
Among the noteworthy findings is the discovery that the liver of white sided dolphin had an average PFOS content of 183 ng/g ww. The study carefully detected 41 PFAS in liver sample, whereas 31 PFAS were found in muscle samples. White sided dolphins, white beaked dolphin, and harbor porpoise species that occupy higher trophic levels in the marine food web, consistently displayed greater accumulation. Interestingly, True’s beaked whales did not exhibit higher PFAS buildup despite their placement at a higher trophic level.
The growing knowledge of PFAS negative effects on the environment is reflected in the increasing prohibitions and bans on the chemical by numerous governmental bodies and organizations. The study implies, ironically, that prohibiting one class of PFAS could cause an increase in the accumulation of another. This emphasizes how difficult it is to manage PFAS contamination and how important it is to have a broader, all-encompassing regulatory strategy.
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PEURA 478 (408, 6.21) | 684 (596,785) | 498 1862 27.39 (981, 3811 (3132, 43.27) 61.50 19.11 100
65.26)

PEDoA 101 (054, 1.61) | 0.88 (0.71,1.08) | 034 476 467 (171, 635 (3697, 43.27) 868 424 100
10.44)

PFTIDA 182 (103,3.13) | 235 (234,237) | 253 1220 9.64 (3.65, 15.19 (10.15, 18.80) 1648 1904 100
23.53)

PEHxDA 045 (0.37,0.60) | 041 (0.35,047) | 057 059 049 (035, 1.62) 041 (0.32,047) 039 080 100
PEBA 0.56 (0.38, 1.15) | 290 (189, 444) | 171 227 100 (024, 2.46) 071 (0.21, 161) 035 094 974
PFHxS 0.6 (021,3.46) | 016 (0.12,022) | 028 068 051 (0.12,2.61) 149 (114, 3.10) 286 0.16 974
PFHpS 0.33,(0.14,0.98) 012 008 026 030 (0.09, 1.54) 0.58 (0.38, 0.96) 089 018 947

(0.098, 0.15)
PFTeDA 029 (0.09, 0.70) ND ND 269 145 (0,37, 329) 244 (161, 3.15) 188 521 947
FOSA 0.35 (0.20, 0.54) 071 ND ND 143 (027, 1100 (456, 16.04) 18.60 367 92.1
1552)
PEOA 049 (021,1.02) | 018 (0.13,025) | ND 077 031 (0.14, 0.68) 0.69 (0.18, 1.6) 498 021 868
FHXSA 0,09 (0.05, 0.07) 004 ND ND 037 (0.08, 3.72) 2,08 (0.65, 2.95) 333 237 816
FBSA 0.10 005 ND ND 099 (0.23, 5.63) 048 (0.29, 1.01) 135 071 789
PEECHS 043 (012, 0.52) ND ND ND 022 020 (015, 0.28) 020 ND 711
(0.045, 2.02)
62-FTS 563 (010, | 061(012,310) | ND 005 038 (0.05, 043 (0.08, 12.69) 009 015 658
75.81) 22.56)
53-Acid ND ND ND ND 328 (045, 2,08 (1.28, 3.95) 031 ND 553
3265)
PFHpA ND ND ND 014 0.16 (0.07, 0.42) 024 (0.21,031) 054 011 50
102-FTCA 095 (0.63, 1.41) ND ND ND 064 (028, 1.39) 049 (041, 0.75) ND 076 50
PFDoS ND ND ND 007 0071 0.10 (0.07, 0.14) ND 006 289
(0.03,0.17)

FHpSA ND ND ND ND 0.08 (0.06, 0.11) 008 (005, 0.12) 007 ND 132

PEPrA ND ND 115 ND 122 (0.46, 2.43) ND ND ND 105
Average total 16550 100.72 4426 12631 277.04 33352 33054 10562
PFAS
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Compound Harbor seal  Gray seal Harp Hooded Harbor White-sided White- True's DF
name n=5 n=2 seal sealn=1 porpoise dolphinn=6 beaked beaked
n=1 n=22 dolphin whale
n=1 n=1
Geometric  Geometric Geometric Geometric
mean mean mean mean
(min, Max)  (min, Max) in, max) (min, max)

PFOS 9.86 (558, 23.14) | 839 (5.82,1211) | 1.09 682 1234 (109, 53.98) | 19.16 (1459, 26.07) 1053 324 100

PENA 050 (0.17,133) | 084 (0.51,137) | 030 1.60 063 (006, 2.95) 127 (043, 2.4) 286 040 100

PEDA 034(0.15,063) | 0.68 (0.48,097) | 0.6 078 103 (009, 455) | 157 (0.82, 2.26) 144 068 100

PFUnA 0.81 (0.56, 1.35) 1.50 (1.25, 1.81) 0.54 348 246 (0.37, 9.29) 4.27 (2.26, 5.70) 495 208 100

PFTIDA 044 (021,079) | 070 (0.66,074) | 028 409 161 (021,574) | 268 (113,375) 216 429 100

PEHxDA 014 (0.10,022) | 0.19 (0.14,025) | 0366 029 018 (0.10,046) | 0.7 (0.12, 0.27) 010 040 100

7:3-Acid | 329(109,2108) | 171(129,3228) | 023 132 411021, 6434) | 182 (0.30, 474) 087 ND 974

PFTeDA 0.07 (0.048, 0.14) | 0.07 (0.07,0074) | ND 082 022 (003,097) | 031 (0.16, 0.38) 018 118 974

PFOA 0.12 (0.08, 0.24) 0038 0056 027 011 (0.04,024) | 018 (0.06, 0.30) 070 0.06 949

PFDoA | 019010,03) | 021019,022) | ND 122 057 (022,196) | 083 (043, 1.06) 080 05 oo

PFHxS 022 (006, 103) | 0.11 (0.06,022) | 0.7 030 017 (004, 1.01) | 027 (0.15, 0.47) 039 ND 923

FHxSA | 002002, 003) 0013 001 ND 009 (002,134) | 036 (025, 0.44) 048 006 821

PFHpS 008 (002,0.14) | 0.04 (0.03,007) | ND 004 007 (002, 040) | 0.08 (0.04, 0.12) 005 ND 795

FBSA ND ND ND ND 028 (008, 132) | 0.7 (0.06, 0.08) 024 ND 744

FOSA 015 ND ND ND 044 (015, 161) | 237 (185, 2.63) 401 N w2

6:2_FTS 284 (284,285) | 301(283,319) | 384 302 267 (231,321) | 279 (257, 2.94) ND 006 436

Acid ND ND ND ND 084 (034,877) | 026 (024, 0.29) ND ND 436

PEECHS 0.15 (0.09, 0.26) ND ND ND 006 (002, 0.47) 006 ND ND 436

PFHpA ND ND ND ND 0.06 (0.03,008) | 0.04 (0043, 0.05) 007 ND 21

42_FTS 009 ND 012 ND 017 (0.08, 0.65) 008 ND ND 154

ND ND ND ND 010 (0.06, 0.16) 012 ND 006 103

Average total 243 1839 712 2410 3690 3877 2091 16555
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Category Acronym Name Chemical formula
PECAs PEBA Perfluorobutanoic acid C,F,COOH
PEPeA Perfluoropentanoic acid C;FCOOH
PFHxA Perfluorohexanoic acid C4F1,CO0H
PFHpA Perfluoroheptanoic acid C,F;;COOH
PFOA Perfluorooctanoic acid | GFisCOOH
PENA Perfluorononanoic acid CoF1;COOH
PFDA Perfluorodecanoic acid CioF15COOH
PFUnA Perfluoroundecanoic acid C11F2 COOH.
PEDoA Perfluorododecanoic acid C12F23COOH
| pETDA Perfluorotridecanoic acid C13F25COOH
PFTeDA Perfluorotetradecanoic acid C14F2,COOH
PFHxDA Perfluorohexadecanoic acid CieF5 COOH
PFOCDA Perfluorooctadecanoic acid Ci5F35COOH
PESAs PEES Perfluoroethane sulfonate CESSOH
PEPIS Perfluoropropane sulfonate CF,SOH
PEBS Perfluorobutane sulfonate CESOH
PEPeS Penfluoropentanes sulfonate CFSOH
PFHxS Perfluorohexane sulfonate CE1:SOH
PFHpS Perfluoroheptane sulfonate GF15SOH
PFOS Perfluorooctane sulfonate G:F(;SO:H
PENS Perfluorononane sulfonate CoF1pSOH
PEDS Perfluorodecane sulfonate CioF2SO.H
PFUdS Perfluoroundecane sulfonate CiFxSO;H
PEDoS Perfluorododecane sulfonate CiaFsSO;H
| prrs Perfluorotridecane sulfonate CiaFy7SO,H
CL-PFOS Chloroperfluorooctane sulfonate Gy, CISO;™
Cylic PFSA PFECHS Perfluoro-4-ethylcyclohexane sulfonate (CaF17)CaHsCoHy1SOsH
FASAS/FASAAs FBSA Perfluorobutane sulfonamide C,FsSO,NH,
FHxSA Perfluorohexane sulfonamide CyF13SO,NH,
FHpSA Perfluoroheptane sulfonamide G/ 15SO,NH,
FOSA Perfluorooctane sulfonamide CyF1,SO,NH,
EDSA Perfluorodecane sulfonamide CioF2SO,NH,
MeFBSA N-methyl-perfluorobutane sulfonamide C,FsSON(CHy)H
MeFOSA N-methyl-perfluorooctane sulfonamide CsF1ySO:N(CHy)H
EtFOSA N-ethyl-perfluorooctane sulfonamide CyF1,SON(CoH H
FOSAA Perfluorooctane sulfonamidoacetic acid C4F1;S0;NHCH,COOH
MeFOSAA N-methyl-perfluorooctane sulfonamidoacetic acid CsF1;80;NH(CH3)CH,COOH
EtFOSAA N-ethyl-perfluorooctane sulfonamidoacetic acid CsF1780,N(C;Hs)CH,COOH
FTCAS/FTUCAs 33 acid 33 fluorotelomer carboxylic acid CF;CH,CH,COOH
4:3 acid 43 fluorotelomer carboxylic acid C,FyCH,CH,COOH
5:3 acid 53 fluorotelomer carboxylic acid CsFy,CH,CH,COOH
7:3 acid 7:3 fluorotelomer carboxylic acid GoF15CH,CH,COOH
6:2 FICA 62 fluorotelomer carboxylic acid C4F1;,CH,CH,COOH
82 FICA 822 fluorotelomer carboxylic acid C:F(;CH,CH,COOH
102 FTCA 102 fluorotelomer carboxylic acid CioF21 CH,CH,COOH
6:2 FTUCA 62 fluorotelomer unsaturated carboxylic acid CoF1sCH
82 FTUCA 82 fluorotelomer unsaturated carboxylic acid CiF,,CH
10:2 FTUCA 1022 fluorotelomer unsaturated carboxylic acid CioF21CH
FTSAs 42 FTSA 42 fluorotelomer sulfonate CFsCH,CH,S05
6:2 FISA 62 fluorotelomer sulfonate CoF13CH,CH,SO,™
82 FISA 82 fluorotelomer sulfonate CyF;CH,CH,S0,~
102 FTSA 102 fluorotelomer sulfonate CioF21CH;CH,805™
Phosph. Acids 6:6 PEPi Bis(perfluorohexyl)phosphinate (CeF13):PO,
6:8 PFPi Perfluorohexylperfluorooctylphosphinate (CeFy13) (CsF,7)PO,
8:8 PEPi Bis(perfluorooctyl)phosphinate (C4F17),PO,
PFHXPA Perfluorohexylphosphonic acid CeF13PO;
PFOPA Perfluorooctylphosphonic acid CsF17POs
6:2 diPAP Bis-(1H,1H,2H,2H-perfluorooctyl)phosphate CieHoF2O,P
diPAPs 6:2/8:2 diPAP 6:2/8:2 Fluorotelomer phosphate diester CigHoFyoO,P
8:2 diPAP 82 Fluorotelomer phosphate diester CaoHoF3,0,P
Ether-PFAS 6:2 CI-PFESA 6:2 chlorinated perfluoroalkylether sulfonate CyF1;0CH,CHCISO;™
8:2 CI-PFESA 82 chlorinated perfluoroalkylether sulfonate CyF1;OCH,CHCISO,~
Gen-X (HFPO-DA) Hexafluoropropylene oxide dimer acid CHF 05
ADONA Dodecafluoro-3H-4,8-dioxanonanoate GoF 1205
PEMPA Perfluoro-4-oxapentanoic acid [AXeN
PFMBA Perfluoro-5-oxahexanoic acid CFOy
3,6-OPFHpA Perfluoro-3, 6-dioxaheptanoic acid CsF1304
PFEESA Perfluoro (2-ethoxyethane)sulfonate GF;0CH 805"
ESI+ ECF prec AmPr-FHxSA (PFHxSAm) Perfluorohexane sulfonamidopropyl amine CiHiFiN,058
AmPr-FOSA (PFOSAm) Perfluorooctane sulfonamidoalkyl amine CyF 1, SO,NHR
T-AmPr-FHxSA (PFHXSAmS) Perfluorohexane sulfonamidopropyl ammonium CoF13S0;NHC;HeNH,
T-AmPr-FOSA (PFOSAmS) Perfluorooctane sulfonamidopropyl ammonium CoF1;S0;NHC,HGNH, "
CMeAmPr-FOAd (PFOAB) Perfluorooctane amidopropyl betaine C4F1;CONHCH,CH,N(CH;),CH,COO0-
CMeAmPr-FOSA (PFOSB) Perfluorooctane sulfonamidopropyl betaine CsF1;80;NHC,HGN(CH,),CH,CO0"
OAmPr-FOAd (PFOANO) Perfluorooctane amidopropyl amine oxide CyF1;CONHCH,CH,N(CH;,),0
OAmPr-FOSA (PFOSNO) Perfluorooctane sulfonamidopropyl amine oxide CoF1;S0;NHC,HN(CH,),0
ESI + FTAB/FTBs | 5:3 FTB 53 fluorotelomer betaine CF3(CE,),CH,CH,N(CH;),C00"
5:1:2 FTB 5:1:2 fluorotelomer betaine CF,(CE,),CH,CH,N(CH,),CO0"
6:2 FTSA-PrB (6:2 FTAB) 622 fluorotelomer sulfonamidopropyl betaine CF3(CF,)sCH,CH;N(CH,),S0;~
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