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Abstract 

A fast and sensitive analytical method was developed for the determination of 11 ultra-short and 
short-chain PFAS in surface water. For the first time, online solid-phase extraction coupled with 
liquid chromatography high-resolution mass spectrometry (on-line SPE-LC-HRMS) was used to 
analyze these emerging PFAS. Screening of 7 chromatographic columns and 5 on-line SPE 
columns was performed, and experimental designs were applied to optimize SPE loading 
conditions. Other method parameters were tested, leading to the choice of filter (glass fiber), 
sample acidification, chromatographic mobile phases (25mM ammonia acetate in 
water/acetonitrile), and SPE loading mobile phase (0.0125% formic acid in mQ-water). The 
method was validated in surface water matrix with suitable determination coefficients, detection 
limits (LOD range: 0.006-3.3 ng/L), accuracy (71%-130%), intraday precision (0.48%-20%), and 
inter-day precision (0.92%-19%). The method was applied to 44 river water samples collected in 
Eastern Canada, including airport sites with fire-training areas. Of the 11 ultra-short and short-
chain PFAS targeted for screening, the most frequent were trifluoroacetic acid (TFA, 4.6–220 
ng/L), perfluorobutanoic acid (PFBA, 0.85–33 ng/L), perfluoropentanoic acid (PFPeA, 1.2–2100 
ng/L), trifluoromethane sulfonic acid (TMS, 0.01–4.3 ng/L), and perfluorobutane sulfonic acid 
(PFBS, 0.07–450 ng/L). Levels of PFBS, PFBA, and PFPeA were orders of magnitude higher in 
rivers near fire-training area sites compared with other rivers, while TFA and TMS were not, likely 
reflecting atmospheric deposition sources for these two compounds. Ultrashort 1:3, 2:3 and 3:3 
polyfluoroalkyl acids were also detected in environmental waters for the first time. 
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Résumé 

Une méthode d'analyse rapide et sensible a été mise au point pour la détermination de 11 PFAS à 

chaîne courte et ultra-courte dans les eaux de surface. Pour la première fois, l'extraction en phase 

solide en ligne couplée à la chromatographie liquide avec spectrométrie de masse à haute 

résolution (SPE-LC-HRMS en ligne) a été utilisée pour analyser ces PFAS émergents. Une 

sélection de 7 colonnes chromatographiques et de 5 colonnes SPE en ligne a été réalisée, et les 

conditions de chargement de la SPE ont été optimisées. D'autres paramètres de la méthode ont été 

testés, ce qui a conduit au choix suivants : le filtre (fibre de verre),  l'acidification de l'échantillon, 

les phases mobiles chromatographiques (acétate d'ammoniaque 25mM dans l'eau/acétonitrile) et 

la phase mobile de chargement de la SPE (0,0125% d'acide formique dans l'eau mQ). La méthode 

a été validée dans une matrice d'eau de surface et la méthode établie a satisfait à plusieurs critères 

de qualités, notamment, les coefficients de détermination, les limites de détection (gamme LOD : 

0,006-3,3 ng/L), une exactitude (71%-130%), une précision intra-journalière (0,48%-20%) et une 

précision inter-journalière (0,92%-19%). La méthode a été appliquée à un ensemble de 44 

échantillons d'eau de rivière prélevés dans l'est du Canada, y compris des aéroports comportant 

des zones d'entraînement à la lutte contre les incendies. Parmi les 11 PFAS à chaîne courte et ultra-

courte ciblés pour le dépistage, les plus fréquents étaient l'acide trifluoroacétique (TFA, 4,6-220 

ng/L), l'acide perfluorobutanoïque (PFBA, 0. 85-33 ng/L), l'acide perfluoropentanoïque (PFPeA, 

1,2-2100 ng/L), l'acide trifluorométhane sulfonique (TMS, 0,01-4,3 ng/L) et l'acide 

perfluorobutane sulfonique (PFBS, 0,07-450 ng/L). Les niveaux de PFBS, PFBA et PFPeA étaient 

de plusieurs ordres de grandeur plus élevés dans les rivières proches des sites d'entraînement à la 

lutte contre les incendies que dans les autres rivières, ce qui n'était pas le cas du TFA et du TMS 

(ce qui reflète probablement les sources de dépôt atmosphérique pour ces deux composés). Des 

acides polyfluoroalkylés ultra-courts (1 :3 2 :3 et 3 :3) ont également été détectés dans les eaux 

environnementales, pour la première fois.  
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1. Introduction 

1.1. Background 

Per- and polyfluoroalkyl substances (PFAS) are a group of manufactured chemicals that include 

thousands of compounds used in various industrial and commercial products due to their water- 

and oil-repellent properties, surfactant properties, and thermal and chemical stability. 1 As a result 

of the extensive use of PFAS and their persistence, these compounds have been released into the 

environment on a global scale. 2 PFAS can enter the environment through manufacturing activities, 
3 domestic or industrial wastewater discharge, 3,4 land application of biosolids, 5 landfill leachates, 
6 aqueous film-forming foams (AFFFs), 7 oil recovery and drilling/mining processes, 8 and many 

other routes. Concerns over the persistent, bioaccumulative, and toxic properties of PFAS have led 

to the phase-out of certain long-chain perfluoroalkyl acids (PFAAs), such as perfluorooctanoic 

acid (PFOA), perfluorooctane sulfonate (PFOS), and related salts and precursors. Current-use 

alternatives include not only PFAS of different chemistries, such as fluorotelomers and fluoroalkyl 

ethers but also short-chain and ultra-short-chain analogues of PFOS and PFOA.9  

 

Short-chain and ultra-short-chain PFAS are classified according to the number of CF2 molecules 

when they have 3-6 and 1-2 fully fluorinated carbon atoms, respectively. 10 Though they are 

considered less bioaccumulative than their long-chain homologues, 11 they are highly persistent 

and mobile in the environment. This high mobility is attributed to their high solubility in water and 

poor adsorption to solids and organic matter, which also explains why they can escape 

conventional water treatment processes. 9, 12 Besides, as the technical performance (e.g., surface 

tension lowering properties) of short-chain alternatives may be lower than that of long-chain PFAS, 

achieving similar performance may require the use of more significant amounts of short-chain 

PFAS in formulations. 13 Sustained releases from point sources, such as from firefighting training 

sites where AFFFs were used, can cause groundwater contamination and increase levels of short-
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chain PFAS in drinking water over time, thus potentially increasing human exposure. 12, 13 

Ultrashort-chain trifluoroacetic acid (TFA), a C2 perfluorocarboxylic acid (PFCA), has been 

detected at higher concentrations in the atmosphere, precipitation, surface river water, soil and 

sediments than its long-chain PFCA homologues. 14-16 Although it was suspected TFA has natural 

sources of TFA, such as hydrothermal vents,17 widespread presence of TFA can mainly be 

attributed to the direct anthropogenic emission of TFA and the degradation of anthropogenic 

chemicals, including fluoropolymers, 18 fluorotelomer alcohols, 19 hydrochlorofluorocarbons 

(HCFCs), hydrofluorocarbons (HFCs), 20 and certain pesticides and pharmaceuticals containing 

the trifluoromethyl group (-CF3). 21 Several studies have reported the presence of TFA in surface 

waters. The concentrations of TFA in Swiss rivers ranged from 0.01 to 0.33 µg/L, 22 and the average 

concentration observed in the main rivers of Germany was 0.14 µg/L. 23 Moreover, TFA has been 

detected in rain and snow samples from Switzerland, 22 China, 14 24 the United States, 25 Sweden, 

Canada, Ireland, and Poland 26 in the μg/L range. Studies about the sources of other short-chain 

and ultra-short-chain PFAS, for example, perfluoropropanoic acid (PFPrA), trifluoromethane 

sulfonic acid (TMS), and perfluoroethane sulfonic acid (PFEtS) in the environment is limited, and 

the environmental distribution of these PFAS remains unclear, 9 although some of them have also 

been detected in bottled water, 27 surface snow, 28 and groundwater. 29 Recently, PFPrA and PFBA, 

as well as TFA, were found in ice caps in remote areas, suggesting that they are globally distributed, 

even in polar regions. 30 Additionally, TFA and PFPrA were investigated in human serum samples 

from Tianjin, China; the concentration of TFA was higher than most PFAS except for 

perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS). 31 

 

However, short-chain and ultra-short-chain PFAS pose challenges in chemical detection and 

measurement. Current analytical techniques of ultra-short-chain and short-chain PFAS are 

summarized in Table S1. Earlier studies mainly utilized gas chromatography (GC) to measure 

ultra-short-chain PFAS (e.g., TFA) in the water matrix after chemical derivatization. 32-36 For 

instance, Scott et al. developed a method for determining (C2-C9) PFCAs by adding 2,4-
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difluoroaniline and N,N-dicyclohexylcarbodiimide to produce 2,4-difluoroanilides analogues of 

the acids prior GC-MS analysis. 36 However, derivatization is time-consuming and can suffer other 

pitfalls, such as the difficulty of controlling derivatization yields across samples. Alternatively, 

developing analytical methods for underivatized TFA and other ultra-short-chain PFAS will be 

advantageous, particularly the ones based on high-performance liquid chromatography-mass 

spectrometry techniques (HPLC-MS). 37 There are several analytical challenges associated with 

the use of conventional reversed-phase liquid chromatography (RPLC) systems for ultra-short and 

short-chain PFAS analysis. The high polarity of these PFAS typically results in poor 

chromatographic retention and separation and poor peak resolutions. 38 Poor retention on the RPLC 

column implies early elution with other highly polar matrix components of an aqueous sample in 

the inter-particle volume (void volume) of the column, which also results in poor electrospray 

ionization efficiency under the highly aqueous conditions at the start of the RPLC gradient. 39-41 

Besides, these polar and water-soluble PFAS are difficult to concentrate using procedures 

previously developed for conventional long-chain PFAS. Ultra-performance convergence 

chromatography (UPC2), 38 mixed-mode liquid chromatography (MMLC), 41, 42 and supercritical 

fluid chromatography (SFC) 28, 43 are emerging as alternative techniques to analyze ultra-short-

chain and short-chain PFAS. Among these techniques, SFC achieved the lowest instrument 

detection limits for C1-C4 PFAS, all at 0.009 ng/L, 28 but it has not yet gained wide popularity due 

to the need for specific instrumentation and pressure conditions. Despite significant advances in 

recent years, the analytical separation and detection of ultra-short-chain and short-chain PFAS 

remains challenging. Therefore, developing reproducible and accurate analysis techniques to 

determine short-chain and ultra-short-chain PFAS is essential to support environmental fate and 

source tracking. 

 

Among the alternatives to RPLC, hydrophilic interaction liquid chromatography (HILIC) is a 

liquid chromatography mode for the efficient retention and separation of moderately to highly 

hydrophilic and polar compounds. It is based on a hydrophilic stationary phase routinely used in 
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normal phase liquid chromatography (NPLC) but combined with a mobile phase (water/polar 

organic solvent mixture) typically used in RPLC. 44 In contrast to NPLC that uses apolar solvents 

(hexane or dichloromethane), HILIC has a distinct advantage that makes it very attractive: its good 

compatibility with mass spectrometry (MS), especially with electrospray ionization (ESI) 

interfaces, because the solvents used as mobile phases in HILIC are similar to those used in RPLC, 

and acetonitrile-rich eluents can enhance ionization efficiency resulting in increased detection 

sensitivity. 44 45 However, one main challenge in using HILIC is the difficulty in selecting proper 

columns for method development, given the large number of materials used as stationary phases 

in HILIC and a lack of guidance in developing new HILIC methods. 45 Over the past few years, 

HILIC has become one of the preferred analytical techniques to analyze many highly polar 

compounds, 46 such as biological toxins, 47 nucleosides, 48 carbohydrates, 49 50 amino acids, and 51 

peptides. 52 A few studies have focused on using HILIC for PFAS analysis. 53-55 For instance, Zahn 

et al. developed a HILIC-HRMS non-target screening method utilizing a Nucleodur HILIC column 

for analyzing halogenated methanesulfonic acids in the water cycle, including TMS. 55 To date, 

however, no study has investigated sample pre-concentration coupled on-line to HRMS for faster 

turnaround times and improved sensitivity of ultra-short-chain PFAS. 

1.2. Thesis Objectives 

The objective of this thesis was to develop a fast and sensitive analytical method for the 

determination of environmentally important ultra-short-chain and short-chain PFAS in river water. 

Target compounds included TFA, perfluoropropanoic acid (PFPrA), perfluorobutanoic acid 

(PFBA), trifluoromethane sulfonic acid (TMS), perfluoroethane sulfonic acid (PFEtS), and ultra-

short/short-chain n:3 acids (n = 1-3). The specific objectives were to: 

 

(1) Optimize HPLC column selection and sensitivity/retention factors by screening 7 columns 

in HILIC, anion-exchange, and RPLC modes, including changes in mobile phase 

composition, flow rate, and acid amendment; 
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(2) Optimize the SPE parameters by testing the selected separation column with several online 

preconcentration columns; 

(3) Validate the method on blank surface water, assessing linearity, limits of detection and 

quantification, recovery, accuracy, and precision; 

(4) Apply the developed method to a collection of river water samples obtained from 

background and AFFF-impacted areas in Eastern Canada. 
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2. Literature Review 

2.1. PFAS Chemistry and Applications 

Per- and polyfluoroalkyl substances (PFAS) are anthropogenic chemicals used for decades in 

various consumer and industrial products.56 These chemicals are categorized as organofluorine 

compounds, in which fluorine atoms partially or wholly replace hydrogen atoms. This chemical 

alteration makes PFAS possess many unique properties besides being highly chemically, 

biologically and thermally stable. Perfluoroalkyl substances are compounds in which fluorine 

atoms replace all hydrogen atoms in the molecule except those in the hydrophilic functional groups. 

Polyfluoroalkyl substances, on the other hand, contain a mixture of carbon-fluorine and carbon-

hydrogen bonds. These bonds can impact the chemical and physical properties of the substance, 

affecting its solubility, volatility, and stability. 

 

The manufacturing of PFAS has historically relied on two primary synthesis routes: 

electrochemical fluorination (ECF) and fluorotelomerization (FT). The electrochemical 

fluorination process produces a mixture of branched and linear isomers, while fluorotelomerization 

primarily yields linear PFAS. Branching of the main C backbone results in numerous PFAS 

isomers. 57 For example, perfluorooctane sulfonic acid (PFOS), a well-known PFAS, can exist in 

a mixture of the linear isomer and 10 branched isomers, with 89 congeners theoretically possible. 
58, 59 Figure 1 shows the structures of several most common PFAS classes. 

 

Since the 1950s, PFAS have been widely used in various consumer and industrial products, owing 

to their versatility and durability. They have been a popular choice in cookware, bakeware, food 

packaging, outdoor clothing, tents, car interiors, etc. The electronics industry extensively utilizes 

PFAS to manufacture computer chips, semiconductors, and other electronic components. 

Furthermore, PFAS have found applications in industrial processes such as carpet manufacturing, 
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paint production, and adhesive formulations. 60 Personal care products, including cosmetics and 

lotions, often contain PFAS to enhance their texture and consistency. 61 Firefighting foams, widely 

employed to extinguish fires and prevent their spread, also incorporate PFAS for their firefighting 

capabilities. 62-64 

 

 
Figure 1 Structures of some common PFAS classes 

2.2. Environmental and Health Concerns 

PFAS can enter the environment through manufacturing operations discharge,3 domestic or 

industrial wastewater discharge,3 4 biosolids application,5 landfill leachate,65 AFFF use,7 or other 

waste streams. Widespread use and extremely high resistance to degradation have caused these 

compounds to be omnipresent in the environment. Kim et al. 66 examined the presence of PFAS in 

wastewater from 77 industrial plants in Korea. A total of 28 novel and legacy PFAS were detected, 
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with 19 found in untreated industrial wastewater and 9 in river water. The mean PFAS 

concentration in industrial wastewater treatment plant effluent was 5.18 µg/L. 

Perfluorohexanesulfonate is the predominant PFAS found in all effluents and contributes to 96% 

of the total PFAS discharged. Masoner et al. 67 investigated the prevalence and concentration of 

PFAS in landfill leachates and wastewater influent/effluent from three landfill-WWTP systems in 

Florida. This finding revealed that PFAS were detected more often in leachates (92%) and at higher 

levels than in wastewater influents. Total PFAS concentrations in leachate (93100 ng/L) were more 

than 10 times higher than in influent (6950 ng/L) and effluent samples (3730 ng/L). McCord et al. 
68 identified new chloro-perfluoro-polyether carboxylates and related compounds in water samples 

from southwestern New Jersey using nontarget LC-HRMS analysis. 

 

Exposure to contaminated drinking water has become the most significant source of PFAS 

exposure for impacted communities. 69 It was estimated that more than 6 million U.S. residents are 

affected by this issue, with drinking water supplies exceeding the former U.S. EPA lifetime health 

advisory levels of 70 ng/L for PFOA and PFOS. 69 This exposure is often linked to aqueous film-

forming foam (AFFF) use in fire training areas at military sites and civilian airports and industries 

that manufacture or use PFAS and wastewater treatment plants. These sources have been shown 

to contribute significantly to the levels of PFAS in drinking water. 70 In addition to exposure to 

drinking water, other important pathways of exposure to PFAS have been identified. For instance, 

the consumption of certain foods, particularly fish, shellfish, and meat, has been identified as a 

significant source of exposure to PFAS. 71 This is because these compounds can bioaccumulate in 

the food chain. Moreover, studies have shown that neutral PFAS compounds are typically more 

prevalent in indoor air and dust and may contribute to overall exposure in household settings. For 

young children, breastmilk ingestion was identified as a significant exposure pathway for PFAS, 
72 along with exposure to house dust. 73  

Human exposure to PFOA, among the most often detected PFAS, has been associated with cancer, 

elevated cholesterol, obesity, immune suppression, and endocrine disruption.74 75 76 Toxicity of 
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most PFAS used in commerce has not been studied, but the persistence alone leads some 

researchers to call for completely banning these substances.77 78 Also, wide variability in PFAS 

structures results in varying properties. Some are bioaccumulative and pose mammalian toxicity, 

while many are not bioaccumulative but highly mobile in the environment,79 80 such as certain 

short-chain PFAS.81 82  

2.3. PFAS Analytical Methods 

The global concern regarding the health and environmental impacts associated with PFAS 

exposure has been mounting, triggering an urgent need for research to understand the occurrence, 

fate, and transport of these compounds in the environment and living organisms. To address this 

challenge, a range of analytical methods and instruments have been developed to detect and 

quantify PFAS. These include targeted analysis, non-standardized analysis, isomers/enantiomers 

analysis, and total PFAS analysis, among others. Although each method has unique strengths, they 

also have inherent limitations, which require careful evaluation when selecting the most 

appropriate method for a particular sample or matrix. Often, it is necessary to use complementary 

tools in tandem to provide a more comprehensive understanding of the PFAS present in a given 

sample or matrix. 

2.3.1. Targeted Analysis 

Target analysis is a well-established and reliable approach for the detection of PFAS. This approach 

relies on reference standards and isotope-labeled internal standards to detect and quantify known 

PFAS. The high precision and sensitivity offered by liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) make it the preferred method for this type of analysis. EPA methods 

such as EPA-537, EPA-537.1, EPA-533, and EPA-1633 have been developed to standardize the 

target analysis process, and each method targets a different set of PFAS compounds, with EPA-

537 containing 14 analytes, EPA-537.1 containing 18, EPA-533 containing 25, and EPA-1633 

containing 40. 83 The first three methods are only for drinking water, while the last method covers 
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a diverse range of environmental matrices, including surface water, groundwater, wastewater, soil, 

biosolids, sediment, landfill leachate, and fish tissue. 

 

Although target analysis is a reliable method for PFAS detection and quantification, the approach 

alone often cannot fully encompass the type of PFAS present in environmental samples. There are 

approximately 5000 PFAS on the global market, and most of these compounds are polyfluoroalkyl 

compounds and have the potential to transform into other persistent types of PFAS, including 

perfluoroalkyl acids. 84 Therefore, the analyte lists of these standardized methods are far from 

being comprehensive enough and leave out some potentially important compounds. For instance, 

5:3 fluorotelomer carboxylic acid (5:3 FTCA), a unique metabolite of biotransformation of 6:2 

fluorotelomer, is not covered by any of these EPA Methods. A study has shown that 5:3 FTCA was 

the largest contributor to overall PFAS release in landfill leachate and, therefore, could be used as 

a marker compound to indicate contamination from landfill leachate.65 Many other examples of 

important PFAS being left out of analyte lists for PFAS risk assessment, source tracking and 

remediation efforts. 84 In addition, these standard methods are generally limited to anionic and 

non-volatile compounds in aqueous or solid matrices, while no standard method has specifically 

focused on volatile PFAS. 

2.3.2. Non-standardized Analysis 

In recent years, the limitations of commercial PFAS analysis methods have become increasingly 

apparent, prompting a search for more advanced technologies that can provide more 

comprehensive PFAS characterization. High-resolution mass spectrometry (HRMS) has emerged 

as a promising technique. HRMS provides higher resolution and mass accuracy, enabling the 

identification of unknown and non-targeted PFAS compounds. Due to its high resolution and high 

full-scan sensitivity, HRMS can be applied to identify multiple PFAS simultaneously. 85 LC and 

GC combined with various HRMS-based techniques, such as quadrupole-time-of-flight mass 

spectrometry (QToF-MS), Fourier transform infrared mass spectrometry (FTIR-MS), and Orbitrap, 

have been widely used to identify and semi-quantify many PFAS that lack analytical standards. 85 
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86 87 D’Agostino et al. 7 identified 103 new PFAS compounds from 10 different PFAS classes in 

10 AFFF formulations using LC-QToF-MS. QToF-MS was also utilized by Barzen-Hanson et al. 
88 to identify 40 new classes of PFAS in AFFF products and AFFF-impacted groundwater. They 

further reported that 34 of those classes originated from the electrochemical fluorination (ECF) 

process. Using fast atom bombardment mass spectrometry (FAB-MS) with UPLC-QTOF-MS, 

Place et al. 89 identified 27 PFAS in AFFFs. Liu et al. 90 employed LC-Orbitrap-HRMS to identify 

over 330 fluorinated analytes from 10 classes of PFAS in pooled fish livers, including six sulfonate 

classes, two amine classes, one carboxylate class, and one N-heterocycle class. Xiao et al. 91 

created a non-targeted identification method to detect emerging PFAS based on parent ion search 

(PIS) using a ToF-MS system with continuously interleaved scans at low and high collision 

energies (TOF-MSE HRPIS). The approach resulted in the identification of 47 novel and 43 never-

reported PFAS in commercial surfactant products, including 40 non-ionic, 30 cationic, 15 

zwitterionic, and 5 anionic compounds.  

 

Although different identification methods and strategies have been developed, non-target analysis 

based on HRMS possesses roughly the same workflow steps as illustrated in Figure S1.92 The five 

steps are: (1) generate high-resolution full-scan spectra to discover all detectable ions in a sample, 

(2) select the expected PFAS characteristics from the full-scan data, (3) assign reasonable 

molecular formulas, (4) perform MSn (n ³ 2) fragmentation experiments to confirm the molecular 

formula and reveal structural information, and (5) structure proposal and confirmation. However, 

HRMS instrumentation is expensive, and the data interpretation is complex, time-consuming, and 

requires high technical skills. Moreover, since quality assurance protocols for HRMS are not 

standardized, this technology is prone to false-positive and false-negative PFAS identification. 93. 

2.3.3. Isomers/Enantiomers Analysis 

Historically, PFAS were manufactured through two main synthesis routes: electrochemical 

fluorination (ECF) and fluorotelomerization (FT). The compounds produced by ECF and FT differ 

in the distribution of perfluoroalkyl chain length, isomer composition, and terminal functional 
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groups. During ECF manufacturing, long-chain or higher molecular weight PFCAs, including 

PFOA, are formed. 94 These structures provide multiple positions for methyl- or ethyl- substitution, 

leading to several isomers for each corresponding linear isomer. LC can separate these PFAS 

structural isomers from their linear counterparts. Benskin et al. built a comprehensive method to 

simultaneously separate and detect PFAS and PFAS precursor isomers using LC-MS/MS. 95 An 

analytical column with a perfluorooctyl stationary phase combined with acidified mobile phase 

further enhanced the separation efficiency for many PFCA, perfluoroalkyl sulfonates (PFSAs), 

and perfluorooctane sulfonamide (FOSA) isomers. In 2012, Benskin et al. further reduced the 

elution time by developing a rapid (<23 min) HPLC-MS/MS method to simultaneously 

characterize 24 PFAS. 96 Not only the isomer-specific analysis of perfluorooctane sulfonate and 

perfluorooctanoate was performed, but also branched from linear isomer separation was completed 

for C6 and C10 perfluoroalkyl sulfonates, C6, C7 and C9-C11 PFCAs, perfluorooctane 

sulfonamide and, for the first time, 3 perfluorooctane sulfonamidoacetates. 

 

The existence of branched isomers indicates that they come from ECF manufacture, while FT-

based products are linear. The ratio of branched to linear isomers in the original ECF product is 

roughly 22-35% branched and 65-78% linear 97. For example, the technical PFOA mixture 

produced by the ECF manufacture of 3M contained 78% linear and 22% branched-chain isomers.98 

PFOS was only produced by ECF manufacturers. The percentage of linear PFOS (L-PFOS) in 

commercial products is mostly in the 67% - 82% range. Theoretically, there may be hundreds of 

PFOS isomers whose elemental composition is C8F17SO3-.99 However, fluorine-19 nuclear 

magnetic resonance (19F-NMR) analysis showed that perfluoromonomethyl and 

perfluoroisopropyl isomers are the most abundant, and most of the rest are tert-perfluorobutyl and 

germinal- substituted perfluoreodimethyl compounds. The structures of some common PFOS 

isomers are displayed in Figure S2. However, little information is available on the isomer 

composition of many ECF-based PFAS. 
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Some branched PFAS isomers contain a chiral carbon center, and therefore, each may exist as two 

non-superimposable mirror-image molecules, as we call enantiomers. 94 Most manufactured or 

non-biologically produced enantiomers are racemic, and the ratio of enantiomers is 1:1. 100 

Enantiomers have the same physical and chemical properties, so abiotic transformations such as 

leaching, volatilization, and hydrolysis do not change the enantiomer ratio. However, metabolism 

(by enzymes and microorganisms) is enantioselective, producing nonracemic mixtures of 

enantiomers and the change of enantiomer ratio. 101 This change can provide valuable information 

about enantiomers’ environmental transport, degradation, and bioaccumulation. In addition, 

different enantiomers may have different biotransformation rates when interacting with molecules 

such as proteins, which means that different enantiomers usually have different toxicities.98 102 

Wang et al. proved the enantioselective biotransformation of PFOS precursors by monitoring the 

biodegradation rates of the enantiomers in human liver microsomes. 103 The metabolic rate of one 

enantiomer was k = 6.5 × 10-2 min-1 and for the other one k = 5.2 × 10-2 min-1. This is the first 

demonstration that biotransformation of PFOS precursors may be enantioselective, making the 

application of PFOS enantiomer profiles a promising source tracking tool for PFOS in biological 

samples. Consequently, establishing a sensitive and accurate analytical method is crucial for the 

enantioseparation of PFAS in environmental samples. 

 

Enantioseparation of chiral PFAS in environmental matrices is usually performed using LC, 

especially for PFOS. Previously reported studies focused on the separation of 1m-PFOS and its 

precursors using an anion exchange chiral column based on cellulose tris (3,5-dichlorophenyl) 

carbamate 103 104 or a quinine derivate (Chiralpak QN-AX) 105-107 with LC. Recently, chiralpak QN-

AX has been successfully used in separating the enantiomers of 1m-PFOS using supercritical fluid 

chromatography (SFC) in the human placenta. 107 SFC shows shorter elution time and better 

enantioresolution compared to LC. In another study, it was found that the enantiomers of 3m, 4m-, 

5m-, and 4, 5m2-PFOS can not be separated by SFC on a Chiralpak QN-AX column. Thus only 

1m-PFOS has achieved enantioseparation on a Chiralpak QN-AX column so far. 106 
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2.3.4. Total PFAS Analysis 

The identification and quantification of all PFAS in a given environmental or biota sample are 

challenging owing to the complexity of PFAS and the lack of reference standards and analytical 

methods. In response to this challenge, total PFAS analysis can be used as an alternative to 

assessing PFAS contamination comprehensively.  

 

Adsorbable organic fluorine (AOF) is one method for capturing most PFAS (known and unknown) 

in environmental waters.108 Combustion-ion chromatography (CIC) is the most common technique 

to determine the fluorine content of PFAS concentrated by a sorbent such as activated carbon. The 

specific procedures are illustrated in Figure S3. Firstly, the sample is passed through cartridges 

containing activated carbon, organofluorine chemicals are adsorbed, and residual inorganic 

fluoride is removed with a sodium nitrate washing solution. Then the adsorbent is combusted at 

900-1000 °C to convert organic fluorine to hydrofluoric acid, which is absorbed into a solution of 

sodium hydroxide. Finally, the total concentration of fluoride ions is determined by ion 

chromatography (IC). Willach et al. 109 investigated the contribution of PFAS to the total 

adsorbable organic fluorine in German rivers and contaminated groundwater by exploiting a 

simplified AOF method. A portion of the AOF (32-51%) could be explained by the 17 individual 

PFAS measured for the groundwater. Recently, Han et al. 110 further improved the AOF method by 

lowering the limits of detection and quantification to 300 and 400 ng/L, respectively. Abercron et 

al. 111 conducted the AOF analysis on 22 samples from an industrial wastewater treatment plant 

and identified 14 individual PFAS via LC-MS/MS. In these samples, the AOF values reached 

555 μg/L, but the summed individual PFAS (calculated as fluorine) was 8.8 μg/L. AOF 

encompasses many organofluorine chemicals that cannot currently be detected by LC-MS/MS, 

which demonstrates that the AOF can be used as a powerful screening test to support LC-MS/MS 

methods. However, the AOF method is only applicable to water matrix,112 which greatly limits the 

measurement of PFAS in environmental samples. 
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The total oxidizable precursor (TOP) assay is another approach that has gained popularity. It works 

by oxidizing and converting multiple polyfluoroalkyl compounds with hydroxyl radicals into 

several common PFCA products, which simplifies the complexity of a PFAS mixture and allows 

the estimation of PFAS that otherwise cannot be quantified. 113 The assay relies on sodium or 

potassium persulfate as the oxidant, and the activation can be achieved by heating or UV irradiation. 

The TOP assay is the most sensitive among surrogate methods because it is based on LC-MS/MS 

analysis of perfluoroalkyl acids (PFAAs), which have very low detection limits. Furthermore, the 

TOP assay can distinguish between FT and ECF-based precursors by analyzing the ratio of 

oxidation products and examining branched and linear isomers. Ruyle et al. 114 combined TOP 

assay results with other statistical methods, such as Bayesian inference, to reconstruct the 

concentrations of oxidizable precursors and their perfluorinated carbon chain length and 

manufacturing origin. Robel et al. 115 compared the molar sums of PFAS used to treat paper and 

textiles acquired by GC-MS, LC-MS/MS, and the TOP assay with the total fluorine content 

measured by particle-induced gamma-ray emission (PIGE) spectroscopy. Volatile, ionic, and 

unknown PFAS accounted for 0-2.2% (GC-MS), 0-0.41% (LC-MS/MS), and 0.021-14% (TOP 

assay) of the total fluorine measured by PIGE, respectively. Although the TOP assay cannot capture 

all PFAS in a sample, it can reveal the presence of many PFAS that are not yet captured as 

individual PFAS by GC-MS or LC-MS/MS. Consequently, the TOP assay can be considered an 

effective screening tool to evaluate the presence or absence of the precursors to PFAAs.  

 

However, the TOP assay is less inclusive, limited to compounds that can be oxidized by hydroxyl 

radicals to form LC-amenable PFAAs, leading to the omission of some PFAS. Moreover, the TOP 

assay is subject to the selectivity issues inherent in reversed-phase LC, meaning that short-chain 

compounds that are not retained by LC analytical columns will be lost. Zhang et al. 116 investigated 

the fate of 15 per- and polyfluoroalkyl ether acids (PFEAs) in the TOP assay. It was found that 

NVHOS and HydroEVE, 2 PFAS compounds identified from the Nafion® production process, 

were easily oxidized in the TOP assay. However, their oxidation products were probably low-
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molecular-weight organofluorine species, volatile organofluorine species, and fluoride, which are 

not captured by LC-HRMS. Zhang et al. 116 also found that the remaining 11 of the 15 PFEAs were 

stable in the TOP assay, suggesting that these compounds can be considered new terminal products 

that are persistent in the environment. Therefore, adding these PFEAs to the conventional target 

analyte list of TOP assay can improve the inclusivity of the TOP assay. Besides, the TOP assay 

combined with LC-HRMS and GC-HRMS to detect a broader range of oxidation products can 

further enhance inclusivity. 112 

 

2.4. Short-chain and ultra-short-chain PFAS Analysis 

Certain PFAS chemicals, known for their persistence and bioaccumulation, have gained regulatory 

attention in the EU and were included in the candidate list of substances. Besides, PFOS has been 

added to the persistent organic pollutants (POPs) list at the Stockholm Convention in 2009. 117 

These regulatory measures have prompted manufacturers to seek alternative solutions for 

commercial production, leading to the adoption of short-chain and ultra-short-chain PFAS, as well 

as other fluorinated alternatives like perfluoropolyethers. 29 118-120 However, challenges arise with 

the use of short-chain PFAS. As documented by Lindstrom et al., 121 the technical performance of 

short-chain alternatives paled in comparison to their long-chain counterparts. Consequently, 

significantly larger quantities of these short-chain PFAS compounds had to be employed to attain 

comparable levels of performance. These alternatives also form persistent transformation products, 

as evidenced by studies conducted by Hurley et al., 122 Lee et al., 123 Liou et al., 124 and Butt et al.. 
125 Adding to the complexity, many short-chain PFAS structures and compositions remain 

unknown, either due to proprietary formulas or undisclosed byproducts resulting from the 

manufacturing process. 10 The continuous release of these compounds suggests potential adverse 

effects. Understanding the risks associated with short-chain and ultra-short-chain PFAS is crucial. 



 
 

29 

2.4.1. Short-chain and ultra-short-chain PFAS 

PFAS are classified into ultra-short-chain and short-chain categories based on the number of CF2 

moieties, namely 2–3 and 4–7 fully fluorinated C-atoms. As the perfluorinated alkyl chains become 

shorter, these compounds exhibit enhanced solubility and weaker sorption to environmental media. 
126 For example, studies from Li et al. 127 revealed that PFBS exhibits a substantially lower fraction 

(approximately 30%) partitioned to soil compared to the more persistent PFOS, which exhibits a 

higher partitioning fraction of around 70%. 

 

Short-chain and ultra-short-chain PFAS compounds align with the proposed criteria for persistent, 

mobile, and toxic (PMT) or very persistent and very mobile (vPvM) substances, as established by 

the German Environment Agency (UBA). 128 The high persistence and continued emissions can 

result in environmental accumulation, leading to increased human external exposure as described 

by Cousins et al.. 12 The high mobility in the environment because of high solubility in water and 

poor adsorption to organic matter, enabling them to traverse natural barriers and human-made 

structures. 12 Point source releases, for example, from firefighting training sites where AFFFs are 

used, result in groundwater contamination, ultimately finding their way into drinking water sources. 

Also, conventional remediation techniques prove ineffective in adequately addressing the presence 

of short-chain and ultra-short-chain PFAS compounds, leaving behind remnants of these persistent 

contaminants. 129 9 As a result, wastewater treatment plants (WWTPs) become the point sources of 

PFAS contamination in the aquatic environment. 130-132 The inability to completely eliminate these 

compounds during the treatment process exacerbates their prevalence in the environment. 

 

2.4.2. Analytical methods for short-chain and ultra-short-chain PFAS 

The current state of research in the PFAS analysis field has predominantly focused on a restricted 

subset of PFAS compounds, neglecting the extensive array of variants that exist, including the 

often overlooked ultra-short-chain and short-chain PFAS. This disparity in attention may be 

attributed, at least in part, to the analytical challenges encountered when employing conventional 
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reversed-phase liquid chromatography (RPLC) systems. 37 The highly polar ultra-short-chain 

PFAS pose poor chromatographic retention, thereby impeding their accurate identification and 

quantification. 

 

Gas chromatography (GC): The advent of PFAS analysis began with the utilization of gas 

chromatography (GC) coupled with flame ionization detector (FID) and electron capture detector 

(ECD). 133. Studies focusing on the GC analysis of short-chain PFAS compounds have employed 

chemical derivatization techniques using 2,4-difluoroaniline in the presence of N,N-

dicyclohexylcarboimide to produce 2,4-difluoroanilides of the C2-C9 acids. 36, 134 Given the low 

volatility and high polarity of PFAS compounds, a derivatization step is essential prior to GC 

analysis. Various derivatization methods have been developed to convert PFAS into their methyl 

esters using reactions with diazomethane,135, 136 methyl iodide, 137 methanolic BF3, 138 and 

methanol/MTBE/DCA. 139 Alongside this rapid and straightforward derivatization procedure, they 

employed various extraction matrices (acetonitrile, water, methanol, phosphate buffer) and 

detectors (GC-EI-MS, GC-ECD). The limits of detection (LOD) obtained using GC-ECD ranged 

from 0.06 to 1.80 mg/L, while GC-EI-MS achieved LODs ranging from 0.030 to 0.314 mg/L. The 

specific LODs depended on the matrix analyzed and the detector employed, as highlighted by 

Shafique et al.. 140 However, while derivatization methods have proven valuable for GC analysis 

of PFAS compounds, it is important to acknowledge certain limitations. The process of 

derivatization is time-consuming to implement, potentially impeding the efficiency of analysis, 

and can introduce variability in derivatization yields across samples. 

 

Liquid chromatography mass spectrometry (LC-MS/MS): Developing analytical methods for 

underivatized TFA and other ultra-short chain PFAS using HPLC-MS techniques presents 

advantages. However, conventional reversed-phase liquid chromatography (RPLC) systems face 

challenges due to poor retention, separation, and peak resolution caused by the high polarity of 

these PFAS. Early elution with other polar matrix components and reduced ionization efficiency 
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further complicate analysis. Furthermore, pre-concentration procedures traditionally employed for 

long-chain PFAS are often unsuitable for the more polar and water-soluble ultra-short and short-

chain PFAS. Thus, various alternative LC methods have been explored to analyze compounds, 

including ion exchange sorbents, normal phase liquid chromatography (NPLC), and carbon-based 

sorbents. 141 142 143 144 However, it's important to note that these techniques have their own 

limitations. For example, carbon-based LC may pose challenges when dealing with large sample 

series due to the time required for equilibration between consecutive injections. 145 Ion-exchange 

chromatography relies on the analytes being in their ionized form during injection, which may not 

be easily achievable when dealing with analytes of varying properties, such as different pKa values. 
146 Non-aqueous NPLC, which involves the retention of polar analytes on a polar stationary phase 

using a highly apolar mobile phase like hexane, can lead to excessive retention of highly 

hydrophilic compounds and poor solubility in the mobile phase. 147 

 

To address these challenges, a modified normal phase sorbent compatible with the introduction of 

water into the mobile phase composition can be utilized. This technique, known as Hydrophilic 

Interaction Chromatography (HILIC), has emerged as a powerful complementary method to RPLC 

for the retention and separation of highly polar analytes 148 149 150 151 152 In order to achieve a 

suitable method detection limit for water samples, a common approach involves an off-line pre-

concentration step where 50-250 mL of the water sample is loaded onto solid phase extraction 

(SPE) cartridges specifically designed for this purpose, such as Oasis HLB, Isolute ENV+, or 

Hypersep Retain PEP. Elution is then carried out using a high organic solvent content, typically a 

mixture of acetonitrile and water (90:10 v/v), suitable for subsequent injection into the HILIC-MS 

system. 146 There is another alternative approach, i.e., online preconcentration coupled with 

HILIC-MS, which has the advantages of fewer pretreatment steps and faster turnaround time. This 

technique has been explored in a limited number of studies, mainly in bioanalytical applications 

and involving relatively small injection volumes, its potential for aqueous environmental samples 

is promising. 153 Previous studies have demonstrated the feasibility of on-line solid phase 
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extraction (SPE) coupled with HILIC-MS for analyzing polar pharmaceuticals in slightly larger 

sample volumes. 146, 153 However, despite the numerous advancements in HILIC-MS techniques, 

there is a noticeable gap in research regarding the investigation of sample pre-concentration 

coupled on-line to HILIC-MS for achieving faster turnaround times and improved sensitivity 

specifically for short-chain and ultra-short chain PFAS. 

 

Other non-conventional analytical methods, such as ultra-performance convergence 

chromatography (UPC2), 38 mixed-mode liquid chromatography (MMLC), 41 42 and supercritical 

fluid chromatography (SFC) 28 43 13 offer potential solutions, and SFC has demonstrated the lowest 

instrument detection limits for C1-C4 PFAS among these techniques, as reported by Björnsdotter 

et al., 28. However, its limited popularity is attributed to the specific instrumentation and pressure 

conditions required. 

 

2.5. PFAS Sample Preparation 

The pre-treatment stage of PFAS analysis is the most crucial step in the entire analytical process 

and often the most time-consuming and labour-intensive. The primary objective of this stage is to 

remove unwanted matrix interferences and/or concentrate or dilute analytes of interest. The quality 

of the sample preparation methods can greatly affect the sensitivity, accuracy, and chromatographic 

separation of the subsequent instrumental analysis. A poorly prepared sample can result in a 

reduced signal-to-noise ratio, decreased detection sensitivity, and poor chromatographic peak 

shape, all of which can compromise the quality of the data generated. Therefore, it is imperative 

to use robust and validated pre-treatment methods to ensure the quality and integrity of PFAS 

analysis. 

2.5.1. Aqueous Matrices 

Two of the most commonly used pre-treatment techniques for water samples that contain low 
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levels of organics of interest are solvent-based extraction (SBE) and adsorbent-based extraction 

(ABE). 154 While both methods have advantages, ABE is gaining increasing attention due to its 

ability to achieve higher extraction yields with lower organic solvent consumption. Additionally, 

ABE offers a wide range of sorbents that can be selected based on the specific properties of the 

sample matrix. For more complex environmental liquid samples, solid-phase extraction (SPE) is 

often the preferred pre-treatment method. SPE enables efficient extraction and purification of the 

PFAS analytes from a large number of interfering compounds, which can cause ion suppression or 

enhancement during electrospray ionization. Eliminating the matrix interferences can significantly 

enhance the accuracy and sensitivity of subsequent PFAS analysis. 

 

Commercially available adsorbents, such as weak anion exchange sorbents (WAX) and 

hydrophilic-lipophilic balance (HLB) polymeric sorbents, have been used for PFAS extraction, 

while bamboo charcoal-packed cartridge, 155 Sep-Pak Vac C18 156 or Enviro-Clean CUCARB 157 

are less commonly used. Although HLB has been used for PFCA extraction, it has been found to 

have low recoveries for short-chain PFCAs because of poor retention of certain hydrophilic 

compounds onto the sorbents. 158 In contrast, the effectiveness of the WAX adsorbent in retaining 

short-chain homologues has been well-established. The presence of tertiary amine functional 

groups on WAX sorbents makes them positively charged at lower pH levels (less than 4), 

enhancing their ability to retain anionic PFAS through electrostatic interactions. 156 Moreover, the 

WAX adsorbent is known for its high extraction efficiency for both neutral and acidic PFAS, 

making it a more reliable and preferred option for PFAS extraction.159 Results have shown that the 

mixed-mode WAX sorbents are capable of extracting and fractionating various PFAS, including 

neutral, cationic, and zwitterionic PFAS. 160 To elute the different PFAS from WAX solvents, 

methanol can be used, where neutral, cationic, and zwitterionic PFAS can be eluted first, and then 

anions can be eluted with basic methanol. In addition, WAX cartridges have shown satisfactory 

recoveries for emerging PFAS such as perfluoroalkyl ether carboxylic acids (PFECAs), 161 

chlorinated polyfluoroalkyl ether sulfonic acids (Cl-PFESAs), 162 sodium p-perfluorous 
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nonenoxybenzenesulfonate (OBS), 163 and fluorotelomer sulfonamide alkyl betaines (FTABs). 164 

In addition, the use of multiple SPE cartridges with different sorbents has been explored, such as 

a combination of HLB, WAX, and cation exchange cartridges, to increase the chances of retrieving 

unknown PFAS that cannot be recovered using a single-phase SPE method. 165 

 

Traditional SPE requires large volumes of samples, which after the elution step, need to be 

evaporated to a small volume or dryness, and then re-dissolved in a water-methanol mixture 

solvent. This lengthy process increases the risk of introducing contamination at each step of the 

SPE. To overcome these limitations, online SPE coupled with LC-MS/MS offers a solution for 

shortening the pre-treatment duration and minimizing background contamination. This approach 

requires a smaller sample volume, e.g. 10 mL, and reduces the possibility of introducing 

contaminants at each step. 166 However, they may present greater matrix effects and other 

challenges. One example of such a pitfall is the risk of sorption artifacts for hydrophobic PFAS. 

This is mainly a concern for long-chain PFAS, as the high aqueous percentage of the final extracts 

submitted to LC-MS could lead to time-dependent sorption, resulting in dynamically changing 

detection limits. 113 

 

Direct injection in water analysis is another solution that eliminates the need for sample pre-

treatment. However, this method requires an extended chromatographic analysis step to ensure the 

separation of the analytes from the interferences present in the matrix. Ciofi et al. 167 demonstrated 

the excellent detection limits (0.014-0.44 ng/L) on Sciex QTrap 5500 triple quadrupole mass 

spectrometry for direct injection analysis of 100 μL of waste, surface, and drinking water samples 

for nine perfluoroalkyl acids. Mottaleb et al. 168 used Sciex QTrap 6500 in direct injection mode 

for the determination of eight perfluorinated compounds, requiring only 5 μL of sample after 

centrifugation and filtration and achieved detection limits of 0.007 - 0.04 ng/mL. Moreover, solid-

phase micro-extraction (SPME) has emerged as a technique that combines sampling, sorbent 

extraction, preconcentration, and injection in a single step. Huang et al. 159 proposed a novel 
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multiply monolithic fiber solid-phase microextraction (MMF-SPME) technique, which utilizes 

monolithic adsorbent (MA) combining fluorophilic and anion-exchange interactions to 

concentrate PFCAs, requiring only 20 mL of the sample volume. 

 

2.5.2. Solid Matrices 

Table S1 summarizes the various extraction methods used for PFAS, including legacy and novel 

ones. While some of these methods may appear similar, extracting cationic and zwitterionic PFAS 

in soil and sediment can be particularly challenging due to their unique properties and the presence 

of soil organic matter and clay content. 164, 169 These factors can impact extraction efficiency and 

potentially result in inaccurate measurements of PFAS concentrations in environmental samples. 

Moreover, extracting novel PFAS can present additional challenges, as their chemical structures 

and properties may differ from those of legacy PFAS. Novel PFAS, which have been developed as 

replacements for legacy PFAS, may have different levels of solubility, hydrophobicity, and 

reactivity, which can affect the choice of extraction method. Additionally, the complex nature of 

environmental matrices, such as soil and sediment, can further complicate the extraction process 

and require careful optimization of the method to achieve reliable and accurate results. 

 

Mejia-Avendaño et al. 169 examined the impact of soil properties and the presence of hydrocarbon 

contamination on PFAS recovery performance. A MeOH/NH4OH extraction method produced 

excellent extraction efficiency (70-120%) for most anionic PFAS under all soils and co-

contaminants conditions. However, the extraction recoveries for betaine-based PFAS (PFOSB, 

PFOAB, and 6:2 FTAB) or quaternary amine based PFAS (PFOAAmS and PFOSAmS) were only 

30%-60% in different soil types, and the recovery of betaines in clay loam soil was even lower (5-

10%). The recoveries for some PFAS also decreased with increasing organic carbon content in the 

soil, especially when supplemented with petroleum cocontaminants. A MeOH/NaOH extraction 

method gave better recoveries for the novel PFAS but presented the drawback of higher detection 

limits and lower instrumental precision. Munoz et al. 164 further optimized extraction methods for 
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zwitterionic, cationic, and anionic PFAS in AFFF-impacted soils by performing extensive 

extraction tests with various extraction solvents, different pH modifiers, and concentrations of the 

latter. It was found that conventional analytical methods for extracting anionic PFAS from soil, 

such as methanol with low concentrations of base, severely underperformed for some of the newly 

identified zwitterionic and cationic PFAS. MeOH/HCl presented excellent recoveries for most 

cationic and zwitterionic PFAS, but the recoveries were less satisfactory for some anionic PFAS 

due to hydrolysis artefacts. MeOH/CH3COONH4 method was suggested as an appropriate 

compromise with acceptable recoveries and reduced risks of analyte interconversions.  

 

Repeated use of AFFF-containing PFAS at firefighting stations and military bases/airports has not 

only caused serious contamination of the surrounding environment but also exposed the related 

infrastructure materials (i.e., concrete and asphalt) to severe PFAS contamination. Srivastava et al. 
170 developed extraction methodology for the analysis of 22 target PFAS including short- and long-

chain PFCAs and PFSAs and fluorotelomers in asphalt materials collected from military bases. 

The methanol-based extractants performed best due to their accuracy and precision, which were 

within the acceptable range (extraction efficiency between 70 and 130% and RSD < 20%). Baduel 

et al. 171 used MeOH/NH3aq (99/1) as extraction solvents to extract PFAS from AFFF-impacted 

concrete, more than 60 PFAS representing 12 different fluorochemical classes were identified in 

the concrete extracts. 
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3. Materials and Methods 

3.1. Chemicals and Standards 

Certified standards of trifluoroacetic acid (TFA, ≥99%), perfluoropropanoic acid (PFPrA, ≥

97%), perfluorobutanoic acid (PFBA, ≥99%), and trifluoromethane sulfonic acid (TMS, ≥99%) 

were purchased from Sigma-Aldrich Canada (Oakville, ON, Canada). Perfluoroethane sulfonic 

acid (PFEtS) was obtained from Apollo Scientific Ltd (Stockport, UK). Perfluoropentanoic acid 

(PFPeA), perfluoropropanesulfonic acid (PFPrS), and perfluorobutane sulfonic acid (PFBS) were 

purchased from Wellington Labs, Inc. (Whitby, ON, Canada). The n:3 acids (1:3 acid, 2:3 acid, 

and 3:3 acid) were obtained from Synquest Laboratories (Alachua, FL, USA).  

 

TFA-13C2, PFBA-13C4, PFPeA-13C5, PFBS-13C3 were the isotope-labelled internal standards used 

in the present study. The association between the native analyte and the corresponding internal 

standard is provided in Table S2. TFA-13C2 was from Toronto Research Chemicals (Toronto, ON, 

Canada), while PFBA-13C4, PFPeA-13C5, and PFBS-13C3 were from Wellington Labs, Inc.  

 

HPLC grade solvents, including water (H2O), acetonitrile (ACN), and methanol (MeOH), were 

purchased from Fisher Scientific Canada (Whitby, ON, Canada). Formic acid (FA) (≥98%), 

ammonium formate (≥99%, LC-MS grade), and ammonium acetate (AmAc) (≥99%, LC-MS 

grade) were purchased from Sigma-Aldrich Canada.  
 

3.2. Sample collections 

Method application was conducted on Forty-four surface water samples obtained through 

collaborators, covering different site contexts. Common to each sampling campaign, bottle 
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containers (0.5-L high-density polyethylene bottles) were rinsed at the analytical facilities with 

Milli-Q water, 50:50 MeOH/HPLC water, and HPLC water before use. Samples from a large 

Canadian river (n = 16) were collected in the summer of 2019 from aboard the Lampsilis research 

vessel. The samples were collected at ~1 m below the surface with a Niskin/Go-Flo sampler and 

stored refrigerated onboard until transfer to the analytical facilities. A field blank was also 

performed using ultrapure water passed through the Niskin/Go-Flo sampler. Surface water samples 

from tributaries to this large river were also available for screening, including rivers with relatively 

limited anthropogenic impacts (rivers A and B) and an urbanized river (river C). Surface water 

samples were also obtained from AFFF-impacted sites, including ditches or rivers/creeks near fire-

training and fire-equipment testing areas of four airports in central and eastern Canada. 172 After 

their reception at the analytical facilities, all samples were stored at 4 °C until sample preparation 

and analysis. 

3.3. Sample Preparation and Instrument Analysis 

Surface water samples were filtered through glass fiber syringe filters (GFF, 0.3 μm) and a 5-mL 

aliquot of the filtrate was spiked with a mixture of isotopically-labelled internal standards to reach 

a concentration of 20 ng/L each. Samples were then analyzed at the Université de Montréal by on-

line solid-phase extraction (SPE) coupled to liquid chromatography interfaced with high-

resolution mass spectrometry (LC-HRMS).  

 

A two-pump system was used for on-line pre-concentration and chromatographic separation, 

including a Thermo Dionex UltiMate™ 3000 pump and a Thermo Dionex UltiMate™ 3000 RS 

pump. The on-line SPE system was connected to the LC-HRMS system by a dual switching-

column array consisting of six-port and ten-port valves (see a schematic of the system in Scheme 

S1). A 2-mL aliquot of the sample was injected into a 2 mL injection loop and loaded onto the on-

line SPE column for sample pre-concentration. The flow rate for sample loading was 1 mL/min. 

After the sample loading step, the on-line SPE aqueous mobile phase was allowed to flow through 



 
 

39 

the cartridge for an additional 0.5 min (equivalent to a wash volume of 0.5 mL) to remove the 

matrix and salts. The analytes were then eluted in a back-flush mode at 0.5 mL/min with the LC-

HRMS gradient. Analytes were retained using a Thermo Scientific Acclaim™ Trinity Q1 column 

thermostated at 40 °C, starting from 90/10 A/B, a strong solvent condition. The mobile phases 

were 25 mM ammonium acetate (A) and HPLC-water (B). Data were acquired using a Q-Exactive 

Orbitrap high-resolution mass spectrometer (Thermo Scientific, Waltham, MA, USA) operated in 

full scan MS negative electrospray ionization mode, with a resolution setting of 70,000 FWHM at 

m/z 200. Further method parameters are provided in SI Table S5. 

3.4. Method validation and quality assurance/quality control 

Filtration recoveries were evaluated in surface water, involving the following types of syringe 

filters: glass fiber (GFF), 0.3 μm, 25 mm, non-capsule (ADVANTEC); nylon (NY), 0.2 μm, 25 

mm, capsule (Fisher Scientific); polyethersulfone (PES), 0.22 μm, 13 mm, capsule (Cole-Parmer 

Canada); and regenerated cellulose (RC), 0.2 μm, 13 mm, capsule (Fisher Scientific). The filtration 

recovery is derived from the area ratio of analytes in surface water samples spiked with target 

PFAS before filtration and reference samples spiked after filtration. 

 

The online SPE recoveries of target PFAS were evaluated based on the procedure described by 

Vaudreuil et al. 146 On-line SPE recoveries were derived from an equivalent amount of analyte 

response submitted to online SPE large volume LC-MS (2000 μL) versus online SPE small volume 

LC-MS (50 μL).  

 

Quantification of analytes was achieved using matrix-matched calibration curves constructed in a 

composite mixture of surface water samples from the Quebec province, including Lake Saint-Anne 

(SW1), the St. Lawrence River (SW2) and the Chateauguay River (SW3). Matrix-matching curves 

were constructed by adding increments of PFAS at 10 calibration levels (For TFA, PFPrA, PFBA, 

PFPeA, TMS, PFEtS, PFPrS, and PFBS: 0.05, 0.1, 0.5, 1, 2, 5, 10, 25, 50 and 100 ng/L; For 1:3 



 
 

40 

acid, 2:3 acid, and 3:3 acid: 1.05, 2.1, 5.5, 11, 22, 55, 110, 225, 550, and 1100 ng/L). In all cases, 

the isotope-labeled internal standards (ISs) were spiked to reach a final concentration of 20 ng/L 

(30 ng/L for 13C2-TFA). 

 

The method limit of detection (LOD) was determined following two approaches. In the first 

approach, ten procedural mQ-water blanks were injected; for those PFAS that were detectable in 

the blanks, the LOD was three times the standard deviation of the determined blank concentrations, 

and mLOQ was ten times the standard deviation. For those PFAS that were not present in blank 

samples, the second method was applied as follows. Several different low-level concentrations of 

PFAS (0.05-2 ng/L) were spiked into the surface water matrix to reach intensities between 1E4-

1E5, and the mLOD was then derived as the concentration yielding a peak with an intensity of 

1E4;119 the mLOQ was then set as three times the mLOD. 

 

Accuracy was evaluated by analyzing 5 quality control (QC) replicates at two concentration levels 

in surface water matrices, each spiked in triplicate (QC1: 7.5 ng/L for TFA, PFPrA, PFBA, PFPeA, 

TMS, PFEtS, PFPrS, and PFBS, 17.5 ng/L for 1:3 acid, 2:3 acid, and 3:3 acid; QC2: 75 ng/L for 

TFA, PFPrA, PFBA, PFPeA, TMS, PFEtS, PFPrS, and PFBS, and 575 ng/L for 1:3 acid, 2:3 acid, 

and 3:3 acid). Accuracy was determined by comparing quantified (measured) concentrations with 

theoretical (expected) spiked concentrations. Precision is the repeatability of a series of 

measurements expressed as percent relative standard deviation (%RSD). Intra-day precision 

corresponded to the %RSD of three QC samples analyzed during a single workday. The procedure 

was repeated on different weekdays, and the inter-day precision was derived from the 

overall %RSD (n = 9). 

 

Matrix effects were assessed by comparing the slopes of calibration curves in the surface water 

matrix with those in matrix-free ultrapure water (mQ-water), following the same procedures as 

reported before. 146,173 
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3.5. Statistical analyses 

A design of experiments (DOE) was carried out for multiple response simultaneous optimization 

of the experimental conditions of the online SPE method used for the simultaneous determination 

of 5 PFAS. A modified Box-Behnken design was applied to investigate the effects of three 

important factors on online SPE for analyzing 5 PFAS. The factors were: sample loading volume, 

loading flow rate and wash volume. Fig. S20 describes the model of the modified Box-Behnken 

design (BBD) for the optimization of three factors in this study. In Table S6, columns 2-4 represent 

the three important factors and their coded levels, and columns 5-7 show the uncoded factor levels 

for all experiments. The relationship between natural variables and coded variables is as follows: 

 

𝑥! =
𝑆𝑎𝑚𝑝𝑙𝑒	𝑣𝑜𝑙𝑢𝑚𝑒 − (𝑆𝑎𝑚𝑝𝑙𝑒	𝑣𝑜𝑙𝑢𝑚𝑒"#$ + 𝑆𝑎𝑚𝑝𝑙𝑒	𝑣𝑜𝑙𝑢𝑚𝑒"%&) 2⁄

(𝑆𝑎𝑚𝑝𝑙𝑒	𝑣𝑜𝑙𝑢𝑚𝑒"#$ − 𝑆𝑎𝑚𝑝𝑙𝑒	𝑣𝑜𝑙𝑢𝑚𝑒"%&) 2⁄
 

 

𝑥' =
𝐹𝑙𝑜𝑤	𝑟𝑎𝑡𝑒 − (𝐹𝑙𝑜𝑤	𝑟𝑎𝑡𝑒"#$ + 𝐹𝑙𝑜𝑤	𝑟𝑎𝑡𝑒"%&) 2⁄

(𝐹𝑙𝑜𝑤	𝑟𝑎𝑡𝑒"#$ − 𝐹𝑙𝑜𝑤	𝑟𝑎𝑡𝑒"%&) 2⁄
 

 

𝑥( =
𝑊𝑎𝑠ℎ𝑖𝑛𝑔	𝑣𝑜𝑙𝑢𝑚𝑒 − (𝑊𝑎𝑠ℎ𝑖𝑛𝑔	𝑣𝑜𝑙𝑢𝑚𝑒"#$ +𝑊𝑎𝑠ℎ𝑖𝑛𝑔	𝑣𝑜𝑙𝑢𝑚𝑒"%&) 2⁄

(𝑊𝑎𝑠ℎ𝑖𝑛𝑔	𝑣𝑜𝑙𝑢𝑚𝑒"#$ −𝑊𝑎𝑠ℎ𝑖𝑛𝑔	𝑣𝑜𝑙𝑢𝑚𝑒"%&) 2⁄
 

 

The overall design matrix shows 15 runs randomly carried out trying to nullify the effect of lurking 

variables (n = 3 per condition). 

 

The obtained experimental data were employed to build a model for each response, fitting them to 

a second-order polynomial function, responding to the general equation below: 

 

𝑦 = 𝛽) +? 𝛽%𝑥%
*

%+!
+? 𝛽%%𝑥%'

*

%+!
+? 𝛽%,𝑥%𝑥,

*

!-%-,
+ 𝜀 

 

where 𝛽) is the constant term, and 𝛽%, 𝛽%%, and 𝛽%, represent the coefficients of the first-order 
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terms, quadratic terms and interaction terms, respectively, and ɛ is the residual associated with the 

experiments, and k is the number of factors. 

 

The DOE was conducted using JMP Pro 16. The modified BBD box was constructed using Python 

3.9.6. The t-test results were also from Python 3.9.6. Results of the standard least square fit were 

obtained using JMP Pro 16. Related scripts are provided in the supporting information. 

 

4. Results and Discussion 

4.1. Optimization of LC conditions 

4.1.1. Screening of LC columns 

The study began with a screening of different analytical columns. Chromatographic properties and 

separation performance were examined on seven analytical columns. The relevant information for 

the analytical columns is shown in Table S3. Three analytical columns for reversed-phase liquid 

chromatography (RPLC), namely C18, C18-aQ and PFP, were first investigated (Figure S4). The 

C18 column is a conventional silica-based C18 column, the most commonly used analytical 

column in RPLC, where the retention decreases with the increasing polarity of the analyte. 

Unsurprisingly, TFA, PFPrA, PFBA, TMS, and PFEtS were eluted in less than 4 min, and the 

elution order of the five PFAS was consistent with the above. Although the peaks of 5 different 

PFAS were well separated, TFA was not adequately retained. Subsequently, a modified C18, C18-

aQ (a polar end-capped C18 column), was tested. The results obtained for C18-aQ were similar to 

the conventional C18 but slightly worse than the conventional C18 in terms of retention and peak 

intensity (Figure 2). The PFP column uses pentafluorophenylpropyl as the stationary phase and 

spherical porous ultra-pure silica as the packing material, which can provide an alternative to the 

C18 column. The PFP column is particularly suitable for the separation of halogenated compounds 

and non-halogenated polar compounds. Among the three RPLC analytical columns, the PFP 
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column showed the highest retention for all five PFAS, but peak intensities were similar to those 

of C18. Overall, all three analytical columns separated the five different PFAS well, but all five 

PFAS eluted too early; none of the columns obtained a highly resolved TFA peak. 

 

Four HILIC analytical columns were then investigated (Figure S5). Compared to RPLC, the 

retention order is often reversed, i.e., highly polar analytes are more strongly retained. The HILIC-

AMIDE column is based on the support of spherical solid core ultrapure silica modified by amide. 

The HILIC-Syncronis analytical column consists of spherical porous ultrapure silica as the packing 

material and a zwitterionic stationary phase (the stationary phase has both quaternary ammonium 

and sulfonic groups). The results of the HILIC-AMIDE and HILIC-Syncronis columns were 

opposite to those of the C18 and C18-modified columns. Although all 5 PFAS acquired highly 

resolved peaks, they showed inadequate chromatographic separation and weakly retained peaks. 

For the HILIC-PEI column, the peaks of TFA and PFPrA were broad and not adequately resolved. 

Trinity-Q1 is a multifunctional column based on nanopolymer silica hybrid technology, providing 

reverse phase, weak anion exchange, and cation exchange retention mechanisms. The weak anion 

exchange function can provide good retention and separation for anionic species, whereas the weak 

cation exchange moiety effectively deactivates the undesirable interaction between the surface 

silanols and the analytes. Although not classified as a HILIC column, HILIC-Trinity-Q1 performed 

well under the HILIC mode regarding separation, peak resolution, and retention for analyzing 

ultra-short and short-chain PFAS. All five PFAS also had satisfactory peak heights (Figure S5 and 

Figure 2). The Trinity-Q1 was thus selected for the subsequent optimization experiments. 
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Figure 2 Peak intensities (signal height) of 5 PFAS using different LC analytical columns 

 

4.1.2. Optimization of LC conditions 

Flow rate. LC conditions were further optimized by investigating the effect of mobile phase flow 

rate on the chromatographic separation, peak shape (Figure S6) and peak height (Figure 3). For 

PFPrA, TMS, and PFEtS, the intensity increased with the increase in flow rate. Interestingly, for 

TFA, the change in peak height seemed to be independent of the flow rate over the tested range. 

In this study, since TFA is the most hydrophilic among the five tested PFAS and a relatively 

difficult compound to analyze in LC, priority was given to this compound to achieve the best 

chromatographic separation and intensity. Therefore, the optimal flow rate was determined to be 

0.5 ml/min. 
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Figure 3 Effect of different sample loading flow rates on the peak intensities (signal height) of 5 PFAS 

 

Mobile phase eluent composition. Ionic additives are commonly used in HILIC and RPLC to 

control the pH and ionic strength of the mobile phase, such as ammonium acetate (AmAc) and 

ammonium formate. They can also result in different chromatographic retention/elution. 149 In 

addition, it was reported that increasing the concentration of AmAc can improve the peak shape. 
174 These findings indicate that optimizing the mobile phase composition is essential when 

developing analytical methods for ultrashort chain PFAS. In this study, the concentration of AmAc 

was varied between 5 and 50 mM (Figure 4). As the AmAc concentration increased, the retention 

times of the five PFAS decreased, and sharper peaks shapes were obtained (Figure S7). If 

considering only the peak intensity, 20 mM AmAc would be the best compromise for the five 

tested PFAS. However, chromatographic separation is another factor to consider. At 15 mM AmAc, 

better chromatographic separation was achieved than at 20 mM. For TFA, the peak intensity at an 

AmAc concentration of 15 mM was also slightly higher than at 20 mM. Therefore, the optimal 
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concentration of AmAc was determined to be 15 mM. The effect of the addition of formic acid 

(0.1% FA) was also investigated (Figure S8); as no improvement was noted, the addition of FA in 

the mobile phase was discarded. 

 

 

Figure 4 Effect of different mobile phase concentrations of ammonium acetate (AmAc) on the peak intensities 
(signal height) of 5 PFAS 

 

4.2. Optimization of online SPE 

4.2.1. Screening of online SPE conditions 

One of the most promising strategies for minimizing sample preparation steps and achieving 

improved LC-MS instrumental sensitivity is the use of online SPE. As the technique requires the 

analyzed sample to be highly aqueous, it is typically not appropriate for long-chain hydrophobic 

PFAS due to time-dependent sorption onto the vial surface. 113 In contrast, ultra-short and short-
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chain PFAS are likely amenable to online SPE analysis, as recently tested by Jacob and Helbling. 
175 An appropriate SPE column is essential for quantitative extraction of the target analytes, matrix 

removal, and rapid transfer of analytes from the SPE column to the analytical column. 176 

Developing the online pre-concentration method involved screening different enrichment columns 

and optimizing sample loading parameters (loading flow rate, loading mobile phase, wash volume, 

and sample injection volume), described as follows.  

 

Screening of online SPE columns. In this study, five different SPE columns were evaluated by 

loading a 1 mL surface water sample spiked with 5 PFAS (1 ppb). The effect of sample 

acidification on extraction performance was also investigated. Representative chromatograms are 

shown in Figures S9 and S10, and peak intensities are in Figure 5. Of the five columns tested, 

Biotage with sample acidification and GCB without sample acidification resulted in higher peak 

intensities for all tested PFAS, especially for TFA. Thus, these two columns were selected for 

subsequent stability tests (Figure S11-12). With the GCB column, after 10 repeated injections, a 

loss of nearly 60% in peak intensity for the five PFAS was observed. In contrast, satisfactory 

stability was obtained using the Biotage column (Figure S12). The Biotage column was therefore 

selected for subsequent optimization. 

 



 
 

48 

 

Figure 5 The effect of different online SPE columns on the peak intensities (signal height) of 5 PFAS 

 

Online SPE and LC mobile phase composition. When online-SPE-LC-HRMS was performed 

using the optimized LC conditions (section 3.1) and the Biotage pre-concentration column, double 

peaks appeared for PFPrA and PFBA (Figure S13). Increasing the wash volume alone could 

increase the pH value in the SPE system, promoting the dissociation of the carboxylic acid to form 

the anion, which could explain the second peak of PFPrA and PFBA. By increasing the 

concentration of AmAc in the LC mobile phase solely, the double peaks of both PFPrA and PFBA 

disappeared, and the peak shapes of all five PFAS became increasingly sharp (Figure S14-S15), 

possibly because AmAc acts as an ion-pairing agent aiding chromatographic elution. 177 

Additionally, when the amount of FA was increased in both the sample and mobile phases (thus 

lowering the pH), it could prevent the dissociation of PFPrA and PFBA. Combining an increased 

wash volume and the addition of FA to the mobile phase while maintaining a 0.1% FA 

concentration in the sample results in the disappearance of the double peaks for both PFPrA and 
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PFBA.  

 

Next, the effect of different FA concentrations in the SPE loading phase was investigated. As 

shown in Figures S16 and S17, FA percentages in mQ-water ranged from 0 to 0.1% in the SPE 

loading phase, and all five PFAS displayed adequate chromatographic separation and peak shapes. 

In terms of peak intensity (Figure S18), perfluorocarboxylic acids (e.g., TFA, PFPrA, and PFBA) 

all showed the highest peak intensity when the percentage of FA was 0.0125%, and peak intensities 

gradually decreased as the percentage of FA increased. For perfluorosulfonic acids, TMS showed 

the highest peak intensity at 0.1% FA, followed by 0.0125% FA, and PFEtS showed the highest 

peak intensity at 0.05% FA, followed by 0.1% and 0.0125% FA. Therefore, 0.0125% FA in mQ-

water of the SPE loading phase was selected. 

 

Sample acidification. The addition of FA to the aqueous sample generally increased PFAS peak 

intensities compared to sample without acidification, with the largest effect for PFPrA and TMS 

(Figure S19). With the increase of FA concentration in the samples from 0.025% to 0.1%, the peak 

intensities of the 5 PFAS only varied marginally. TFA had the highest peak intensity for an FA 

content of 0.025%, while the remaining 4 PFAS had similar peak intensities at FA contents of 

0.025% to 0.1%. Sample acidification with a content of 0.025% FA (i.e., pH ~4) was therefore 

selected for subsequent optimization of other online SPE parameters. 

4.2.2. Optimization of other online SPE parameters 

The online SPE step depends on several other parameters, including the sample volume loaded 

onto the SPE column (using different injection volumes and loop sizes) and the speed at which the 

sample is loaded (flow rate). A larger volume of sample passed through the SPE column does not 

always equate with signal improvement, as the least retained analytes could suffer breakthroughs 

with increasing loading volume, and matrix effects could also become more prominent. Another 

important parameter is the wash volume, i.e., the volume of the online SPE aqueous phase that 

flows through the SPE column after sample loading is completed and before starting the elution 
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from the SPE column to the analytical column. A larger wash volume could be useful to reduce 

matrix effects and remove salts but could also result in unwanted analyte losses (breakthrough). 

As these parameters may interact which each other, a traditional one-factor-at-a-time (OFAT) 

methodology may not be the best approach for optimization. Here, we simultaneously tested the 

effects of sample loading volume (tested in the range of 1 – 5 mL), loading speed (1 – 2 mL/min) 

and wash volume (0.5-1.5 mL), using a design of experiment (DOE) methodology (Section 2.5). 

A fractional BBD was used to reduce the total number of runs, and a response surface was fitted 

to the results for data visualization (see also Table S7 for corresponding regression coefficients, 

R2, and p-values).  

 

Figure S21 shows response surface contour plots of the 5 PFAS. TFA peak intensity decreased 

with increasing sample loading volume, while the other 4 PFAS showed increased intensities. TFA 

peak intensity also decreased with higher washing volume, while it had little effect on the other 4 

PFAS. Thus, TFA peak intensity is maximum with minimum sample loading and washing volumes. 

The fitted model of TFA shows that the maximum peak intensity of TFA would be obtained when 

the sample volume is 1 ml, the flow rate is 1 ml/min, the washing volume is 0.5 ml, and the 

predicted value of its peak intensity is 4.86 × 106 (95% confidence interval, [4.63E+06-5.08E+06]); 

however, the minimum peak intensity values are obtained for the other 4 PFAS under such 

conditions. When the sample volume is increased to 2 ml, the prediction model shows that the 

peak intensity of TFA decreases slightly (3.75E+06), while the peak intensity of the other 4 PFAS 

increase to about twice their original value (Figure S22). Therefore, a sample volume of 2 ml, a 

flow rate of 1 ml/min, and a wash volume of 0.5 ml were selected as the best operating conditions 

for simultaneous analysis of the tested PFAS. 

4.3. Assessment of filters 

To decide which filter to use, different filters have been evaluated prior to the validation phase. 

After sample collection, surface water is often filtered as a pretreatment step to remove suspended 
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matter and reduce microbial levels. 178 However, improper selection of filter materials may bias 

the measured concentration of PFAS in surface water. For instance, Sörengård et al. 179 analyzed 

the filtration losses of 21 PFAS in milli-Q water and DOC-amended water and found average PFAS 

losses of 10-40%, depending on the syringe filter nature. 

 

Our results suggest a limited influence of the filter material on the absolute recoveries of ultra-

short and short-chain PFAS, in stark difference from trends for long-chain PFAS (Figure S23). 179 

In the present study, recoveries for the GFF filter were 73-108% (standard deviation, SD = 

0.51-6.0%), 72 -108% (SD = 1.1-19%) for NY, 65-105% (SD = 1.0-15%) for PES, and 69-110% 

(SD = 5.0-32%) for RC. Most compounds had recoveries within 80-110%, except PFBS with the 

PES filter (~65%) and PFBA regardless of filter type (~70%). Considering the need for high 

recoveries and suitable precision (i.e., small SDs), GFF was the more suitable filter for our study. 

4.4. Analytical validation 

Matrix-matched calibration, LOD, and LOQ. As shown in Table 1, the matrix-matched 

calibration curves yielded suitable coefficients of determination (R2 range: 0.9913 – 0.9999) in 

surface water, meeting the acceptance criterion of R2 ≥ 0.99. 180 Method LODs ranged between 

0.006 and 3.3 ng/L, and method LOQs between 0.019 and 11 ng/L. Compared to previously 

reported method LODs for TFA (Figure 6), earlier methods for TFA analysis were based on GC 

with mass spectrometry, and the GC method could achieve a lower LOD of a few ng/L. 17, 22 In 

addition, SFC-MS/MS not only eliminates the need for derivatization, a step required for TFA 

analysis by GC, but also achieves a much lower LOD. 28, 43 However, LC-MS/MS is more common 

than GC-MS or SFC-MS/MS in most laboratories. In this study, the LOD performance of TFA 

surpassed that of other LC-MS methods commonly employed in environmental waters. This 

improvement is particularly notable due to the utilization of a substantially lower sample volume 

compared to offline pre-concentration approaches (>100 mL). 37  
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Table 1 Method validation data of 11 PFAS in a mixture of surface water, including method limits of detection 
(mLOD, ng/L) and method limits of quantification (mLOQ, ng/L), linear range and determination coefficients 
(R2) of matrix-matched calibration curves. 

Compounds LOD (ng/L) LOQ (ng/L) R-Square 
Concentration 

Linearity (ng/L)  

TFA 3.285 10.951 0.9924 LOQ-100  

PFPrA 1.063 3.542 0.9997 LOQ-100  

PFBA 0.685 2.285 0.9994 LOQ-100  

PFPeA 1.191 3.970 0.9979 LOQ-100  

TMS 0.008 0.025 0.9913 LOQ-100  

PFEtS 0.006 0.019 0.9999 LOQ-100  

PFPrS 0.017 0.050 0.9964 LOQ-100  

PFBS 0.020 0.060 0.9969 LOQ-100  

1:3_acid 0.205 0.614 0.9989 LOQ-1100  

2:3_acid 1.544 4.632 0.9966 LOQ-1100  

3:3_acid 2.850 8.549 0.9994 LOQ-1100  

 

 
Figure 6 Method LOD (ng/L, mLOD) for the analysis of TFA in environmental water compared with literature 

data (*: Authors provided only mLOQ in their articles, we assume here that mLOQ is three times mLOD) 

 

On-line SPE absolute extraction efficiency. Absolute extraction efficiencies (without surrogate 

internal standard correction) were between 40% and 128% at QC1, and between 24% and 125% 
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at QC2 (Table S8). Among these PFAS, TFA has a relatively poor absolute extraction efficiency in 

the online SPE due to its high polarity, which makes it difficult to retain on the SPE column during 

the loading and washing steps. However, as the matrix-matched calibration curve levels are also 

submitted to the online SPE process, and as labelled TFA was used for internal standardization, 

suitable whole-method accuracy can still be attained. 

 

Accuracy and Precision. The overall accuracy of the matrix-matched spikes ranged from 71% to 

130% (Table S9). This is within the EPA’s acceptance criterion of 70-130% accuracy. 180 Intra-day 

precision ranged between 0.48% and 20.0%, and inter-day precision ranged between 0.92% and 

19.0%, within the <30% guideline. 180 

4.5. Assessment of matrix effects 

Assessment of matrix effects is essential when developing a robust quantification method. 

Standard lines were built in mQ-water, matrix-matched surface water, and surface water from 

different locations. As shown in Table S10, when matrix-matched surface water calibration curves 

to mQ water (matrix-free) curves, slight matrix suppression was observed for PFPrA (-10.27%), 

PFBA (-8.34%), PFPeA (-5.32%), and TMS (-6.83%). Other PFAS were affected by varying 

degrees of matrix enhancement, still within acceptance ranges (±30%); noteworthy exceptions 

were TFA, 1:3 acid and 2:3 acid, where the deviations exceeded the acceptance threshold. For this 

reason, we preferred using a matrix-matched calibration curve for more accurate quantitation.  

 

Residual matrix effects were also tested to verify the suitability of calibration when applied to 

surface waters of different locations. Standard additions were constructed in three individual 

samples and compared to the slope of the matrix-matched calibration curve. The method showed 

limited residual matrix effects, further supporting the use of a composite surface water matrix for 

quantification. 
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4.6. Application to field samples of Canada 

The developed analytical method was utilized to analyze ultra-short-chain and short-chain 

fluoroalkyl acids in a collection of surface water samples obtained in eastern Canada (Table 2). 

When considering the overall dataset (n = 44), five compounds had detection frequencies above 

50%: TFA (89%, concentration range in positive samples = 4.6–220 ng/L), PFBA (61%, 0.53–33 

ng/L), PFPeA (86%, 1.2–2100 ng/L), TMS (77%, 0.01–4.3 ng/L), and PFBS (100%, 0.07–450 

ng/L). These results are similar to the concentrations of ultra-short-chain and short-chain PFAS 

previously reported in the literature (Table S11). For instance, Cahill et al. reported that TFA 

concentrations in surface waters of northern California, USA, increased from <9.5–295 ng/L to 

23–2790 ng/L over two decades (1998-2021). 181  

 
Table 2 Concentrations (ng/L) of the targeted PFAS in field-collected surface water samples from Canada. 

Type Name TF
A 

PFP
rA 

PFB
A 

PFP
eA 

T
MS 

PFE
tS 

PFP
rS 

PF
BS 

1:3 
acid 

2:3 
acid 

3:3 
acid AFFF 

impacts 
River downstream 
Airport 1, SW1 

59 ND 0.85 12 1.1 0.03 0.09 2.6 ND ND ND 
AFFF 
impacts 

River downstream 
Airport 1, SW2 

66 ND ND 2.1 0.1
1 

0.02 0.03 0.98 ND ND ND 
AFFF 
impacts 

River downstream 
Airport 1, SW3 

46 ND 1.9 77 0.0
8 

0.09 0.6 16 ND ND ND 
AFFF 
impacts 

River downstream 
Airport 1, SW4 

59 ND 2.3 56 1.4 0.08 0.48 13 ND ND ND 
AFFF 
impacts 

River upstream Airport 
1, SW1 

35 24 23 680 0.2
5 

2.1 11 330 6.0 5.0 15 
AFFF 
impacts 

River upstream Airport 
1, SW2 

60 1.3 0.57 3.0 0.1
7 

0.02 0.04 1.3 ND ND ND 
AFFF 
impacts 

River upstream Airport 
1, SW3 

60 1.1 0.53 4.6 0.1
3 

0.02 0.04 1.7 ND ND ND 
AFFF 
impacts 

River upstream Airport 
1, SW4 

47 21 20 560 0.2
0 

1.9 9.7 290 5.2 4.1 9.9 
AFFF 
impacts 

River upstream Airport 
1, SW5 

42 26 27 760 0.2
6 

2.2 12 360 7.7 6.8 14 
AFFF 
impacts 

River upstream Airport 
1, SW6 

43 4.3 11 180 0.0
5 

0.04 0.46 17 ND ND ND 
AFFF 
impacts 

River upstream Airport 
1, SW7 

48 0.99 0.75 15 0.1
6 

0.04 0.18 5.0 ND ND ND 
AFFF 
impacts 

Creek within Airport 1, 
SW1 

62 18 32 1300 0.3
2 

3.0 18 450 ND 3.1 23 
AFFF 
impacts 

Creek within Airport 1, 
SW2 

72 17 33 2100 0.2 2.1 13 340 11 5.9 18 
AFFF 
impacts 

Creek within Airport 1, 
SW3 

54 14 28 1400 0.1
9 

1.9 13 340 ND 4.5 18 
AFFF 
impacts 

Creek within Airport 1, 
SW4 

46 6.8 16 810 0.0
7 

0.83 6.2 160 ND 1.7 5.7 
AFFF 
impacts 

Creek within Airport 1, 
SW5 

41 ND 5.1 240 0.0
1 

0.04 0.67 26 ND ND ND 
AFFF 
impacts 

Ditch downstream 
Airport 2, SW1 

16
0 

ND 1.8 67 0.0
3 

0.01 0.05 3.7 ND ND ND 
AFFF 
impacts 

Ditch within Airport 3, 
SW1 

ND 4.4 11 580 0.0
1 

0.01 0.15 12 ND ND ND 
AFFF 
impacts 

Ditch within Airport 3, 
SW2 

ND 5.2 11 640 ND 0.01 0.14 13 ND ND ND 
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AFFF 
impacts 

Ditch within Airport 3, 
SW3 

8 6.0 14 740 0.0
3 

0.01 0.18 16 ND ND ND 
AFFF 
impacts 

Ditch within Airport 3, 
SW4 

41 ND 2.3 75 ND 0.01 0.10 7.8 ND ND ND 
AFFF 
impacts 

Ditch within Airport 4, 
SW1 

93 7.7 16 500 ND 0.05 0.65 29 ND ND ND 
AFFF 
impacts 

Ditch within Airport 4, 
SW2 

61 5.8 8.8 430 ND 0.07 0.60 26 ND ND ND 
AFFF 
impacts 

Ditch within Airport 4, 
SW3 

62 5.0 8.0 410 ND 0.05 0.46 23 ND ND ND 
AFFF 
impacts 

Ditch within Airport 4, 
SW4 

85 3.3 8.3 230 ND 0.02 0.30 15 ND ND ND 

Background River A 4.6 ND ND ND ND ND ND 0.09 ND ND ND 

Background River B 11 ND ND ND ND ND ND 0.18 ND ND ND 
Highly 
urbanized 

River C 22
0 

ND ND 1.6 ND ND ND 0.33 ND ND ND 

Urban  River D, SW1 ND ND ND ND ND ND ND 0.47 10 ND ND 

Urban  River D, SW2 ND ND 0.94 1.9 0.0
9 

ND ND 0.62 ND ND ND 

Urban  River D, SW3 ND ND ND 1.3 0.7
3 

ND ND 0.69 5.4 ND ND 

Urban  River D, SW4 65 ND ND 1.4 0.1
9 

ND ND 0.66 ND ND ND 

Urban  River D, SW5 93 ND 1.1 2.7 0.1
8 

ND ND 0.77 ND ND ND 

Urban  River D, SW6 46 ND ND ND 0.4
4 

ND ND 0.65 ND ND ND 

Urban  River D, SW7 96 ND ND 1.2 0.1
4 

ND ND 0.60 ND ND ND 

Urban  River D, SW8 13
0 

ND 1.1 1.5 0.1
1 

ND ND 0.52 4.8 ND ND 

Urban  River D, SW9 48 ND ND 1.6 0.2
1 

ND ND 0.63 ND ND ND 

Urban  River D, SW10 57 ND ND 1.2 0.2
0 

ND ND 0.53 4.1 ND ND 

Urban  River D, SW11 59 ND ND ND 4.3 ND ND 0.07 ND ND ND 

Urban  River D, SW12 ND ND ND ND 0.0
7 

ND ND 0.61 ND ND ND 

Urban  River D, SW13 44 ND ND 1.4 0.1
9 

ND ND 0.67 ND ND ND 

Urban  River D, SW14 42 ND ND 1.4 0.2
2 

ND ND 0.74 ND ND ND 

Urban  River D, SW15 51 ND ND 1.6 0.2
3 

ND ND 0.66 4.4 ND ND 

Urban  River D, SW16 40 ND ND 1.4 0.2 ND ND 0.68 ND ND ND 
ND: Analyte not detected. 

 

Some analytes had much higher detection frequencies and concentration levels in surface waters 

near airports with AFFF use (specifically: C3-C5 PFCAs and C2-C4 PFSAs) compared to the other 

surface waters targeted in this survey. For instance, concentrations of PFBS averaged 83 ng/L for 

AFFF-impacted rivers versus 0.53 ng/L for other rivers. The occurrence of C2-C4 PFSAs is likely 

related to the use of historical (ECF-based) AFFFs at fire-training area sites, which is also known 

to result in high levels of long-chain PFHxS (C6) and PFOS (C8) in groundwater as reported in 

Liu et al. 172 The detections of C3-C5 PFCAs could reflect the transformation of precursors to these 
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substances originally present in some AFFF formulations, such as 6:2 fluorotelomers. 182 

Interestingly, ultra-short-chain TFA was detected at similar concentration ranges in AFFF-

impacted rivers (<3–160 ng/L) and other rivers (<3–220 ng/L), with most values between 40–100 

ng/L. A similar comment applies to the ultra-short-chain TMS. This could indicate that AFFFs are 

unlikely a major source of TFA and TMS to the environment and that diffuse sources (e.g., 

atmospheric deposition) may be preponderant over point sources for these ultra-short-chain PFAAs. 

Some high-production volume chemicals containing the -CF3 moieties, such as novel refrigerants 

and pharmaceuticals, can generate TFA during environmental or engineered degradation processes, 

which could also explain the extensive occurrence of TFA in this study and other reports. 

 

Four surface water samples from airport #1 all had detectable levels of 2:3 acid (1.7–5.9 ng/L) and 

3:3 acid (5.7–23 ng/L), and one sample from the same airport also had 1:3 acid (11 ng/L). This is 

the first time that ultra-short-chain n:3 acids (n = 1, 2, 3) have been detected in environmental 

waters. These samples were collected from a creek within the airport boundary immediately 

downstream of the active fire-training area where fluorotelomer-based AFFFs are deployed. 172 

Despite the absence of n:3 acids in AFFF formulations, it is probable that they resulted from the 

conversion of fluorotelomer precursors in the subsurface (soil/groundwater) and subsequently 

migrated to nearby surface waters. The short polyfluoroalkyl chain of these acids facilitated their 

high mobility. 183, 184, 185 
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5. Conclusions 

In this study, we developed a simple online SPE LC-HRMS method to quantitatively analyze 11 

ultra-short and short-chain PFAS in surface water. The HILIC columns were expected to be the 

best-performing ones to retain and separate these PFAS, but the results show a multifunctional 

column performs better. This represents a significant improvement in analysis time compared with 

earlier approaches that relied on derivatization or offline SPE procedures. Online SPE achieved 

detection limits comparable to previous offline SPE – LC/MS approaches, thanks to the large 

sample volume injected into the system (2 mL) and instrument sensitivity. The method was 

successfully applied to field-collected surface water samples from Eastern Canada, including 

rivers downstream from AFFF source zones and other rivers. The AFFF-impacted rivers had C3-

C5 PFCAs and C2-C4 PFSAs orders of magnitude higher than other rivers. For the first time, ultra-

short-chain n:3 acids (n = 1, 2, 3) were detected in environmental water samples. In contrast, TFA 

(C2) and TMS (C1) were similar between the two groups of samples, suggesting that AFFFs are 

unlikely a significant source of these ultra-short-chain compounds to the environment and that 

diffuse sources (e.g., atmospheric deposition) may represent a key contamination pathway of 

surface waters. We encourage researchers to conduct further environmental studies of these ultra-

short-chain and short-chain PFAS to document their occurrence, e-fate, and toxicity.   
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6. Supplementary Information 

 

 
Scheme S1: Scheme of the online SPE and its connection to the LC-HRMS system 
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Figure S1 General schematic workflow of non-target PFAS analysis 

 

 

Figure S2 Structures of some common PFOS isomers 
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Figure S3 Schematic illustration of adsorbable organic fluorine (AOF) 
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Figure S4 Chromatograms of 5 PFAS separated on different RPLC analytical columns 
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Figure S5 Chromatograms of 5 PFAS separated on different HILIC and multi-functional 

analytical columns 



 
 

63 

 
Figure S6 Chromatograms of 5 PFAS separated under different LC flow rates 
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Figure S7 Chromatograms of 5 PFAS separated on different concentration of AmAc 
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Figure S8 Chromatograms of 5 PFAS separated on the effect of the addition of formic acid (FA) 
in the mobile phase 
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Figure S9 Chromatograms of 5 PFAS on the effect of different online SPE columns 
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Figure S10 Chromatograms of 5 PFAS on the effect of different online SPE columns 
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Figure S11 Stability of the online SPE column (GCB) in surface water 

 

 

 
Figure S12 Stability of the online SPE column (Biotage) in surface water 
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Figure S13 Chromatograms of 5 PFAS on the effect of SPE loading mobile phase 

 

 
Figure S14 The effect of different LC mobile phases on chromatograms of 5 PFAS 
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Figure S15 The effect of different LC mobile phases on peak intensities of 5 PFAS (n = 3) 
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Figure S16 The effect of the percentage of FA in ACN of the SPE loading phase on the 
chromatograms of 5 PFAS  
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Figure S17 The effect of the percentage of FA in ACN of the SPE loading phase on the 
chromatograms of 5 PFAS  
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Figure S18 The effect of the percentage of FA in ACN of SPE loading phase on peak intensities 
of 5 PFAS (n = 3) 
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Figure S19 The effect of adding formic acid (FA) to surface samples on peak intensities of 5 
PFAS (n = 3) 
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Figure S20 Modified Box-Behnken design 
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Figure S21 Contour plots showing the interactive impact of sample volume, washing volume, 

and flow rate on 5 PFAS. 
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Figure S22 Fitting curves showing the interactive impact of sample volume, washing volume, 

and flow rate on 5 PFAS. 
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Figure S23 Filtration recovery of four types of filters for short-chain PFAS (n = 3) 
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Table S1 A summary of literature extraction methods of PFAS from environmental matrices 

Matrices Analytes Extraction Clean-up Recovery Ref. 
Soil 51 PFAS adjacent to 

landfills 
Methanolic ammonium 
hydroxide (0.3%) 

ENVI-Carb 80%-120% 186 

Soil AFFFs MeOH/NH4OH 
MeOH/NaOH 

ENVI-Carb graphite MeOH/NH4OH: 
For PFSAs, PFCAs, and FTSAs, 
70-120%; For betaine-based PFAS 
(PFOSB, PFOAB, and 6:2 FTAB) 
and quaternary amine based 
compounds (PFOAAmS and 
PFOSAmS), 30-60%; For betaines 
in clay loam soil: ∼5-10%. 
MeOH/NaOH: 
Betaines in the clay loam soil: 40-
60% or higher. 

169 

Soil AFFFs related anionic, 
cationic, and zwitterionic 
PFAS 

0.1 M NH4OH in methanol 
0.5 M HCl in methanol 

ENVI-Carb 70%-130% 187 

Soil AFFFs 4 mL of 100 mM of 
ammonium acetate in 
methanol 

ENVI-Carb graphite 
cartridge 

 172 

Soil 13 PFCAs, 6 PFSAs, 
FOUEA 

Methanol Phenomenex Strata™ 
C-18 cartridge 

34-109 % in soil 188 

Soil 86 PFAS (24 classes) 
related to AFFFs 

MeOH/CH3COONH4 ENVI-Carb graphite 
cartridges 

85-110%, except for 12:2 FTAB, 
13:3 FTB, and 13:1:2 FTB (57-
74%) 

164 

Sediment 13 PFCAs, 6 PFSAs, 
FOUEA 

Methanol Phenomenex Strata™ 
C-18 cartridge 

45-103 % in sediment 188 
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Sediment 30 PFASs including 23 
legacy PFASs and 7 
novel cationic or 
zwitterionic PFASs 

5 mL of basic methanol 
(NaOH 20 mM in MeOH) 

ENVI-Carb graphite 
cartridges 

60-110% 189 

Concrete 15 PFASs including 11 
PFCAs (C4-C14 PFCAs) 
and 4 PFSAs, (C4, C6, 
C8, C10 PFSAs), and 1 
fluorotelomer sulfonate 
(FTS, 6:2) 

Methanol None 85%-120% 190 

Concrete AFFFs MeOH/NH3aq (99/1) ENVI-Carb 35%-145% 171 
Concrete PFHxA, PFOA, PFHxS, 

PFOS, 6:2 FTS 
Ammonia methanol (2%) 
and acetone 

Envi-carb carbon 
cartridge 

 191 

Concrete 36 PFAS from AFFFs 0.2% ammonia/methanol ENVI-CarbTM  192 
Asphalt 22 PFAS Methanol/1% NH3 3 ml Bond Elut 

carbon cartridge 
70%-130% 170 
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Table S2 Current analytical techniques of ultra-short-chain and short chain PFAS 

PFAS Instruments Analytical columns Mobile phases LOD Internal 
Standard 

Prep. Recovery Matrices Ref
. 

PFEtS LC-qTOF-
MS 

4.6 x 12.5 mm x 5 μm 
Zorbax silica guard 

column 4.6 x 12.5 mm x 5 
μm Zorbax propylamine 

(NH2) guard column 
Agilent 4.6 x 100 mm x 
3.5 μm Zorbax Eclipse 

Plus C18 analytical 
column 

A: 3% MeOH in HPLC-
water 
B: 10 mM CH3COONH4 in 
HPLC-MeOH 

0.8 ng/L [18O2]PFHxS LLE  AFFFs 
Groundwater 

29 

PFPrS LC-qTOF-
MS 

4.6 x 12.5 mm x 5 μm 
Zorbax silica guard 

column 4.6 x 12.5 mm x 5 
μm Zorbax propylamine 

(NH2) guard column 
Agilent 4.6 x 100 mm x 
3.5 μm Zorbax Eclipse 

Plus C18 analytical 
column 

A: 3% MeOH in HPLC-
water 
B: 10 mM CH3COONH4 in 
HPLC-MeOH 

2.7 ng/L [18O2]PFHxS LLE  AFFFs 
Groundwater 

29 

TFA SFC-
MS/MS 

3.0 x 150 mm x 1.7 μm 
SFC Torus DIOL column 

at 50 °C 

A: CO2 
B: 0.1% NH4OH in MeOH 

0.009 
ng/L 

(LOQ) 

13C-M2TFA SPE  Surface snow 28 

PFPrA SFC-
MS/MS 

3.0 x 150 mm x 1.7 μm 
SFC Torus DIOL column 

at 50 °C 

A: CO2 
B: 0.1% NH4OH in MeOH 

0.009 
ng/L 

(LOQ) 

13C-M4PFBA SPE  Surface snow 28 

TMS SFC-
MS/MS 

3.0 x 150 mm x 1.7 μm 
SFC Torus DIOL column 

at 50 °C 

A: CO2 
B: 0.1% NH4OH in MeOH 

0.009 
ng/L 

(LOQ) 

13C-M3PFBS SPE  Surface snow 28 

PFEtS SFC-
MS/MS 

3.0 x 150 mm x 1.7 μm 
SFC Torus DIOL column 

at 50 °C 

A: CO2 
B: 0.1% NH4OH in MeOH 

0.009 
ng/L 

(LOQ) 

13C-M3PFBS SPE  Surface snow 28 

PFPrS SFC-
MS/MS 

3.0 x 150 mm x 1.7 μm 
SFC Torus DIOL column 

at 50 °C 

A: CO2 
B: 0.1% NH4OH in MeOH 

0.009 
ng/L 

(LOQ) 

13C-M3PFBS SPE  Surface snow 28 

TFA GC-MSD   0.5 ng/L    Sea water 193 
PFEtS HPLC-

MS/MS 
2.0 mm × 150 mm × 5 μm 
mixed mode ion-exchange 

A: 50 mM ammonium 
acetate (pH 9) 

0.1 ng/L 
(LOQ) 

 SPE  Rainwater 37 
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column, RSpak JJ-50 2D, 
at 40 °C 

B: MeOH; 20/80 (v/v) 

PFPrS HPLC-
MS/MS 

2.0 mm × 150 mm × 5 μm 
mixed mode ion-exchange 
column, RSpak JJ-50 2D, 

at 40 °C 

A: 50 mM ammonium 
acetate (pH 9) 
B: MeOH; 20/80 (v/v) 

0.5 ng/L 
(LOQ) 

 SPE  Rainwater 37 

TFA HPLC-
MS/MS 

2.0 mm × 150 mm × 5 μm 
mixed mode ion-exchange 
column, RSpak JJ-50 2D, 

at 40 °C 

A: 50 mM ammonium 
acetate (pH 9) 
B: MeOH; 20/80 (v/v) 

0.5 ng/L 
(LOQ) 

 SPE  Rainwater 37 

PFPrA HPLC-
MS/MS 

2.0 mm × 150 mm × 5 μm 
mixed mode ion-exchange 
column, RSpak JJ-50 2D, 

at 40 °C 

A: 50 mM ammonium 
acetate (pH 9) 
B: MeOH; 20/80 (v/v) 

0.1 ng/L 
(LOQ) 

 SPE  Rainwater 37 

TFA Ion 
exchange 
LC-ESI-
MS/MS 

Dionex IonPac AS17-C 
column (2 mm × 250 

mm), at 40 °C 

A: 50 mM ammonium 
bicarbonate in HPLC-
Water 
B: MeOH 

0.05 
µg/L 

(LOQ) 

13C2-TFA   Surface 
water/River 

water/beer/tea 

194, 

195 

TFA GC-MS      101.8% Air 32 
TFA# LC-MS/MS Rspak JJ-50 2D column 

(2.0 mm × 150 mm × 5 
μm) 

A: 20% 50 mM 
CH3COONH4 in water 
B: 80% MeOH and 20% 
water. 

50 (gas) 
2.6 

(particle) 
pg/m3 

   Air 33 

TFA# GC-MS   128 (gas) 
30 

(particle) 
pg/m3 

   Air 33 

TFA GC-MS       urban landscape 
waters/tap 
water/snow 

33, 34 

TFA UPLC-
MS/MS 

RP18 column (2.1 mm × 
100 mm × 1.7 μm, pore 

size 130 Å 

A: 2 mM ammonium 
acetate 
B: MeOH 

0.77 
ng/L 

[1,2-13C] 
PFHxA 

SPE 93.6 
±0.6% 

Reaction 
solution 

196 

TFA GC-MS   0.3 ng/L 
(iLOD) 
11 ng/L 
(MDL) 

  96%-
103% 

Rain/snow/surfa
ce 

water/groundwa
ter/wastewater 

35 

TFA HPLC-
MS/MS 

Ion-exchange RSpak JJ-50 
2D column (150 mm × 2.0 

mm × 5 μm) at 45 °C 

80% MeOH in Milli-Q 
water containing 50 mM 
ammonium acetate (at 

0.123/3a 
ng/mL 

13C4-PFBA SPE 128.4% Serum 197 
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pH=9) 
PFPrA HPLC-

MS/MS 
Ion-exchange RSpak JJ-50 
2D column (150 mm × 2.0 

mm × 5 μm) at 45 °C 

80% MeOH in Milli-Q 
water containing 50 mM 
ammonium acetate (at 
pH=9) 

0.071/3a 
ng/mL 

13C4-PFBA SPE 102.3% Serum 197 

TFA SFC-
MS/MS 

 A: CO2 B: 0.1% NH4OH 
in MeOH 

Surface 
water 
and 

effluent: 
0.10 
Lake 
water: 
0.05 

Atmosph
eric 

depositio
n: 0.10 
ng/L 

13C2-TFA SPE 80 ± 22% Surface water 
and 

effluent/Lake 
water/Atmosph
eric deposition 

43 

PFPrA SFC-
MS/MS 

 A: CO2 B: 0.1% NH4OH 
in MeOH 

Surface 
water 
and 

effluent: 
0.60 
Lake 
water: 
0.30 

Atmosph
eric 

depositio
n: 0.10 
ng/L 

13C-M4PFBA SPE 72 ± 12% Surface water 
and 

effluent/Lake 
water/Atmosph
eric deposition 

43 

TMS SFC-
MS/MS 

 A: CO2 B: 0.1% NH4OH 
in MeOH 

Surface 
water 
and 

effluent: 
0.10 
Lake 
water: 
0.05 

Atmosph
eric 

13C-M3PFBS SPE 87 ± 21% Surface water 
and 

effluent/Lake 
water/Atmosph
eric deposition 

43 
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depositio
n: 0.10 
ng/L 

TFA UPC2-
MS/MS 

UPC2 Torus DIOL column 
(3.0 mm × 150 mm, 1.7 

μm) at 40 °C 

A: Supercritical CO2 
B: 0.1% NH4OH in MeOH 

0.2 
ng/mL 
(MQL) 

  86% Rain/River 
water 

38 

PFPrA UPC2-
MS/MS 

UPC2 Torus DIOL column 
(3.0 mm × 150 mm, 1.7 

μm) at 40 °C 

A: Supercritical CO2 
B: 0.1% NH4OH in MeOH 

0.2 
ng/mL 
(MQL) 

  86% Rain/River 
water 

38 

PFEtS UPC2-
MS/MS 

UPC2 Torus DIOL column 
(3.0 mm × 150 mm, 1.7 

μm) at 40 °C 

A: Supercritical CO2 
B: 0.1% NH4OH in MeOH 

0.2 
ng/mL 
(MQL) 

  86% Rain/River 
water 

38 

PFPrS UPC2-
MS/MS 

UPC2 Torus DIOL column 
(3.0 mm × 150 mm, 1.7 

μm) at 40 °C 

A: Supercritical CO2 
B: 0.1% NH4OH in MeOH 

0.2 
ng/mL 
(MQL) 

  86% Rain/River 
water 

38 

TFA Mixed-mode 
LC-MS/MS 

(MMLC-
MS/MS) 

Mixed-mode WAX-1 
column (50 × 3 mm I.D., 

particle size 3 μm) at 
40 °C 

A: Ultrapure water 
B: acetonitrile 
C: 1 M aqueous 
CH3COONH4 at pH 5.5 

0.56 
ng/mL 
(IQL) 

63.5 ng/L 
(MQL) 

13C4PFBA SPE 85% 
(River 
water) 
92% 

(Ultrapure 
water) 

Ultrapure 
water/River 

water 

42 

PFPrA Mixed-mode 
LC-MS/MS 

(MMLC-
MS/MS) 

Mixed-mode WAX-1 
column (50 × 3 mm I.D., 

particle size 3 μm) at 
40 °C 

A: Ultrapure water 
B: acetonitrile 
C: 1 M aqueous 
CH3COONH4 at pH 5.5 

0.17 
ng/mL 
(IQL) 

13C4PFBA SPE 93% 
(River 
water) 
102% 

(Ultrapure 
water) 

Ultrapure 
water/River 

water 

42 

TMS Mixed-mode 
LC-MS/MS 

(MMLC-
MS/MS) 

Mixed-mode WAX-1 
column (50 × 3 mm I.D., 

particle size 3 μm) at 
40 °C 

A: Ultrapure water 
B: acetonitrile 
C: 1 M aqueous 
CH3COONH4 at pH 5.5 

0.02 
ng/mL 
(IQL) 

13C4PFBA SPE 114% 
(River 
water) 
95% 

(Ultrapure 
water) 

Ultrapure 
water/River 

water 

42 

PFEtS Mixed-mode 
LC-MS/MS 

(MMLC-
MS/MS) 

Mixed-mode WAX-1 
column (50 × 3 mm I.D., 

particle size 3 μm) at 
40 °C 

A: Ultrapure water 
B: acetonitrile 
C: 1 M aqueous 
CH3COONH4 at pH 5.5 

0.02 
ng/mL 
(IQL) 

18O2PFHxS SPE 90% 
(River 
water) 
103% 

(Ultrapure 
water) 

Ultrapure 
water/River 

water 

42 

PFPrS Mixed-mode Mixed-mode WAX-1 A: Ultrapure water 0.06 18O2PFHxS SPE 92% Ultrapure 42 
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LC-MS/MS 
(MMLC-
MS/MS) 

column (50 × 3 mm I.D., 
particle size 3 μm) at 

40 °C 

B: acetonitrile 
C: 1 M aqueous 
CH3COONH4 at pH 5.5 

ng/mL 
(IQL) 

(River 
water) 
104% 

(Ultrapure 
water) 

water/River 
water 

PFPrA LC-MS/MS a solid-core C18 column 
(100 mm x 2.1mm; 2.6 

μm) 

a water-MeOH gradient 
with a 2 mM ammonium 
acetate and 0.1% v/v acetic 
acid additive 

0.45 
ng/L 

(MDL) 

[13C4] PFBA SPE  Bottled water 27 

PFPrS LC-MS/MS a solid-core C18 column 
(100 mm x 2.1mm; 2.6 

μm) 

a water-MeOH gradient 
with a 2 mM ammonium 
acetate and 0.1% v/v acetic 
acid additive 

0.11 ng/L 
(MDL) 

[13C3] PFBS SPE  Bottled water 27 

TMS LC-MS An Obelisc N column (2.1 
mm × 150 mm, 5 μm 

particle size) 

A: 40% acetonitrile (0.2% 
formic acid) 
B: 60% water (0.2% 
formic acid) 

5.4 ng/L 
(LOQ) 

M3PFBS SPE  LC-MS Water 41 

TMS MMLC-MS An Obelisc N column (2.1 
mm × 150 mm, 5 μm 

particle size) 

A: acetonitrile (0.2% 
formic acid) 
B: water (0.2% formic 
acid) 

11 ng/L 
(LOQ) 

M3PFBS SPE 92% LC-MS Water 41 

TFA LC-MS/MS Kinetex C18 column 
(100 × 3 mm, 2.6 μm, 100 

Å) 
Obelisc N column 

(150 × 2.1 mm, 100 Å, 5 
μm) 

C18 A: 2 mM ammonium 
formate and 0.2% formic 
acid in water/MeOH (4:1, 
v/v) 
C18 B: 2 mM ammonium 
formate in MeOH) 
ObN A: 2.5 mM 
ammonium acetate and 
0.3% acetic acid in 
water/ACN (3:2, v/v) 
ObN B: 20 mM 
ammonium acetate in 
water/acetonitrile (ACN; 
1:9, v/v)) 

Deminer
alised 
Water: 

3.3 ng/L  
Natural 
spring 
Water: 

5.5 ng/L 

TFA-M1 SPE TW: 97 ± 
0.7% 

GW: 99 ± 
4.4% 

SW: 101 ± 
1.4% 

Surface 
water/groundwa

ter/drinking 
water/Tap water 

174 

PFPrA LC-MS/MS Kinetex C18 column 
(100 × 3 mm, 2.6 μm, 100 

Å) 
Obelisc N column 

(150 × 2.1 mm, 100 Å, 5 
μm) 

C18 A: 2 mM ammonium 
formate and 0.2% formic 
acid in water/MeOH (4:1, 
v/v) 
C18 B: 2 mM ammonium 
formate in MeOH) 

Deminer
alised 
Water: 

1.0 ng/L  
Natural 
spring 

PFBA-M4 SPE TW: 95 ± 
2.3 % 

GW: 83 ± 
2.1% 

SW: 104 ± 
4.5% 

Surface 
water/groundwa

ter/drinking 
water/Tap water 

174 
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ObN A: 2.5 mM 
ammonium acetate and 
0.3% acetic acid in 
water/ACN (3:2, v/v) 
ObN B: 20 mM 
ammonium acetate in 
H2OmQ/acetonitrile 
(ACN; 1:9, v/v)) 

Water: 
0.9 ng/L 

TFA LC-MS/MS Acclaim Polar Advantage 
II C18-analytical column 

(4.6 mm i.d., 25 cm 
length) 

The mobile phase 
consisted of a mixture of 
20 mM boric acid (pH 8.0) 
and 95% acetonitrile 

1 mg/L    Microbial 
reaction 
solution 

198 

PFPrA LC-MS/MS Acclaim Polar Advantage 
II C18-analytical column 

(4.6 mm i.d., 25 cm 
length) 

The mobile phase 
consisted of a mixture of 
20 mM boric acid (pH 8.0) 
and 95% acetonitrile 

1 mg/L    Microbial 
reaction 
solution 

198 

TMS HPLC-
MS/MS 
(HILIC) 

a Nucleodur HILIC 
column (150 × 2.1 mm; 5 

μm) 

An acetonitrile-water 
gradient containing 5 mM 
ammonium formate at pH 
3.0 

  SPE  Environmental 
water 

55 

TMS Mixed-mode 
LC 

(MMLC)-
HRMS 

Acclaim Trinity P1 (2.6 
μm particle size; 3 mm 

internal diameter, in both 
50 and 100 mm length 

format) 

a simultaneous binary 
gradient from low organic 
content (2% ACN) and 
buffer (5 mM 
CH3COONH4, pH 5.5) to 
high organic (80% ACN) 
and buffer (20 mM 
CH3COONH4, pH 5.5) in 
10 min, with a final 
isocratic time of 15 min. 

  SPE  Surface 
/Ground/Drinki

ng 
water/effluent 

wastewater 

199 

TFA HPLC-
MS/MS 

ion-exchange RSpak JJ-50 
2D column (2.0 mm 
i.d. × 150 mm length, 

5 μm) at 30 ℃ 

A: 20% of 50 mM 
CH3COONH4 (at pH 9) 
B: 80% of methanol 

96 ng/L 
(iLOD) 

13C-
TFA/13C4-

PFBAc 

SPE Low 
recovery 

Precipitation 14 

PFPrA HPLC-
MS/MS 

ion-exchange RSpak JJ-50 
2D column (2.0 mm 
i.d. × 150 mm length, 

5 μm) at 30 ℃ 

A: 20% of 50 mM 
CH3COONH4 (at pH 9) 
B: 80% of methanol 

12 ng/L 
(iLOD) 

13C4-PFBAc SPE Low 
recovery 

Precipitation 14 

TFA HPLC-
MS/MS 

150mm×2.1mm Hyperdil 
Gold C18 column (3-µm 

A: methanol 
B: 2mM CH3COONH4 

  SPE  Sediment/soil/sl
udge  

15 
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pore size) 
PFPrA HPLC-

MS/MS 
150mm×2.1mm Hyperdil 
Gold C18 column (3-µm 

pore size) 

A: methanol 
B: 2mM CH3COONH4 

  SPE  Sediment/soil/sl
udge  

15 

TFA HPLC-
MS/MS 

A RSpak JJ-50 2D ion-
exchange column (2 mm 
i.d. × 150 mm, 5μm) at 

40 ℃ 

20% of 50 mM ammonium 
acetate (at pH 9) and 80% 
of methanol (v/v) 

Leaf: 
0.25/1.92 
ng/g dw / 
ng/g lipid 
Air: 0.02 

pg/m3 
PM: 0.66 

ng/g 
(MDL) 

  Leaf: 
85±9% 

Air: 
90±4% 

Dry 
deposition
: 88±2% 

 200 

PFPrA HPLC-
MS/MS 

A RSpak JJ-50 2D ion-
exchange column (2 mm 
i.d. × 150 mm, 5μm) at 

40 ℃ 

20% of 50 mM ammonium 
acetate (at pH 9) and 80% 
of methanol (v/v) 

Leaf: 
0.29/2.23 
ng/g dw / 
ng/g lipid 
Air: 0.02 

pg/m3 
PM: 0.69 

ng/g 
(MDL) 

  Leaf: 
92±5% 

Air: 
89±5% 

Dry 
deposition
: 93±3% 

 200 

PFPrA HPLC-
MS/MS 

Raptor C18 2.7 μm, 100 
mm x 3.0 mm 

PFAS delay column, 40 °C 

A: 5 mM ammonium 
acetate in water 
B: Methanol 

   Reagent 
water: 
103% 

 201 

PFPrS HPLC-
MS/MS 

Raptor C18 2.7 μm, 100 
mm x 3.0 mm 

PFAS delay column, 40 °C 

A: 5 mM ammonium 
acetate in water 
B: Methanol 

   Reagent 
water: 
99.1% 

 201 
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Table S3 Information of PFAS analyzed in this study 

Compounds Structure Mass Internal Standards 

TFA CF3COO- 112.98449 TFA-13C2 

PFPrA CF3CF2COO- 162.9813 PFBA-13C4 

PFBA CF3CF2CF2COO- 212.9781 PFBA-13C4 

PFPeA CF3CF2CF2CF2COO- 262.97491 PFPeA-13C5 

TMS CF3SO3- 148.95148 PFBA-13C4 

PFEtS CF3CF2SO3- 198.94828 PFBA-13C4 

PFPrS CF3CF2CF2SO3- 248.94509 PFBA-13C4 

PFBS CF3CF2CF2CF2SO3- 298.94189 PFBS-13C3 

1:3 acid CF3CH2CH2COO- 141.01579 PFPeA-13C5 

2:3 acid CF3CF2-CH2CH2COO- 191.0126 PFPeA-13C5 

3:3 acid CF3CF2CF2-CH2CH2COO- 241.0094 PFPeA-13C5 

 
Table S4 Information of analytical columns used in this study 

Column 
Dimension Size 

(mm) 
Particle Size 

(µm) 
Product 
Number 

Manufacturer 

C18 100 × 2.1 1.9 25002-102130 Thermo Scientific 
C18-aQ 100 × 2.1 3 25303-102130 Thermo Scientific 

C18-PFP 100 × 2.1 1.9 25402-102130 Thermo Scientific 
HILIC-Amide 100 × 2.1 2.6 16726-102130 Thermo Scientific 

HILIC-Syncronis 100 × 2.1 1.7 97502-102130 Thermo Scientific 
Trinity Q1 100 × 2.1 3 079717 Thermo Scientific 
HILIC-PEI 100 × 2.1 1.9 26502-102130 Thermo Scientific 

 
Table S5 Information of SPE columns used in this study 

Column 
Dimension Size 

(mm) 
Particle Size (µm) Product Number 

Manufacturer 

C8 20 × 2.1 5 25205-022130 Thermo Scientific 
HLB 20 × 2.1 5 186002034 Waters 

Biotage 30 × 2.1 40 OSPE-916-32150 Biotage 
GCB 20 × 2.1 7 35007-022130 Thermo Scientific 
PEP 20 × 2.1 Not provided 60312-201 Thermo Scientific 
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Table S6 Details on the online-SPE-LC-HRMS method in surface water 

UHPLC-HRMS 
system 

Dionex Ultimate 3000 UHPLC chain  

Thermo Q-Exactive Orbitrap high-resolution mass spectrometer, heated electrospray 
ionization source (negative ion mode) 

Separation 
column 

Acclaim Trinity Q1 LC column (100 × 2.1 mm, 3 µm particle size, Thermo Scientific) 

Column oven 
temperature 

35°C  

HPLC mobile 
phases 

A: 25mM AmAc in HPLC-water 

B: Acetonitrile 

Mobile phase flow rate 450 μL/min 

HPLC gradient Time (min) % A % B   
0.0 10 90   
3.5 10 90   
9.5 70 30   
10.5 70 30   
12.5 10 90   
15.0 10 90   

 

Injection 
Volume 

2000 μL 

On-line SPE 
mobile phases 

A: 0.0125% FA in HPLC-water 

B: Acetonitrile 

On-line SPE 
gradient 

Time (min) % A % B Flow rate μL/min 
0.0 100 0 1000 
2.5 100 0 1000 
2.6 0 100 1500 
8.9 0 100 1500 
9.0 100 0 1500 
14.5 100 0 1500 
15.0 100 0 1000 

 

Source Sheath gas flow rate 45 a.u. 
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Aux gas flow rate 15 a.u. 

Sweep gas flow rate 0 a.u. 

Negative spray voltage (|V|) 3600 

Capillary temperature (°C) 320 

Vaporizer temperature (°C) 350 

S-lens RF level 55 

Q-Exactive 
Orbitrap 
settings 

Full Scan MS mode 

Scan range (m/z) 100-400 

Resolution 70,000  

Max. Inject Time (ms) 100 
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Table S7 The model of modified Box-Behnken design for optimization of three factors  

Run number 
Coded factors Uncoded factors 

Sample 
volume 

Flow rate 
Washing 
volume 

Sample 
volume (mL) 

Flow rate 
(mL/min) 

Wash volume 
(mL) 

1 -1 -1 0 1 1 1 
2 -1 0 -1 1 1.5 0.5 
3 -1 0 1 1 1.5 1.5 
4 -1 1 0 1 2 1 
5 -0.5 -1 -1 2 1 0.5 
6 -0.5 -1 1 2 1 1.5 
7 -0.5 0 0 2 1.5 1 
7 -0.5 0 0 2 1.5 1 
9 -0.5 0 0 2 1.5 1 
10 -0.5 1 -1 2 2 0.5 
11 -0.5 1 1 2 2 1.5 
12 1 -1 0 5 1 1 
13 1 0 -1 5 1.5 0.5 
14 1 0 1 5 1.5 1.5 
15 1 1 0 5 2 1 

 
Note: Columns 2-4 represent the three important factors and their coded levels, columns 5-7 show the 
uncoded factor levels for all experiments. 
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Table S8 Models fitting results for 5 PFAS based on actual values and predicted values 

Responses 
(Peak 

intensity) 

Regression t-test 

R-square p-value t-value p-value 

TFA 0.980229 < 0.0001 2.9528e-15 0.9999 
PFPrA 0.991561 < 0.0001 5.9355e-15 0.9999 
PFBA 0.993329 < 0.0001 -1.4211e-15 0.9999 
TMS 0.982156 < 0.0001 4.5144e-15 0.9999 

PFEtS 0.996566 < 0.0001 0.0 1.0 
 

Table S9 SPE absolute recovery of 11 PFAS using the developed online-SPE-LC HRMS method 
at two concentration levels  

Compounds 
SPE Recovery (%) 

QC1 QC2 
TFA 40.4 ±8.7 24.3 ±2.6 

PFPrA 115 ±4.0 110 ±1.6 
PFBA 109 ±3.6 96.6 ±0.9 
PFPeA 128±2.5 112 ±0.9 
TMS 49.0 ±0.8 47.5 ±4.4 

PFEtS 91.1 ±3.6 92.3 ±1.0 
PFPrS 97.3 ±1.2 109 ±1.0 
PFBS 123 ±14 125 ±0.8 

1:3 acid 122 ±7.8 99.7 ±0.5 
2:3 acid 91.1 ±6.4 83.4 ±1.3 
3:3 acid 116 ±1.8 110 ±0.4 

 
Note: QC1: 7.5 ng/L for TFA, PFPrA, PFBA, PFPeA, TMS, PFEtS, PFPrS, and PFBS, 17.5 
ng/L for 1:3 acid, 2:3 acid, and 3:3 acid; QC2: 75 ng/L for TFA, PFPrA, PFBA, PFPeA, TMS, 
PFEtS, PFPrS, and PFBS, 575 ng/L for 1:3 acid, 2:3 acid, and 3:3 acid 
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Table S10 Method validation data of 11 PFAS in mixture of surface water, including accuracy 
(mean ± STDEV) and intra-day/inter-day precision (RSD%) of matrix spikes at two 

concentration levels  

Compound
s 

QC Accuracy (%) 
QC Precision (%) Intra-

day 
QC Precision (%) Inter-

day 
QC1 QC2 QC1-3 QC2-3 QC1-9 QC2-9 

TFA 
124 ± 
25.0 

98.4 ± 7.40 20.0% 7.52% 19.0% 10.8% 

PFPrA 
106 ± 
6.00 

101.0 ± 
2.00 

6.00% 2.12% 7.07% 8.19% 

PFBA 103±1.16 98.9±3.86 1.12% 3.90% 2.52% 3.27% 
PFPeA 106±1.54 100.8±0.57 1.45% 0.57% 2.63% 1.33% 
TMS 123±3.98 100.9±4.44 3.22% 4.39% 6.89% 8.18% 

PFEtS 108±1.59 98.6±2.12 1.47% 2.15% 2.82% 1.78% 
PFPrS 100±0.48 99.2±7.79 0.48% 7.85% 0.92% 6.18% 
PFBS 106±4.35 100±1.75 4.07% 1.74% 3.97% 1.27% 

1:3_acid 70.5±2.86 100±3.40 4.06% 3.38% 7.79% 2.48% 
2:3_acid 129±1.86 95.0±4.18 1.43% 4.40% 8.32% 6.08% 
3:3_acid 114±6.75 98.1±4.55 5.92% 4.64% 6.45% 5.45% 

Note: QC1: 7.5 ng/L for TFA, PFPrA, PFBA, PFPeA, TMS, PFEtS, PFPrS, and PFBS, 17.5 ng/L 
for 1:3 acid, 2:3 acid, and 3:3 acid; QC2: 75 ng/L for TFA, PFPrA, PFBA, PFPeA, TMS, PFEtS, 
PFPrS, and PFBS, 575 ng/L for 1:3 acid, 2:3 acid, and 3:3 acid 
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Table S11 Absolute and residual matrix effect of 11 PFAS in surface water 

Compounds Absolute matrix 
effect 

Residual matrix effect 
SW1 SW2 SW3 

TFA 39.4% -28.1% 0.83% -27.8% 
PFPrA -10.3% 1.08% -18.2% -4.82% 
PFBA -8.34% -14.7% -4.34% -13.4% 
PFPeA -5.32% -0.28% -1.55% 1.14% 
TMS -6.83% 10.8% -13.2% -7.53% 

PFEtS 8.05% -11.6% 1.92% -2.89% 
PFPrS 12.1% -14.0% -1.89% -9.46% 
PFBS 1.59% -5.38% -4.26% -3.83% 

1:3_acid 20.0% -3.44% 6.23% -4.32% 
2:3_acid 31.7% -2.97% 8.56% -1.25% 
3:3_acid 31.0% 6.94% -2.78% 3.37% 

 
Note: The absolute matrix effect is calculated versus the slope of the corresponding mQ-water, residual 
matrix effect is calculated versus the slope of the corresponding mixture of SW1, SW2, and SW3. 
 
  



 
 

95 

Table S12 A summary of the occurrence of ultra-short-chain and short-chain PFAS in the 
environment as reported in the literature 

PFAS Concentration Location Ref. 
TFA 
10-130 pg/m3 Air 23 
0.02-2400 ng/L  Precipitation 23 38 22 
0.01-140 000 ng/L  Surface water 23 38 22 174 16 

202 
up to 7500 ng/L Groundwater 174 
16-11 00 ng/L Tap water 22 174 
<100-210 000 ng/L Wastewater effluent 22 
8000-181000 pg/L Sea/Ocean in Arctic Ocean 1998 17 
17000-200000 pg/L Sea/Ocean in Atlantic Ocean 2002 17 
1000-230000 pg/L Sea/Ocean in Pacific Ocean 1999 17 
500-50000 pg/L Sea/Ocean in Mediterranean Sea 2005 17 
65000 pg/L Precipitation in Tsukuba city and 

Kawaguchi city, Japan, 2007 
37 

22-1800 ng/m2 Surface snow in Norwegian Arctic, 2019 28 
14000 ng/L Water connected to know and suspected 

point sources in Sweden, 2019 
13 

0.3-6.0 ug/L Surface water in Germany, 2022 203 
0.4-12.4 ug/L Blank filtrate in Germany, 2022 203 
0.4-4.2 ug/L Raw water in Germany, 2022 203 
<0.2-10.7 ug/L Groundwater in Germany, 2022 203 
<9.5-295 ng/L Surface water Northern California, USA, 

1998 
181 

23.1-2790 ng/L Surface water Northern California, USA, 
2021 

181 

PFPrA 
unknown Tap water 204 
0.02-120 ng/L Precipitation 38 
<0.005-0.11 ng/L Surface water 38 
1.1-41 ng/L Wastewater influent 205 
0.9-38 ng/L Wastewater effluent 205 
9500 pg/L Precipitation in Tsukuba city and 

Kawaguchi city, Japan, 2007 
37 

0.79-16 ng/m2 Surface snow in Norwegian Arctic, 2019 28 
53000 ng/L Water connected to know and suspected 

point sources in Sweden, 2019 
13 
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<0.003-0.0340 ug/L Surface water in Germany, 2022 203 
<0.003-0.0210 ug/L Blank filtrate in Germany, 2022 203 
<0.003-0.0360 ug/L Raw water in Germany, 2022 203 
<0.003-0.1790 ug/L Groundwater in Germany, 2022 203 
80.3-5250 ng/L Sierra Nevada Foothills, Surface water 

Northern California, USA, 2021 
181 

PFBA 
2100 pg/L Sea/Ocean in Shandong peninsula, China, 

2012 
206 

26000 pg/L Lambro River, Italy, 2011-2012 166 
9000 pg/L Samondogawa River, Japan, 2010-2012 207 
24000000 pg/L Groundwater in Military bases, USA, 1942-

1990 
208 

3700000 pg/L Groundwater in AFFF-impacted site, USA, 
2014-2016 

209 

900 pg/L Precipitation in Tsukuba city and 
Kawaguchi city, Japan, 2007 

37 

0.19-170 ng/m2 Surface snow in Norwegian Arctic, 2019 28 
<0.00042-0.0184 ug/L Surface water in Germany, 2022 203 
<0.00042-0.0231 ug/L Blank filtrate in Germany, 2022 203 
<0.00042-0.0098 ug/L Raw water in Germany, 2022 203 
<0.00042-0.0053 ug/L Groundwater in Germany, 2022 203 
PFPeA 
69000000 pg/L Groundwater in Military bases, USA, 1942-

1990 
208 

5200000 pg/L Groundwater in AFFF-impacted site, USA, 
2014-2016 

209 

39000 pg/L Drinking water in Ruhr area, Germany, 
2006 

210 

400 pg/L Precipitation in Tsukuba city and 
Kawaguchi city, Japan, 2007 

37 

<0.000042-0.0088 ug/L Surface water in Germany, 2022 203 
0.0003-0.0105 ug/L Blank filtrate in Germany, 2022 203 
0.0009-0.0091 ug/L Raw water in Germany, 2022 203 
<0.000042-0.0026 ug/L Groundwater in Germany, 2022 203 
<129-233 ng/L Surface water Northern California, USA, 

2021 
181 

TMS 
up to 1000 ng/L Surface water, Groundwater 40 
1.5-57 ng/m2 Surface snow in Norwegian Arctic, 2019 28 



 
 

97 

940 ng/L Water connected to know and suspected 
point sources in Sweden, 2019 

13 

<0.0005-2.1125 ug/L Surface water in Germany, 2022 203 
0.0011-0.8626 ug/L Blank filtrate in Germany, 2022 203 
0.0026-0.0276 ug/L Raw water in Germany, 2022 203 
0.0005-0.0054 ug/L Groundwater in Germany, 2022 203 
PFEtS 
1.4-17 ng/L Wastewater influent 205 
0.08-11 ng/L Wastewater effluent 205 
0.9 ng/L Tap water 204 
7 000 000-13000 000 
ng/L 

AFFF 29 

11-75000 ng/L Groundwater near 11 military training sites 
between 2011 and 2014 in the United States 

29 

1700 ng/L Water connected to know and suspected 
point sources in Sweden, 2019 

13 

PFPrS 
Unknown Tap water 204 
0.05-7.5 ng/L Wastewater influent 205 
0.05-4.1 ng/L Wastewater effluent 205 
120 000 000-
270 000 000 ng/L 

AFFF 29 

19-63000 ng/L Groundwater near 11 military training sites 
between 2011 and 2014 in the United States 

29 

15000 ng/L Water connected to know and suspected 
point sources in Sweden, 2019 

13 

<0.000042-0.0004 ug/L Surface water in Germany, 2022 203 
<0.000125-0.0003 ug/L Blank filtrate in Germany, 2022 203 
<0.000042-0.0004 ug/L Raw water in Germany, 2022 203 
<0.000042-0.0013 ug/L Groundwater in Germany, 2022 203 
PFBS 
1100 pg/L Sea/Ocean in Shandong peninsula, China, 

2012 
206 

5554 pg/L Ganges River in India, 2014 211 
2600 pg/L River Elbe, Germany, 2007 212 
2200 pg/L Llobregat River, Spain, 2010 213 
33000 pg/L Lambro River, Italy, 2011-2012 166 
2000 pg/L Samondogawa River, Japan, 2010-2012 207 
4300000 pg/L Groundwater in Military bases, USA, 1942-

1990 
208 
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1800000 pg/L Groundwater in AFFF-impacted site, USA, 
2014-2016 

209 

12000 pg/L Drinking water in Ruhr area, Germany, 
2006 

210 

0.0005-0.0172 ug/L Surface water in Germany, 2022 203 
0.0003-0.0141 ug/L Blank filtrate in Germany, 2022 203 
0.0004-0.0040 ug/L Raw water in Germany, 2022 203 
<0.00004-0.0045 ug/L Groundwater in Germany, 2022 203 
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